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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product, .
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
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- MOLEQULAR BEAM CHEMISTRY OF ALKALINE EARTH ATOMS
o

? Charles Arthur Mims
Inorganic Materials Research Division, Lawrenée Berkeley Laboratory

and Department of Chemistry; University of California,
Berkeley, California

ABSTRACT

' An abparatus has béén constructed for measuring laboratory (LAB)
angular distributions of reactively scattered products from crossed
neutral molecular beams. Products are detected by electron bombardment
ionization and subsequent mass analysis. The reactions of the alkaline
earth (Group IIA) metals with HI, ICl, BrCN, SF, SnClu,‘PC13, NO,, and
S0, have béen studied. In all but the HI reéctions, product center of
mass (CM) recoil energy and angular distributions ha&e been fit t§
the measured“LAB &istributions by averaging over the measured (nmon-
thermal) béém veloéity distributions.

Kingﬁatic restraints in the HI reactions which preclude determina-
tion of CM scattering behavior allow the measureﬁent of the premium
wﬁich the reaction places on incident relative kinetic energy.

| The chemical behaviors evidenced in the CM distributions of the
other reactions share similarities to and interesting differences from
those of the analogous alkali metal reactions. There is evidence in
the mixed haiogen reactiqn that the reactive collisions sample the deep
chemical well due to the stability of the alkaline earth dihalides.
_Observed CM behavior in the remaining reactions ranges from‘forward

scattering for NO, and SO, to that predicted from intermediate complex

formation for SFg.
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I.. INTRODUCTION

Since the first measurement of a product angular distribution in a
crossed molecular beam experiment,1 understanding of the molecular
dynamics of chemical reactions has increased dramatically.'2 A large
vari;ty of chemical behavior'has been observed in the reactive differen-
tial cross sections that have been measured.

ﬁThe earlier studies and the majority of neutrél—neutral scattering
experiments have been confined to the reactions of alkali metals because
~of the easevof detection of alkalis and their salts by positive surface
ionization.l‘ Therefore, a large variety of alkali metal reactionsvhave
been observed and are well understood. Most are pictured as proceding
by transfer of an electron from the easily ionizable alkali to any
electroph;lié reaction partner at rather lafge reactant separaﬁions.
The subsequent dynamical behavior is usually correlafed with the elec~
troﬁic structure of the negative ion.3

Moleculaf beam studies of alkali metal reactions are still being
pu?used vigorously, but, with the development of'éénSitive "universal"
moleculaf beam detectors,4 the techniqué has now been applied to many
other reactive systems. Reaction dynamics of H atoms,5 halogen atoms,
oxygen atoms,7 and polyatomic free ra’dicals8 havevbeen stﬁdied. Within
certain practical experimental limitations, any bimolecular reaction of
interest cah now be s£udied by the molecular beam experimentélist.

With the entire periodic chart theoreticélly at one's diqusal,

why choose to studY alkaline earth atom reactions? The answer lies in



the potential similarities to and differences from the well studied
alkali metal reactions. The lonization potential of Ba is low (5.2 ev),

and many of its reactions thus should be initiated by an electron

transfer mechanism similar to that of alkali metal reactions. The “~

lighter alkaline earth metals have higher ionization potentials (7.6 eV
for Mg), and, as one-progresées up the group, the simple électron=
transferfpicture ﬂeéomes‘less and 1es§ réalistic.'"This chanéé from
ionic to more covalent behavior could be reflectgd'in the reaction
dynamics. |

Moreover, the féct that the group IIA metalS’afe divalenf»introduces
other interesting%possibilities. A deep cheﬁical ﬁeil in the poténtial
hypersurfaééexis%s for M + halogen reactions by virtue of the étability
of the éikaline eérth dihalides. The extent to Which“this well influences
the scatFering should be of interest to people doing Monte Carlo
trajectoéy studies. This divalent nature also raiées the possibilitf
of extraction of two hélogens from poiyhalidesl‘and so on.

It should also be mentioned that the mass spéctrometric situation
is quite favorable when the product being détected_is an alkaline earth
monohalide. E%ectron bombardment of MX (X = halogen) produces mostly
MX"'.9 FurthermorL, tﬁére should be little dependence of the cracking
pattern or ionization efficiency on MX vibrational étate du; to very
favorable placemeﬁt of the MX+ potential éurve.10 |

Conventional studies of alkaline earth reactiohs ﬁave been con-

fined mostly to heterogeneous systems11 so that very little data on

their gas phase kinetics is available. Recent intérest in these
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reactions, however, has prompted molecular beam,12 L

chem:lluminescence,17
and laser induced fluorescence18 studies of these reactions. The results
of these studies and subsequent ones should provide‘instructive compari-~

sons to and extensions of the theories which have been used to explain

the dynamicé of alkali metal reactionms.
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II. APPARATUS AND EXPERIMENTAL CONSIDERATIONS

A. Introduction

The design and construction of this molecular Eeam scattering
apparatus was begﬁn five years ago. The apparatus gradually "evolved"
into the configuration described in this chapter. The configuration,
happily gnough, is a working one, and the apparatué was used to
colléct the reactive scattering data presented in Chapters I1II, IV,
and V of this thesis and in References 1, 2, and 3.

An electron bombardment ionizer-quadrupole mass filter "universal"
detector is‘employed, although early in the evolution of the machine
the possibility of using negative surface ionizatioﬁ detection was
briefly investigated. An excellent discussion of:the considerations
involved infthe construction of such a machine is in the literature;
Basically, one attempts to increase signal (as always), while reducing
the background pressure of interfering species at the.mass of the
product. The means by which this was accomplished are detailed in
the apparétué description which follows. |

Theoretically, ény bimolecular reaction of interest could be
studled with this machine; but in practice, in‘its present configura-
tion, it is less sensitive and versatile‘tﬁan‘othér’"supermachines"‘
now gxtanf and reactions With cross sections of lesé than 5-10 Kztcan
be studied only with great difficulty; Tﬁe feasons for this inferiority
are limitations in the beam sources, and size limitations on the

configuration and amount of differential pumping available for the
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deteqtor: The;e are no p:ovisions for velocity analysis ofxthe p;oduct,
so tﬂat the apfaratus lends itself towards the syétematic qualitative
study of‘a class of feactionsbrather than the more détailed stﬁdy of
individual differential cross sections.

All work on ;his machine was done in collaboration with Shen-Maw
Lin, apd his-thesisl contains detailed descriptions of parts of the
apparatus. A list of mechanical and electrical drawings are listed in

. |
appendices-A and B.

B. Vacuum System and Beam Sources

A schematic of the apparatus is éhown in Fig. II-1, and Fig. II-2
presents a blbck diagram of the vacuum system. Figufe IT-3 shows the
electronigs.associatéd with the beam sources. 'Sinéevfhe beam sources
and vacuum system are described in detail in Ref.:l, only a cursory
description is given here. Table I gives the positions and geometries
of the beam and detector slits, Table II lists typical operating con-
ditions, and beam widths are iﬁdicated in Fig. II-1. |

The apparatus consists of two large aluminum high vacuum chambers,
bolted togéther by.a common flange, and a third,;stainless steel UHV
chamber which houses the detector. Thé two aiuminﬁm chaﬁberé aré
pumped by 10" o0il diffusion pumps and are lined wifh liquid nitrogen
cooled walls for high speed pumping of condensible sfecies. One
chambervhéuses the high temperature oven which;is the source of the
alkaline earth atomic beam (beam 1) in the stg&ies‘prESented in

Chapters III, IV, and V and References 1, 2 and 3. The source oven
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~Fig. II-1. Schematic of the apparatus, viewed from above. The Laboratory
(LAB) angle 0 is defined as 0° along tﬁe high temperature beam
(beam 1) and 90°valong the gas beam. The oven assemblies are

_sfationary, and the detector can scan_é fange of 0 from -20° to

120°.
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Fig. II~3. Block diagram of the beam sources and associated electronics.
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' Table I, Slit geometries

and positions

height distance from

Slit width
collision zone

! (cm) (cm) (cm)
Beam l‘spurce ﬁ051 .48 17.1
Beam 1 collimator .115 .71 9.5
Beam 2 source .160 71 | 5.1
Beam 2 collimator :079 J1 2.5
Detector collimator .206 .95 | 2.5
Detectof slit .41 -6.3

.051
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Table II. Typical 6perating conditions

Beam 1 source pressure
Beam 1 source chamber pressure

'Beam 1 oven temperature
Calculated beam 1 number density at S.C.
Beam 2 source pressure

iBeam 2 oven temperature

| Beam 2 gas load
Calculated beam 2 number density at S.C.
Collision chamber pressure

Detector chamber pressure

-0.1-1.0 torr

~10~° torr

900-1100°K

~1.5x10'% cm™3
1-4 torr
300-400°K

~10 torr %£/min
~8x10%2

510"G torr

1078 torr
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for éhe gas beam (beam 2) is mounéed in the secondraluminum chamber.
The beams intersect in this chamber on the axis of rotation of a
rotating iid'onto which the detection chamber is welded. Thus, the
detector, which is situated in the plane of the intersecting beams,
can scan an angular range of 140; (see Fig.in-l)_about the collisién
zone. |

~ The aikaliné earth source oven is a single-chambered crucible with
sfandard knife edge slits, capable of holding 65 cm® of metal. At a
source pressure of ~0.5 torr, this charge provided ~30 hours of metal
beam. Thé crucible is heated by radiation from a resistively heated
stainless steel tube which surrounds it. The beam is collimated and
allowed to enter the collision chémber; it ﬁay be interrppted by a
solenoid activated mechanical beam flag which is affixed to the flaﬁge
connecting the two chambers. Although differential pqmpihg of a metal
beam might not seem necessary, the oven was placed in this first chamber
because the high temperature and power requirements resulted in an
outgassing . rate which would have resulted in too high an ambient back-~
ground pressure had it been situated in the collisionvchamberf

Beam 2 emerges from.a "crinkly foil" multichénnel slit5 mounted

on a standard double chambered oven. Since the gas.beam source is
mounted in the collision chamber, beam 2 materials are limited to
those whiﬁh are condensible at liquid nitrogen temperature. To
provide rapid pumping of uncoilimated moleculés; the oven is surrounded
by more liquid ﬁitrogen cooled surfaces. The source can be charged

by an external gas line, or the first oven chamber can accommodate a
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|

thimble to hold compounds wi£h insufficient vapof pressure at room
temperature. In the latter case, the double chamber design allows one
to establish the beam temperature independently of the vapor pressure.
All gases used in these studies were introduced to the source via the
externél gas line. Pressure was monitored by a Datametrics Barocel
capacitance manometer.

| The multichannel array was prepared by stacking alternate layers
of corrugated and flat stainless steel foil (thickﬁeés ~0.025 mm)
resulting in channels roughly 0.012 cm in diameter and ~0.5 cm long.
The calculated porosity of the array is 550%. After emerging from
this array; the beam is chopped (typically ~41 Hz) and collimated. It
then intersects beam 1 at right angles, resulting in 1-5% attenuation
of beam 1 and a negligibie attenuation of beam 2. The resulting col~
liéion zone 1is approximately 0.3 cm full width on each side and ~2.0 cm
full height. |

The pumping in the collision chamber must be sufficient to provide

a mean collisioﬁ-freevpath much greater than the dimensions of the
- apparatus. Measurements of fhe intensity of 5eam 1 as a function of
backgrouhd pressure indicated that this is insured at a total pressure
of 710"6 torr. A second requirement is that thevbaékground pressure
of the prodﬁét being detected be very low. To insure this, the back-
ground reactant pressures in‘the collision chamber:mﬁst be low so that
reaction takes place only in the collision zone. Also, any product
formed must be puﬁped fapidly enough to prevent the accumulation of a

large steady state concentration. Both beam sources are enclosed by
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. | i
surfaces which should effectively pump any particle which is not in

the beam. So, in effect, both beams are in differentially pumped
chambers with extremely high pumping speeds. Also, the pfoducts and
reactants are rapidly pumped by liquid nitrogen cooled surfaces after
collision to prevent buildup of their partial pressures.

Beam 1 could be improved simply by reducing the distance from the
sourée to the collision zone. Thé beam 2 source pressures exceeded
the optimﬁm pressures5 for channels of these dimensions and the source
could be improved by using an array with smaller chamnel dimensions.
The ultimate improvement, however, would be the usé of a differentially

pumped nozzle source.

C. Detector

1. Design Considerations

The products are detected by electron bombardment ionization.

This method ha; two disadvan;agés when compared to. the positive surface
ionization technique used in alkali metal studies. The first is its
low sensitivity.. The best electron bombardment ionizers7’8 are'only

a few percent.efficient, compared to the approximately 100% effiqiency
for the positive surface ionizatiqﬁ'of the heavier alkalis.9 - The
second disadvantage of the method is also its big attraction; ﬁhat of
non-specificity. While this enables one to detect any product, it

also requires discrimination against the much larger ion signals due

to background in the apparatus.
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‘:fThere isn'tlmuch one can do to improve the sensitivity except
search for new ionization techniques, but the problem of sorting out
the true'product ion signal can be attacked systematically.‘ One first
sends the ions through a masé filter. This reduces the ion signals
with incorrect charge-mass ratios to about 10~° of their original
values.10 This residual background can be reduced further by keeping
the,total.pressu;e as 1ow\asrpossible. This is done‘by clean ultra-
higﬁ vacuum téchniques and usually by one or morevétages of differential
pumping. 'Ope must still discriminafe against the residual background
at the product mass setting and guard against a build-up of product
concentration in thé deteétor during the experimeqt. TheAfirst of
these is accomplished by clean vacuum techniques and sufficient pumping,
along with the judicious choice of a product mass which differs from
any large'background components. The build-up offbéékground product
within the detector is minimized by adopting a "fly—through" design
wherein the product molecules which are not ionized fly out of the
detector region before they are pumped. Finally,-pné_usually discrim-
inates the true product from the residual background by chopping one
or more of the beaﬁs and using either lock-in teéhniques or suitably
gated scalars to retrieve‘the modulated signal.

A variety of ingenious techniques has been used in the past few
years to enable experimenéers to obtain scattering data on non-alkali
systems. Although one study11 employed an apparatus with no differential |

pumpirig £0r the detector,?most utilize, in some form, the considerations

presented here.
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iThe detector consists of an ionizer, quadrupole mass filtef, and
electron multiplier, mounted vertically in the detection chamber.
Figure II-4 shows a schematic of the detector along with its associated
electronics, and Fig. II-5 is a cutaway drawing that will become.
clearer in the following discussion. The entire assembly is held

by a clamp-which is bolted to the chamber wall.

2. Idhizer

Because of space limitations, it was necessary to constfuct an
ionizer which extracts the ions perpendicularly from.the beam path.
It was decided to use a design similar to Brink's,8.buf with slits out
to allow it to function in the cross beam mode. A diagram.of the
ionizer and its electronics is given in Fig. II-6. :Thé ionizing region
consists of a grid, made by winding 0.025 cm dia. platinum wire around
a_stainleés steel shell with six vertical posts. Two.of the posts
incorporatéd the entrance and exit slits, and tﬁe platinum wire was
cut out of these slits. Two 1% thoriated tungsten ribbons (0.0005" Xz
0.025" cross ;ection, Rembar Co., Inc., Dobbs Ferry, N.Y.) are mounted
outside the grid as close as is éracticable (~0.7 mm) in order to
produce the most electrons at a given filament temperature. A stain-
less steel cylinder.surroundé the grid and filaménts and serves as a
shield to reflect electrons back through the grid maﬁyvtimes before
they are collected by it. At one end the filaments afe spot-welded
to the shield while the other»ends are Spot—welded to a tungsfen strip

which serves as a leaf spring to keep the filaments taut when hot.
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Fig. II-4. Schematic of the Detector and-deteétof'chamber with

diagram of associated electronics.
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Cutaway side view of detectlon chamber.
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Fig. II-6. Cross section of ionizer with associated electronics.
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Above the grid are the extracting and focusing electrodes, also
made of stainless steel sheet and tube. All ionizer elements are
mounted on four stainless steel rods; sheathed by aluﬁina tubes, which
descend from the uppermost electrode. Spacing is provided by alumina
tubing cut to appropriate lengths, and the assembly is held‘together by
nuts on the threaded ends of the rods. The entire assembly is then
mounked to tﬂe quadrupole housing by screws.

A few words about the design: Brink's design, when operated in
the axial beam mode, utilizes a potential wall aldng'the axis, due to
electron space charge, to hold the ions while thej are slowly extracted.
These delicate conditions are certainly destrojed when slits are cut tb
allow the beam to traverse the ionizeriperpendicﬁlarly to the axis; and
when large potentials are applied to the-extracting‘électrode. Never-
theless, with appropriate extractor geometry, the equipotential surfaces
in the grid resemble hemispheres centered about a'point iﬁside the
extractor tube.l2 Thus, most of the ions are drawn to a '"smudge" in
the extractor tube. As they begin to diverge again, fhey pass thrdugh
an Einzel 1ens12 which has as its focal length the distance to the
"smudge'". This then produces an approximatelyvparallel beam which is
focused into fhe input aperture of the quadrupole housing by the final
two-tube lens. Typical operating conditions for the ionizer are given
in Table iII.

Since the ions are "born'" on different potentiéls, tﬁere is a

spread in ion energiles; and since the lenses are not "color corrected",

the focusing scheme is only approximate. A good estimate of the
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Table III. .Typical opefating cbﬁditioﬂs‘of ionizer

Element

Grid +60 v*

Extractor - 5 v

Focus o —136 v?

jElectron energy | 150 V~

Electron emission | 30-50 ma

Power dissipation, grid ~6 watts.

Filament voltage | 9V | ,
. 25 watts

2.8 a :

Filament current

8 with respect to .ground
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: . _ | : :
collection efficiency of this configuration could be arrived at only
by an extensive rey—tracing and was not attempted. However, from beam
intensities it is estimated that the entire ionizer is <0.1 times as
~efficient as the values quoted for the original Bfink design.

The electrical leads are 16 guage copper wire, sheathed in quartz
tubing for insulation and attached to the appropfiete electrodes by
screw claﬁps. vThey are fed into the chamber by aﬁ 8-pin feedthrough
in an Ulfek UHV flange. |

| The‘quadrupple mass filter operafes at nominal ground potential so
that the ion energy is roughly defined by the grid potential. This is
anAuﬁper limit due to the effects of the extraction potentials. The
shield and filament are floated with respece to the grid (Lambda Corp.,
- D.C. power supply, Model C880-M) by a voltage whieh roughly defines
the electron Bombardment energy. The potentials for the grid and the
other electrodes are supplied By‘stacks of Bufgese 45 volt "B"
batteries and appropriate variable resistors. The filament is heated
by an NJE, Model QR-15-20 D.C. power supply. The 25 watts dissipated
by the filaments were used to bake out the ionizing-region continuously

when experiments were not in progress.

3. Mass Filter

The‘ﬁass filter is an RF quadrupole type’(Model'Quad 250) purchased
Afrom Electronics Associates Inc. along with its RF—bC power supply.
The quadrupoie is attractive because of its relatively large entrance

aperture, its compact size, and its easily varied resolution. The
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resolﬁtion of the EAI unit:is variable.to'valuesllafger than the mass
number for masses up to 500. A resolution of M isfdefined by EAI as
that which resolves ion peak of mass M from an‘equélly intense peak at
M+l with a 10%Z valley between. At higher mass numberé, settings which
produce such resolution also lower the tranémiésionvmarkedly and so,
during an éxperiment, the resolution is sét at the lowest value whichv
will.Fxclude trbublesomé neighboring ma;s peaks. bThis is illustrated
in Fig. II-7. |

When the apparatus was first pumped down, tﬁe béckground mass
'spectrum was quite typical of ultra high vacuum syStém34’11 with a
predominance:of methane fragments, atmospheric constituents, water,
and inert gases. As the experiments progresses, other background peaks
became old "friends", notably one atbmass 127 which was attributed to
It and which persisted throughout these experimep;s despite long
béke-outé.“Before an isolation valve was installedvin front of the
detection chaﬁber and a liquid nitrogen baffle piaéed_over the diffusion
pump in the collision chamber, the Euild—up of baquround at almost

every mass number was observed and attributed to contamination of the

~ detection chamber by pump 611.

4. Electron Multiblier

The ions wﬁich exit the mass filter are accelerated toward the
first dynode of a 22-stage electron multiplier (special model SPM—OO-402,
Dumont Eléctron Tube Div., Fairchild; Ind.). This 22—stage configura-

tion-assured reserve gain for ion counting.v Single .ion counting was
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Fig. II-7. Sample mass spectra. The upper panel is a mass scan of the.
isotopes of SnCl;t. The mass resolution is ~0.7 times the mass
number. The lower panel shows scattered Bat signal resolved
from BaOt at 'a resolution of ~0.08 times the mass number.

The transmission of a given ion peak at the setting in the
lower panel is more than 20 times greater than that at the
setting for the upper panel.
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attembted.bdt probleﬁs with RF pickup from Lhe quadrupole'leads were
never éatisfactofily solved.

The ionizer produces photons to which'the eleétrén multiplier is
sensitive, resulting iﬁ a large multiplier current. This was overcome
by'offsetting the electron multiplier ~1 cm from-thé»Quadrupole axis.

" An electrode was installed to deflect ions from the mass filter to the
multiﬁliér.'iThe voltége for the electrén multiplier‘is suppliéd by
a Fluke model 408B high voltage power ;upply. Both'the high vdltage
lead and signal lead are fed through 5 kV rated feedtﬁ:oughs so that
the signal lead could be floated to study negative ions (see Seéfion G).
The signal lead is doubly shielded and ﬁrapped with pieces of mu-metal
foil insidé the detection chamber to reduce electric.and magnetic

pickup.

D. Detector Chamber

In ordef to reduce the total background in thé region of the
ionizer, ohe or more stages 6f differential pumpipg are usually pro-
vided. Originally, the detector chamber.was to bé'one differentially
pumbed]chamber, butllater, in order.to ?liminate contaminatioﬁ
problens, two pseudo-stages of differential pumping wére,provided
along with a pump Behind the ionizer to pump the molecules which fly
through.

The detector chamber is an integral paft of a sfainless steel 12"

dia. rotatiﬁg 1id on the main chamber. The rotating seal is provided
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by two Viton O-rings lubricated with Dow Corning #33.ﬁeat-stable low-
temperature silicon grease. :A port is'prbvided ﬁd‘bump out the volume
between tﬁg two O-rings, but this was never necessary.

The uﬁper part of the chamber is a 6" dia. cylinder on top of
which is a 1000 L/S Ultek Cryo-Boostivac D-I combination ion-sublimation
pump. Théblower portion of the chamber is divided front and rear into
two pseudo-chambers, open at the top. The rear one accommodates the’
ionizer and is called the ionizer chamber. The frdnt compartment is
a collimatidnvchamber. The collimation chamber is closed at the
bottom but the ionizer chamber is pumped from below by an 11 L/S
Veeco ion pump. Directly Behind the ionizer chamber is another, very
small chamber which contains a titanium sublimation filament and is
cooled by a-smail liquid nitrogen reservoir. In addition to proyiding
additional pumping speed to the ionizing region, this provides a very
effective trap for the un-ionized molecules which fly through the
ionizer. |

The slit bgtween the collimation chamber and the ionizing chamber
is the defining slit of the detector. For optimal pﬁmping, tﬁe entrance
slit to‘the collimation chamber is given the smailest.dimensions
(allowing~for small misélignments) which avoid ahy.viéwing problems
(see following section). _The slits in the ionizer.érid and sﬁield
are cut so that every moleculé which has flownvthrough both the
collimation slit and detector slit will also fly through the-ionizer

untouched. These slits are also cut to the smallest such dimensions
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t . ‘
(again gllowing for 'small misalignments) . in order to minimize perturba-

tions to the potentials in the grid.

‘A’nickél-plated copper liquid nitrogen reseryoir sits atop the
collimation.chamber and from it héng two cold shrouds.: Oné forms a
curtain ih_the.collimation'éhamber, énd the other is cylindrical and
surrouhds the ibhizer regiqn. Ample s8lits are cu; in these shrouds
to aild& passage of the product beam. So that the upper ion pump can
effectively pump the collimation chamber, the resefvoir has a vertical
tunnel through it which is_essenfially a continuation of the collima-
tion chamber. The reservoir is fed by tubes which enter the chamber
through stainless steel Swagelok fittings. This-arrangement was
initially‘leak-tight at pressures as low as 10_1°torr, but after a
month or so of thermal cycling, a small leak developed which was easily

sealed by additional tighténing of the Swagelok fitting.,.

The entire detection chamber can be isolated from the ﬁain chamber -

by a small cam-action slide valve which sealé oﬁer.the entrance slit
to the collimation chamber. A 1 cps AC gear-motor drives a screw
mechanism which raises and lowers the valve.

The ionizing chamber and collimation chambe;.afe-sémewhat isolated
frbm 6ne another in that for a molecule to get from oﬁe to the other, -
it must pass up through the large ion pump, or, qf»course,~through the
detector slit. For condensibles, the puméing speed in both chambers
is enormous, buf because of the long tube to the collimation chamber,
the pumping speed of non-condensibles there is limitéd by the  con-

ductance of the tube and is éalculated to be ~25 liters/second. The
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combined pﬂmping'speediof thé{small ion pumﬁ‘and sublimator at the
ionizer is probably ~25 liter/second élso. If the ﬁwo are considered
to be separate cHambers, the ultimate calculatéd.pressure for the
ionizer chamber is ~10~!! torr considering only effuéion_through the
slits and a collision chambef pressure of 10~° torr. The lowest
pressure ever aétually achieved was 2x10”!? torr (uncorrected ion pump
reading). The presSufe reading in the ionizer chamber was unavailable
during an experiment, howevef, because the ionizer leaked electrons
into the small ion pump, causing an erroneously high current reading.
The collimation of the product beam, fly through design, and
liquid nitrogen éhrouding proved invaluable in keeping the ionizer

|
region free of contamination.

Experiments in an earlier configuration
with only one chamber were quickly terminated by a fapid rise in
background at higher mass numbers, presumably from contamination and

from outgéssing from the chamber walls in the high temperature

environment around the ionizer.

E. Viewing Corrections

It is important in angular distribution measurements that one
‘knows how much of the collision zone the detector can '"see" as a
function of LAB‘angle. Ideally, one would design the detector such
that it could see the entire collisiﬁn zone, but there are often
competing considerations. For instance, one desires a larger col-
lision zone for larger»intens;ties,,but needs a wéll—collimated

product beam for slotted disc velocity analysis,13 magnetic deflection -
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analysié,l4 etc. Thus in Reference 13, the collision zone is 1 cm

on a side, whereas the detector '"sees" only a 0.1 cm swath through it.
In Referenqe 14, these viewing corrections are qui£e largé,‘varying
over an order of magnitude as the LAB scattering angle varies from 0°
to 90°.

In this apparatus; care was taken to insure that no viewing
correction is neéessary at any LAB angle. The positions and dimensions
of the slits given in Table I produce a collision zone ~0.3 cm on a
side (full width). The detector collimator slit geometry is adjusted
to insure that each position in the collision zone can "see" all of
the detector slit. |

Calguiations were made to determine the sensitivity of this
problem to misalignments of the beams, broadening of the beams due
to collisiéns, etc. The calculation propeeded in.thé following manner.
The signal at a given angle is the sum of contributions from all
positions in the collision zone. Provided certain condiﬁions are met,
the contribution from one position in the collisioh zone is given

simply by

ds(o)

AVI(0)R, (1) A, (1) (T -dT (1)

where ﬁi (i = 1,2) denotes the number density of reactant molecules
from beam i, dT is the differential volume element, Q is the solid
angle subtended by the visible portion of the detector slit, A is
the normaliéing constant independent of aﬂgle:or position, and I(0G)

is the LAB angular differential cross section. The requirements for
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Eq. (1) to be valid are the following: (a) the detector resolution
in LAB angle, O must be small, and (b) the distribdtion in telative
collision §elocity vectors must be the same throughout the collision
zone. Bothvgondifions are adequately met because of good collimation

of the beams. The signal is then given by:
S(O@) = A.I(9) Jpﬁl(T)'Ez(T)'Q(T)'dT ‘ , (2)
Thus I(0) is obtained by dividing the signal S(O) by AV(O), where

V() = "J. n, (1) *n, (1) Q1) +dt 3)

T

A simple computer program was written to calculate V(0) for
variéus apparatus slit configurations assuming effusive flow from the
beam soﬁrces. A grid of points which covered the collision zone was
provided. At each point in the grid, 51 and 52 were calculated (in
relative units)'by calculating the solid angle subtended byAthe visible
portion of the beam 1 and beam 2 source slits, respectively. This
autométically includes the l/;z and cosine dependence of emission from
an effusive source.15 The Q's were similarly obtained by calculating
the solid angle subtended by fhe visible portion of the detector slit.
The integral in Eq.(3) was dohe.by summing the contributions from each
point and the process répeated for each desired LABAangle:

Since the source slit ofibeam 2 is a multichannél souréé, one
might e#pect some broadening of the beam due'to scattering in frént
of the source slit. Also beam 1 might be broadened by possible lécal
high.background preséure in the high temperature'environment around

\

|
1
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the oven. These conditions were simulated by calculating V(8) for
vario&s assumed widths of the sburce slits. Figure II-8 shows that
even if the beaﬁ 2 source slit were twice as wide as its nominal

value, only a 10%Z viewing correction need be applied. Similarly,‘the
beam 1 source slit could be four times its nominal width for the same
mégnitude correction. Experimental beam profilésvindicated no evidence
for the broadening of either beam except in the case of SnClq'(see
Chapter V). |

'The effect of misalignments in the beams proved to be a more
serious problem. Figure II-9 shows V(8) calculated for various mis-
alignments of beam 1 at the collision zone. As is evident from the
figure, a misalignment of 1 mm at the collision zone introduces a
serious (20%) error in the measured LAB angular distribution. The
effect was the same for either direction of misalignment and was
somewhat less for beam 2.

This problem was carefully guarded against by the following
procedures. The oven and collimator were carefully aligned before
each pumpdown. Based on experience with the opticai,cathetometer
used for alignment, the maximum initial error is estimated to be
0.2 mm. ‘Beam 1 profiles were measured after every‘thermal cycling
of the oven to check for movement, and a careful check of the final
aiignment was made before removing the oven for refilling. Since
the metal oven was removed often for refilling, it received more
attention. The cross beam oven remained fixed throughout the study

and after its careful initial alignment, beam profiles measurements
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.'Fig. I1-8. Apparatus angular intensity weighting function, V(g) for
various broadening of beam sources. Y (where 1 denotes

‘beam 1 or 2) is the assumed width of the source slit of

beam i divided by 1ts nominal width.
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Fig. II-9. Apparatus angular intensity weighting function V(©) for
various misalignments of beam 1 (in cm). The effect was

the same for misalignment to either side.
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and;alignment checks were made only occasionally. Additional evidence

for the absence of any Viewing problems due to misalignment is the
reproducibility of'angular distributions from a given reaction on
widely separated pump-downs. Also gratifying.is the close agreement

16
with another laboratory's results for Ba + C1,.

F. Beam Welocity Distributioﬁs

In ordervto correctly educe informationvabout the center-of-mass
(CM) cross section from measured LAB distributions, one must charac-
terize the beam velocity distributions. The velocity distribution for
Ba in beém.l and most of the beam 2bgases studied in Chapters III, IV,
~V, and References 1, 2, and 3 were measured-using a small cylindrical
velocity selector. All velocity distributions wéfe found to be

decidedly non-thermal in the pressure range used in the experimeﬁts.

1. Velocity Selector

The velocity selector used was an "afternoon experiment" type,
made by cutting two 0.38 cm wide slits in a thin walled 3.8 cm dia.
vertically oriented alumipum cylinder. This is a simplified version
of a design reported by CtOWlﬁy et al.17 As is shown in Fig. II-iO,
one slit is offset by a 7° phase angle from a position directly
opposite the other slit. A slel notch is also cut in the cylinder
edge directly opposite og; of the slits to,aia in alignment. The
cylinder is mounted directly 05 the shaft of a miniature AC hysteresis

motor (Globe model 53A112-2) capable of frequencies as high as 24,000
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Fig. II~10. Simple drawing of: the small cylindricai'velocity selector

and resolution function for beams 1 and 2. The points are

calculated and the solid curves are fits given by

Fi = exF[—(l-Vo/V)Z/Hi]

where 1 denotes béam 1l or 2 and the values of Hl and H2 are

.022 and 0.38, respectively. The dashed curve is the resolu-

tion function for an infinitely thin beam.
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rpm! This and the selector dimensions give a maximum nominal trans-

mitted velocity of 8x10" cm/sec.. The 0-40 volt tw§ phase power was
furnished by a power supply consisting of a variable frequenqy oscil-
latof, power amplifier, and a variable capacitor td ﬁaintain the
proper phase between the two power leads.” The selector assembly was
mounte& on a bracket bolted to the main chaﬁber wall and was aligned
such that the beam axis interFects the rotation axis of the selector.
The detéctqr slit and the narrower of the two oven slits (source or
collimator)_aefine the beam. These two slits and the axis of rotation
of the selector must be in perfect alignment, butjthis task is greatly
simplified‘by the fact that the selector works inweither mode of
rotation. After mounting the selector in the beam, one simply rotates
the detectbr slit until the data taken in both modés of rotation |
superimpose. | |

Figure Ii—lO also shows the resolution of the selector and the
fact thét ﬁhe resolutioﬁ'varies with the width of the beam. Also
shown is the resolution function for an infinitely thin beam (dashed

curve). The calculated points (circles) are essentially calculated

open times of the selector for the chosen values of the reduced

| |
! !

velocity. The solid curves are énalytical fits and are given by
|

F, = exp[—(%—Vo/V)é/Hi] : | | (4)

where the subscript i denotes beam 1 or 2, V is the velocity and Vg is
the nominal selected velocity. The values for Hi and Hy are 0.022 and

0.038, respectively. It should be noted that if the bean, detector,

\
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andiseiectof slits are not mutually parallel, the Fy curves would be
somewhat broader.
The velocity distribution data obtained are fit to a number

density velocity distribution of the form
- a0 )2 v V2 /r 2T eviloes
P, (v) = N (v-a;)%expl-(v-a )*/a;*]-u(v-a ) (5)

whefe‘i‘again‘denétes beam 1 or 2; ay an& ai are variable parameters;
u(t) is the unit step function u(t) = 0, t < 0,.and u(t) =1, t > 0;
: |

-3 :

i"'. This distribution has the form of a Maxwell-

Boltzmann distribution characterized by most probéble speed di‘which

-1/2
and Ni = 47 ¢)

has been shifted bodily toward higher velocitigs by ‘an amount a.
This form has no theoretical Justification, but was suggested byban
examination of the data. Values of the parameters afe chosen, the
function convoluted over Fi’ and the result is compéred with thenl

experimental data. The parameters are varied in‘fhis way until good

fits to the data are found.

Signals were quite weak due to the small open time (0.002) of the

selector; consequently, the beams were chopped and lock-in detection

- was used.

2. Gas Beam

Beam 2 velopeity distributions were measured fifst since the
source slié was a multichannel type and grossly'nbn-therﬁal distribu-
tion had been reported for such a source.13 The:data in Fig. II-11

show very dramatically this non-thermal behavior. All the gases
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exhibited similér behavior and the data were all well fit by Eq.(5) if
a, is given the value aof where o, = jEEf7ﬁ (k is the Boltzmann
constant, T 1is the source temperature, and M is the molecular weight
of the gas.in question), and is the calculated most probable speed in
the source, assuming a thermal distribution. The distributions are
.then essentially the nominal thermal distributions shifted toward
higher veiocityhby the amount a,. Values of az/ao‘obtained
are plotted'against source pressue for all the gases studied in
- Fig. II-12. It can be seen that they form a rough family of curves
that increase with source pressure, and that the values can be quite
large. Failure to take the non-thermality of these distributions
into account can lead to serious errors in the anélysis of LAB
scattering data (see later chapfers). The‘déta in.Fig; II-12 also
seem to show a trend toward'higher azldo valuesifor more complex
molecules.

Although many crossed beams studies ﬁave used "crinkly foil"
multichannél sources, most have ignored the possibility of non-thermal
18

velocity distributions. Many of the early alkali meta1 studies

reported gas beam source pressures of ~0.3 torr,.although these pressure

readings were taken from a thermocouple gauge which was unlikely to
, | |

be very accurate; the actual pressure may have beeh as high as a

]

few torr.19 Even at 0.3 torr| there 6ould be an’appreciable effect,

I
especially in the case of the larger alkyl halides in Reference 18b.

In the Li studies14 source prLssures of ~3 torr are reported, but

while this suggests non-thermal beam conditions, the effect on the

1
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Br, velocity distribution data. Shown are raw.velocity.
data for four different source pressures, normalized to
the same peak inteﬁsity.' The solid curves are fits using
Eq. (5) and convoluting over the selector transmission
function (Eq.(4)). The values of the parameters which

provided these fits are represented in Fig. 1I-12. The

."dashed curve is the Maxwell-Boltzmanﬁ distribution for the

" measured source temperature (330°K), also convoluted over

Eq. (4).
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Fig. II-12.

Gas beam velocity distributions. Plots of the reduced
parameter a2/oc0 are shown as a function of source pressure.
The velocity distributions for CHZIZ; NO2, and HI (solid

points) were measured at only one pressure,
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anaiysis‘shouldlbe less impoltant due to'lithium's much lighter mass,
and conseq&eﬁt higher speed. Gillen and co—workers20 noticed that

the peak in the KBr distribution from K+HBr moved to LAB angles nearer
theiHBr beaﬁ’as its source p;eséure was increased; This was an indica-
tion of higher velocities in, the HBr beam and théfefo:e they reduced
the HBr pressure until‘no further effect was noted before using the
data. Eveﬁ then, the analyéis indicated some residual non-thermality
in the Beam distribution. A kinematically constrained reaction such

as K+HBr 1s especially sensitive to the beam velocity distributions

(see Chapter III).

Blais and Crossl3 have Feported velocity distributions of Br,,

I,, and IBr in a beam with a "crinkly foil® source slit very similar
i . .
to the one here which are in good agreement with the data here.

Although no.source.pressure is quoted; the Br, distribution theyv
report is identical to the result here for 1 torr;.’ﬁuliSZl réports

a behavior for CH,I which is qualitatively similar to thét observed
here but occurring at somewhat higher pressures.  This is undoubtedly
~ due to the smaller channel dimensions (0.025 mm dia. and 0.16 cm

length) in his capillary array.

5,22

Generélly, theoretical and experimental studies of the

| | |
propertieslof multichannel beam sources have been limited to pressures

I \
such that the chapnel'length‘is at most ~50 times the mean free path.
‘ .
This corresponds approximately to the lowest pressures measured here

(~0.2 torr). THere are no good theories to explain behavior in the
range betwéen these pressures and those where hydrodynamic flow is

o

!
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applicable. The theory of nozzle expansion823-prediéts an enhancement
of directed translational energy in the Eeam at the‘expense of energy
coqtained in other modes of the molecules as the scurce pressure is
raised. While this certainly does n;: explain‘the retention of the
full nominal thermal width in these distributions, it may explain the

generally greater effect seen for the more COmpliéated molecules.

3. Alkaline Earth Beam

The alkaline earth beam source slit is of standard knife-edge
desig_n15 and the oven generally operated at lower source pressures
‘than the cfoss beam; therefore,lless deviation from thermal behavior
was expected. |

Figure-iI—l3 shows the velocity distribution obtained fér Ba at
0.4 torr (solid curve). Comparison with the thermal (dashed curve)
distribution shows that this distribution is much less non-thermal
than the gas beam distributions, but a marked deficiency of low

15,24 and is

velocity atoms is evident. This effect is well known
generaily.attributed to the formation of a "clou&" in front of the
oven slit which preferentially scatters siow—moving atoms out of the .
beam. VWhat is surprising is that identical distributions were also
obtained for 0.7 torr and 1,0 torr source pressures.. Also shown in
Fig. Ii—13 is a reported velocity distribution'fér K at 0.3 torr
source pressure25 and Li at 0.5 tbrr.26 Identical distribution were

also obtained at source pressures of 0.7 and 1.0 torr. As is

evident, the three curves are virtually superimposible in this reduced
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Fig. II-13. Reduced velocity distribution for Ba (solid curve),
K (circles), and Li (triangles) at source pressures

~0.3-0. 5 torr. | The dashed curve is Maxwell-Boltzmann.
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velocity plot. All are well fit by Eq.(5) with thevfolloﬁing parameter
values:.-oz1 = 0.89 %o and a, = 0.33 a,, where alljvariébles are
~defined in the previous section.

A simple long-standing model developed in Referencev26 gives

the form of the velocity distributions as

-

CP(V) = NG/a ) exp[-(vi/a *-kF(v/a )] (6)

where k is a parameter and F is a noﬁ-analytic function which is
nearly cqnstant for v/a0 > 1 but rises steeplyraﬁ smaller values.
Exceilent fits to the data are also obtained with Eq. (6) with a value
of k = 2;5 - 3.0. According to the model, howevér, the parameter k
should increase proportionally with soufce pressure, with a slopé that
scales as the collision cross section of the gas in question. Signal
limitations‘precluded the measurement of Ba velocity distributions at
lower pressures but data on Li at pressures less than 0.1 torr indicate
a roughly linear dependence of "best fit" k values on pressure in that
region. So the theory seems to be qualitatively obeyed at low pressures
but the distributions seem to 'saturate'" at k values ~3.0.

‘Because identical reduced velocity distributions were obtained for
these three metals with widely different masses, the same parameters
in Eq.(6) were used to generate Sr, Ca, and Mg distributions for use
in analyzing the alkaline earth réactive scattering data. Mg could
not be studied wi£h this selector because of its light mass and
consequent high speed, and intereference in the mass spectrometer

from art precluded the measurement of Ca distributions. Since the




wr

49~

collision cross sections‘get smaller as one goes Ba + Sr > Ca + Mg
(because of diminishing polarizabilities), the éssﬁmption of "saturation"
for the distributions of Mg and Cg may not be’vaiid; For these experi-
ments, though, this is unimportant;becausé correction for the non-thermal
metal beém had a negligible effect in the data analysis.

It is nbt_clear why the velocity distributionéu"saturate", since
both Eq.(6), based on molecular flow, and nozzle theory predict progres-
sive narrowing of the distribution as pressure is increased. Again the
pressures here are in the region where there are no good theoretical
treatments. Perhaps particles begin to be scattered back into the beam
as fast as they are scattered out. This might be_éxpected to result in
a broadening of the beam profile, but in view of.thé small angles in-
volved, the broadening might not be noticeable. In any case, no broad-

ening of experimental beam profiles was observed.

G. Negative Surface Ionization

1. Introduction

The positive surface ionoization technique ﬁﬁich made possible
the molecular beam scattering studies of aikali metals, relies on the
transfer of an electron from a substance with a low ionizgtion potential
to a surface with a high work function.27 When an atom is adsorbed on
a surface it can leave the surface either as a neﬁtral or a positive

ion, and the ratio of ions tolneutrals is predicted by the Saha-Langmuir

equation:



~50~

| S
i : !

/1, = s8/8, ex?[(¢—1)/kT] M

where g, and 8o are.the partition functions of tbe.positive ion and
neutral respectively, ¢ is the work function of ‘the surface, and I is
the ionization potential of the neutral atom. This simple theory
assumes, among other things, complete equilibrium on the surface, no
interaction of an atom either with the surface of another atom on the
surface. Desorption lifetimes studies28 of alkaii metals on Mo and fa
surfaces indicate appreciable interaction energies with the surface.
Nevertheless Eq.(7) seems to hold for alkali metals on a variety of
surfaces.

It_has long been recognized that the analogous process whereby
negative ions are formed on-low work function surfaces from precursors
with high electron affinities might provide a sensitiye detectof for
certain sﬁecies in scattering experiments. The apprppriate Saha-Langmuir

equation is
I_/1, = g_/g, expl(E,~$)/KT] . (8)

where Ea is the electron affinity of the neutral and other symbols
are analogous to those in Eq. (7). |

An early'study29 reported up to 60% yield of chloride ion when a
CsCl beaﬁ was directed onto a hot thoriated tungstén wire. However,

a later and more extensive study30

of the formation of positive and
negative ions on various surfaces did not bear this out. Not only

were the efficiencies of the negative ion formation on low work
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function surfaces much less than predicted, but as the surface tempera-

ture was raised, the efficiencies reached a maximﬁm and then declined.

The best reported efficiency was 3%, on thoriated tungsten. No mass

analysis of the ions was performed in' Reference 30, but others3l’32

have reported the formation of various molecular negative ions on

28,33
o

surfaces. There have been, in addition, several studies £

desorption lifetimes of various halide ions from surfaces and they

generally’indicate larger interaction energies with the. surface than

the alkali metals.

2. Experimental

At an early stage in the evolution of this apparatus, it was
decided to extend these studies and evaluate the pbséibility of using
negative»surface ionization as a detection scheme for scattering
stﬁdies, in particular.to examine the production of fluoride ion on
tﬁoriated tungsten. |

The apparatus used was essentially the'appératus described in
this chapfef, with the only important difference Being the replacement
of the electron bombardment ionizer by a heatedrfilament of the
surface under study and appropriafe focusing electrodes. The mass
analyzed negative ion currents were amplified by the electron multiplier
and the output measured‘by a battery opefated Kiethley electrometer
which floated at the output potential of the electfon multiplier
(~5 kV). The electrometer was housed in an insulating box; the scales
were manipulated with a long ceramic rod with a'rubber tubing gripper

on the end.
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The apparent filament temperature was measured with an optical

pyrometer of the disappearing filament type and corrected for spectral

emissivity (Reference 34, p. 24l1). The molecule under study was
introduced into the beam source oven and the detector was rotated to
look at the beam. Any negative ion currents were measured as a

function of filament temperatﬁre. Desorption lifetimes were roughly

measured by interrupting the beam and then observing the current .decay

on the electrometer. The response time of the meter needle (0.5 sec)

set a lower limit on the lifetimes measured.

3. Results - Thoriated Tungsten

The 0.003" dia. thoriated tungsten wire was purchased from
Rembar, Inc. and activated according to directions in Reference 34.
Because of electron multiﬁlier amplification, absolute ionization
efficiencies were not obtainable. The qualitatiVe behavior of the
chloride ion signal from CCl, reproduced that of Reference 30. In
addition, the response times were quite slow, on the order of seconds
at the temperature which gave the maximum ion signal. A similar
behavior was noted for Cl™ from SnCl, and despite the stability of
the chlorostannate ion (SnClS'), none was detected.

The results for the fluoride ion formation were even more.dis-
couraging. Not only were the ion intensities much lower than those
for chloride, but the response times were even slower at the same
temperatures. This is summarized by the data in Fig. II-14, which

presents the temperature dependence of the intensities and lifetimes
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for both F~ and Cl  from a beam of CCL,F,. Thé ratio of F to Cl is
only 0.1 instead of the stoichiometric 1.0. Muschiitz35 confirmed this
behavior élong with:reporting similarly disparate ratios for other
freons. If the present Cl data from CCl, is normalized to that in
Reference 30, then the fluoride ion formation efficiency here is
estimated to be <10~® for CC1l,F, and considerably worse for BF, and
SiF,. At tempefatures where the response times are‘éonvenient (1 sec),
the efficiencies are another factor of ten lower. No molecular ions
were detected from any of the compounds studied.. Attempts to observe

NO,  from NO, resulted in the immediate deactivation of the filament.

4. Results - Graphite

The next and last surface tried was graphite. Filaments were
prepared'from threads of graphite cloth and clamped in place. Figure
II-15 shows the data obtained for chloride ion from CCl,. Over the
temperature.range observed, the déta are fit by the Saha-Langmuir
equation if the work function is taken as 4.2 eV, a number in
reasonable agreement with tabulated values.36 Desorption times were
also coﬁQeniently fast. Extension of the data to higher temperatures
was prevented by repeated filament burnouts, probably a result of
non—ﬁniform thickness of the threads. A large ion éignal at mass
number 24 was observed and assigned as Cz_,‘as this and othér fragments
have been reported in the spectrum of negative ions ‘evolved from |

‘ 37
carbon surfaces.
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5. Discussion

The results for the evolution df fluoride ions from thoriated
tungsten are even mofe discouraging than the results fqr the other
halide ions reported in Reference 30. There is some mystery as to
why negative surface ionization yields and response times are so poor
on the low work function surfaces. More than likely, there are alter-
nate chanﬁels of escapé for the halogen atom frdﬁ thelsurface. Thié
could be by incomplete dissociation of the parent molecule and subse-
quent re-evaporation of f£agments with lbwér electron affinities,.
or by fofmatign of volatile halides of the surface metal. Muschlitz35
makes the first argument to explain the low F /C1 ratios, since the
carbon-fluorine bond is stronger than the carbon-chlorine bond. The
second channel is plausible because many metals (including W and Th)
have volatile polyhalide salts; Cl, has long been known to attack
hot tungsten, giving off WClG.38 In addition,'the'iong desorption
times indiqate a strong Interaction with the surfaéé. These long
desorption times also raise the possibility of appreciable surface
coverage which would be expected to raise the work function if the
. adsorbed species is electronegative.39 Also since the work function
is generally a nonlinear function of surface coverage34 a surface
ionization detectér with these characteristics would probably be non-
linear. Alghdugh the formation of negative ions on high work function
surfaces seems to obey Eq.(8), it seems -that the properties of a low

work function, which should give large ion yields, and high heats of

adsorption and/or surface chemistry go hand in hand.
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' : So faf there has beén only oﬁe reported molecularvbeam elastic
scattering study which used negétive_Surface ionization as a detection
scheme.40 Because of the forggoing éonsiderations,’a compromise
surface was chosgn, niobium, which-had én efficiency of 0.1%. This
is less than that for good electron bombardment ionizers.

The results here with graphite indicate that this surface might
be useful as a molecular beam detector if its ionization efficiency
conéinues to rise with temperature. Equation (8) predicts a 10%
efficieﬁcy for chloride formation at 3000°C, above which carbon sub-
limation would bé’a problem. Even if this efficiency were achieved, -
in order tp do reactive scattering some‘auxiliafylmeéﬁs of analysis such
as magnetic deflection would probably have to be used, since the detector
in general could not diétinguish the precursor of an ion signal.

Nevertheless, this method could be useful in elastic scattering
studies and as a beam monitor because of its relative simplicity.
Although negative surfacé ionization itself involves interesting
chemical processes worthy of further study, its attractiveness as é

molecular beam detection scheme, especially in reactive scattering, is

severely limited.
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APPENDIX A

1

List of Apparatus Mechanical Drawings and LBL Numbers#*

1. Vacuum chambers
A. Collision chamber
| main'chamber | 12N 2746
side flanges (2) | | 12N 2833
back flange 12N 2843
liquid nitrogen reservoir 12N 2804
liquid nitrogen shield chassis 12N 2784
liquid nitrogen fill tube v 12N 2913
éide flange liquid nitrogen shields (2); - 12N 2863
back flange liquid nitrogen shield - 12N 2823
“011 diffusion pump baffle (2) 12N 2562
ion gauge flange 12N 2952
chamber support stan& o : 12N 2933
adapter to high temperature oven chamber © 12N 2764
B. High temperature oven chamber
main chamber o ' ' 12N 2754
‘'side flanges (2) | 12N 2923
back flange | | | - 12N 2794
liquid nitrogen fill flange , 12N 2903
liquid nitrogen reservoir o ' 12N.2943
* These drawings are filed at the Lawrence Berkeley Laboratory; copies

of LBL drawings whose numbers are cited here may be obtained by
writing to Lawrence Berkeley Laboratory, Technical Information,
Building 90, Room 3118, Bérkeley, California 94720.
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3.
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|

liquid nitrogen shield chassis
side flange liquid nitrogen shields (2)

back flange liquid nitfogen‘shield

| adapter to collision chamber

Ovens

flange to adapter

pump baffle

chamber support stand
corrosive gas exchanger

liquid nitrogen cold traps (2)

high temperature oven

oven support copper blocks

ceramic adaptor

gas source oven

Detector chamber

detector chamber

detection chamber - lower section

1lid modification

detection chamber cold shroud
small sublimator unit
sublimator cold shield

slide valve

slide valve plate

12N
12N
12N

12N

12N

12N

12N

12N

12N

12N

12N

12N

12N

12N
12N
12N
12N
12N
12N
12N

12N

2774
2893
2883
3812
3153
2853
2873
3193

3203

4693
4682
4672

3162

2814
4714
3823
4053
3693
3682
4652

4662
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4. Tonizer .
grid
shield
extractor and lens assembly
frame and exit aperture

quadrupole mass filter mount

12N 4002

12N 3982

12N 4012

12N 3992

12N 4032
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. , ' ; APPENDIX B

List of Apparatus Electronic Diagrams and LBL Numbers

System wiring diagram
Dual liquid nitrogen level control

Single vacuum interlock (2)

Hastings gauge dual vacuum interlock

HasLings'gauge dual vacuum interlock
Ion gauge‘5 position switching panel

High temperature oven power supply

8§

8s

88

6z

5z

8s

88

8405
7252
2803-1A
4664E

4994-1D

7392

7351
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III. CROSSED BEAMS COLLISION MECHANICS OF

KINEMATICALLY RESTRAINED REACTIONS

A. . Introduction:

The K + HBr - KBr + H reaction was the first studied by the crossed
molecular beam technique.1 Reactions of A + HB > AB + H where the
masses of both A and B greatly exceed that of the hydrbgen atom are

kinematically unique in that the nature of the transformation between

the laboratory (LAB) and center-of-mass (CM) coordinate systems requires2

that the AB product appear in the LAB system with a veloéity-close to
that of the velocity of the center-of-mass of the collision partﬁers, ¢.
Two other types'of‘réactioné in which the products are even more
| kinematically restfained‘than”the above are Penning ibnization and
rédiative reéombination, where the lighter'"produéts" formed are an
electron and photon respectively. This restriction makes it extremely
difficult to elucidate the reaction CM energy and angle recoil distri-
butions from measurements of the AB flux in the LAB,‘although Bernstein
and co—workers3 did manage to do so for the K + DBr feactions in an
elegant experiment employing a velocity selectédiK beam and velocity
analysis of the KBr product. However, this kinemaﬁic restrictioﬁ on
these reactions makes possible the determination of the dependence of
the reaction cross section, Q, on relative kinetic'cﬁllisionrenergy,
E, by means of an experiment in which the twé reacﬁant beams are crossed

with known velocity distfibutions. Here one argues that the heavy AB

product which is detected must essentially recoil (in the LAB) along ¢
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T o : .
and Exploits the broad distribution in E by proceeding to calculate the
angular distributions of E for various assumed forms of Q(E). The
requisite theory was developed in Reference 2 for:avcrossed thermal
beams experiment in which the LAB flux of AB produc£ is ‘measured and
was applied to the data reported in Reference 1 fo: the K + HBr reaction.
This resulted in an estimated threshold relative kinetic energy, E¥*,
' of’~?.5-3 kcal/mole, although the agreement of the éxperimental data
with!the theoretical éurﬁe was not very good. A much smaller value of
E* f?r this K + HBr reaction was obtained in a more recent4 measurement
of tﬁe KBrlflux formed upon crossing a velocity selected K beam by a
thermal HBrvbeam., A recent crossed thermal beamé éxperiment of the type
analyzed in Reference 2 has reported5 E* ~ 2-3 kcal/mole for the
K + HC1 -+ KCL + H reaction. In this chapter, measured LAB angular
distributions‘of product MI (M = Ba, Sr, or Ca) from the reaction
M + HI » MI + H are reported; from the analysis of these, estimates of
E* and rigorousrlower limits on Dg.(MI) are obtained. Reactions of M

" with other hydrogen halides were also attempted and the results are

discussed..

B. Experimental Procedure - S
’ |

The épparatus_described in the previbuS»chapter ﬁas used without
modification. The HI was supplied from a lecture bottle purchased from
Mathéson Co. and maintained at a reservoir pressure of ~2 torr by a
G;anville Phillips leak valve. The HI beam gas flow rate was ~4 torr
2/min, and produced a rather high collision chambér‘pressure (”4X10_6torr),
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which wasiprobably due to H, impurity in the beam. This is of no con-
sequence, inasmuch as ghe beam profiles were not measurably broédened,
but an& coﬁcomitant I, impurity would be troublesome because it produces
significant (re1ative to the HI contributioh) alkaline earth iodide
scattered signal. Contributions from scattering from I, were shown to
be negligible (1) by the absence of an I, signal in the mass spectrum
of the HI beam and (2) by checking thaf no alkaline earth iodide was
scattered into negative LAB angles. |

It is appropriate to cémment here on the detector response. If
¢ is the "rate constant' for electron bombardment ionization in the
ionizer, tﬁen the probability that a molecule will pass through without
being ionized is e—Ct if it spends an amount of time t traversing the
ionizing region. Thefefore; the ionization efficiency B =1 - e-Ct,
if successive processes such as second ionization, électron attachment;

etc. are neglected. If ct is small, then B Z ct and is thus propor-

tional to the residence time in the ionizer; under these conditions, B

" is then proportional to the reciprocal of velocity and the detector

measures the number density (rather than the flux) of the molecules.
This is true for all electron bombardment ionizers now in use, for all
velocities pf interest in molecular beam scattering; In the happy event
that'an.ioﬁizer is inveﬁted which is 100% éfficient for all velocities
of interést, the flux density expressions in Reference 2 will then be

applicable to the molecular beam "supermachine".
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N - C. Crossed Beams Collision Mechanics

In the following section, we wish to compare the measured alkaline
earth iodide anguler distributions with calculaced angular distributions
of centroid vectors. Although tﬁeoreticai expressions for the flux
-density aﬁgular distributions of centroid vectors are given in Reference
2, tpe cofreeponding expressions for the number density distribdtione

|

| |
are not available in the literature and are discussed here.

1. General Formulation

‘ The calculation of the number density distributions of ¢ is a
straightforward extension of the methods and results given in Reference
23 accordingly, the nomenclature employed in Reference 2 is retained
here. Twc beams of particle masses M; and M, are assumed to collide
at an angle Y defining an intersection volume T. :The relative cellision
velocity, 3, relative collision enefgy, E, and center-of-mass velocity,

E, are defined in terms of the velocities of particles in beams 1 and

-»> >
2, v, and v,, by:

> - > '
M = MV, + MY, , . (1b)
and E = uv%/2 , o | (1c)

1

where the mass factors are given by

M = M +M, o (2a)

and po= MM, /M. ' | . (2b)
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The data pointé show measured LAB angular distributions

of Bal product of the Ba + HI reaction; nominal beam

temperatures: 1033°K (Ba) and 363°K (HI). The solid

curve gives the number density angular distribution of

E, B(G),'calculated from Eq.(7) for reaction model B

(Eq. (14b)) for E* = 2.5 kcal/mole.by numeriéal integration
:over.the'éxperimentally measﬁred speéd distributions in

the two beams. Also shown are angle profiles of the two

beams as well as a LAB <> CM transformation diagram for

the Ba + HI reaction. This is drawn for the y = 90° inter-

section angle employed in this work and for the ﬁa and HI

most probable beam speeds and shows the relative collision
velocities, 3, and velogity of the cehter—of—mass, E. The
circles are drawn for Bal CM recoil speeds corresponding to

typical possible product recoil energies, E', of 1, 3, 6,

and 10 kcal/mole.
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'

Figure IiI—l includgé a.tfansformatién diagram illustrating the
relations of 31, 32, V, E, and 6, the angle betWeen;;1 and E.

The number of reactive events per second, N, ma& bg written
in terms of tﬁe number densities of beams 1 and 2 ét the collision

zone, n, and n,, as

00 [ee]

N = nlnsz [ Q(V)Vpl(vl)pz(‘vz)dvldv2 s — (3)
0 "0 : :

where P, and P, are the number density probability.density speed

distribution functions for beams 1 and 2. This may also be written

as

'Y Q0

N =f f P(8,C)dCdo o (%)

0 0

where P(6,C)dCdO is the number of reactive collisions per second with
: S
center-of-mass speed between C and C+dC and direction between 6 and

6+d8. Equating N in Eqs.(3) and (4), P(6,C) may be written as

P(6,C) = nlnzTQ(V)V01(Vl)pz(Vz)MZC/M1Mg Sin Y;‘ (5)

V, v,, and v, may be expressed as functions of 6 and C by means éf the
transfqrmation equatiéns given in Reference 2. Integration of P(G,C)
over C yields the flux angular distribution of E.which would be measured
by a flux detector (e.g. a surface ionizatioﬁ deteétor). However, it
seems likely ;hat most molecular beam studies of nén—alkali scattering

will employ an electron bombardment ionization detector, as is the
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1

i . .
case here. As has been noted, the electron bombardment ionizer is a
number density detector so that the appropriate centroid distribution

function becomes
B(68,C) = 6&P(8,C)/C , | (6)

where § is a constant characterizing the detector sensitivity. The

angular distribution of E appropriate to experiments employing a
i . , |
number density detector is then given by

o

‘B(B) = f B(8,C)dC . | S : ¢))
0 .
|

2. Crossed Thermal Beams

|
| The expressions for B(6,C) and B(8) are especially simple in the

case of two crossed beams with thermal speéds distributions. Although
the beams in this experiment do not have thermal distributions (see
Chapter II), these expressions should be of general interest to

molecular beam experimentalists. For this thermal case, B(6,C)

becomes
B(8,C) = BQ(MC/m)F(G)CSexP[-MZCZ/mzqzl, " (8)
where‘ F@©) = ! sin?(f-e) sin20/sindy ; |
MC/m = V; B = 166n1n21M7/ﬂM1%M2’3 alsdzs 5

[
| |
and o, and 0, are the most probable thermal source speeds, a, =

- |
(ZkTi/M.) / . Equation (8) is written in terms of the velocity
i ~ ‘
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independent, angle dependént "effective mass" m and "effective thermal

source speed" o derived in Reference 2 as:

i .2 - . _ ' : 2 ) ,
n~2sin?2y = =2 (12! 0) _ 2cosysin(y-®)sin 6 | sin® 6 .
M, MM, - M,
. 2 2 _ 2 -
ol = sm2 Y sin gy S) + siz 3 . (10)
e M, "o, M,%a,

| '

Molecular beam experimentalists may occasionally wépt to employ Eq.(8)
or its élux'counterpart directly.l Thus, assuming théf Q(E) were known,
comparison of Eq.(8) with measured LAB velocities of the AB product of
the kineméfically constrained A + HB reaction woﬁl& provide a check
against systematic apparatus errors. Additionally, this equation
indicates the distribution in origin of the CM céordinate system and
might be useful in estimating'the loss of resolution in CM cross-
sections which‘results from the LAB > CM tfansformation for the case
of crossed thermal beam experiments.

In analogy with observations in Reference 2,'3(6) obtained by
substitution of the B(G,C)lexpression of Eé.(S) intb Eq.(7) is naturally

expressed- as

B(8) = (8/2)<(m/M)°F(6i) G(a™2) ' 11)

in terms of the Laplace transform

00

G(a~2%) = fexp(—t/az)tz Q(t) dt B | (12)
0 | :
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. . v "
wheée t = V2 = 2E/u. In the case of a constant cross section Qo’

independent of E, G(a~?) = Q02a6, and
Bo(8) = QuBm/M)® F(8) af . B (13)

Since the cross section for elastic scatteriﬁg is generally a weak
function of emnergy, Bo(e) represents the angular distribution of
centroid vectors for all the collisions between the two beams.

Figure I1I-2 shows plots of B,(6) for various angles of intersection;
the beam masses and temperatures correspond tp the cqnditions for
theiBa f HI reaction. Since,the Ba effuses from a hotter source

= 360°K) the Ba beam has more average momentum,

(T, = 1030°K, T

Ba HI
and»all the Bo(e) curves favor angles close to the Bg beam. For beams
with similar momenta, the B0(6) curves become more;symmetric:about

y/2 and exhibit bimodal behavior for very 1afge (150°) and very small
(30°) intersection angles. The bimodal behavior fof large angles is
found in the fiux expressions, but for small Y, is_é result of the

relative insensitivity of the number density detector to the faster

moving molecules at Yy/2.
o ' ;

3. Reaction Cross Sections ‘

IConsider now two simple forms of Q(E). The fi?stbof these is a
stepqunction model (Model A) in which one assumes ﬁhat Q(E)Jis finite
and of conétant value Qg only if E exceeds E*, a reaction threshold
energy. Thus, in terms of u(t), the unit step-fuﬁction,:mbdel A is

given by
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Number density angular density‘distfibution ofvcentroids,
BO(G) for various angles of intersection of the two beams.

These have been calculated for the beam conditions used

‘for Ba + HI in this chapter. The curves for Y = 30° and

150° have been multiplied by a factor of 8. These
represent what would be measured by a detector with

constant resolution in angle 0. For Bo(6/Y) the curves

: must be multiplied by a factor of'Y.




Bo (8), Arb. units
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Q(E) = Q u(E-E*) . o (4a)

Model B assumes instead a step-function dependence on the components of

collision energy directed along the line—of—centefs at impact so that
Qg(E) = Q_ [1-(E*/E)] u(E-E*). | (14b)

Model B is tﬁe well-known form of Q(E) which results in a simple
Arrhenius temperature dependence of the kinetic rate constant for the
more conventional éxperiment employing a gas thermally equilibrated in
a reservoir. Figure III-3 includes a comparison of £he Q(E) dependence

for Models‘A and B. ‘
The Laplace transform in Eq. (12) is known6 for these two forms of

Q(E), and the resulting B(6) expressions obtained from Eq.(11) become

Vk2  yxh

BA(G) = BO(G) [1 + EE— f E&T] exp(—v*?/q2) o (15a)
‘ 2 o
and. BB(G) = BO(B) [i + %2;] exp(—V*z/az)' (15b)
where V*> = 2E*/u .

One can extend this treatment in a manner parallel to that of

Reference 2 by considering a generalized cross section of the type

UE) = Q ¢ (B*/E)® u(B-E%) (16)
o} n .
2

The constants c  may be adjusted as parameters and should be able to

represent any.desired form of the cross section. Models A and B are
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Fig. 1II-3. Attentuation functions correspondingvto variouéavalues
of n in Eq.(23). Insert shows energy dependence of

models A and B.
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| ) ' ) . .
special cases of Eq.(16): for model A, c, = 1; for model B, ¢, = 1,

and ¢;. = -1. For a cross section of the form of Eq.(16), G(o~2) can

take the form

G(o~2%) = Q, Z c cn(a‘z)v (17)
S n
where
Gn(o&'z) = 2 [ (—V—) VS exp(~-V%/a?) av (18)
. T

which can be conveniently expressed in terms of an incomplete gamma

function7
6 (™) = a® 2z I (3-n, z%), (19)

where z & V*/a, and

o0

I(a,x) = f et 271 g . (20)
X s

To determine the effects of the energy dependence of the cross section

on B(8), the constant cross section part may be factored out:
B() = B_(8) F(2) o 1)
G(a™?) = 2a° Q F(z) | (22)

F(z) is considered an attenuation facfor inasmuch as it is the part
of B(0) which depends on the functional form of Q(E). Thus, it
represents the premium placed on the relative enéfgy by the chéS
section. 22 = V*Z/a2 is a measure éf the inverse of the availgble

relative energy.
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-
Because of Eq. (16),

F(z) = :E: c, Fn(z) ‘ - ‘,t23)
n

and from Eq.(19)

F(z) = }2°"T (3-n,2%) - (24)

For n = 2 the integral in Eq.(24) is simple and yields

i 2

Fz(z) = z% e 2 _ (25)

N

'

and from-recurrence relations of gamma functions? the following recur-
rence relation results:

éz F (z) = (3-n) F (z) + % z* e;zz. (26)

n-1 n 2

Thus, F(z) can be generated for any cross section with energy dependence
representedvby Eq.(16). Figure III;3 shows attenuation factors for
the reaction models A and B and also for one which decreases above
threshold. They are quite similar to those shown iﬁ Reference 2, and
all apﬁroach the same behavior at large values of‘E*'(within a scale

) | 1 i
factor).

t

Now all one needs to do is calculate z as aifuncfion of 0, using
Eq.(10) and the fact that z = V¥/a. Once this’ié‘ddne, B(6) curves
for any cross section represented by Eq. (16) c;n-be'calculatedféhd
compared with experimental data. Even in the case_of reactionS“which
are not kinematically restrained, thesé expreésioﬁs should be useful -

to molecular beam experimentalists, as a comparison of a measured LAB
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product angular distribution with B(9) allowsrone‘to quickly eStimate
the tendency of the reaction to scattef the product iﬁfo the forward
versus the backward hemisphere in the CM coordinate system.

While the calculations of B(6) from a given energ& dependent cross
secfion is straightforward, the inversion of experimental data to de-
duce the functionai form of Q(E) is not. If onebobtains measured LAB
angular distributions of a kinematically restrained product which are
normalized, i.e. all detector reéponse factors are known, or alterna-
tively are normaliéed to theoretically caiculable elastic scattering,
then one can back-calculate attenuation factors F(z) by assuming a
value for E*. Then one can vary E* until the caléulated F(z) curve
agrees with that for some reaction model. This method is equivalent‘
to that éf calculating B(0) curves using assumed forms of Q(E) and
varying E*, and possibly Q(E), un;il good fits to the laboratory data
are obtained. 1In general, however, several F(z) curves can be fit this
way, i.e. several forms of Q(E) will provide adequate fits to the data.
This is evidenced by the fact that the best model B fit to the data in
this chapter can bé duplicated by a model A fit with é slightly higher
threshold energy.

. The situation is much better when LAB angular distributions are
taken with two angles of.intersection. Then one can vary E¥* until tﬁe
calculated F(z) forms agree for the.two runs. Thiévéhould be more
sensitive also in that z(8) can vary dramatically in functional form
and magnitude for different angles of intersection (see Figure 4 in

Reference 2).
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Two experimental variations provide more straightforward means to

deduce Q(E). .The first employs velocity analysis of the product AB and
by comparison of thg measured data with Eq.(8) one could obtain Q(E),
since.only one value of V is specified by one value'bf the coordinates
® and C. Thé second method employs a monoenergetié velocity distribu-
tion for one of the beams and compares the LABvdistribution with a |
theofeticalvexpression which is easily calculated by means of Eq;(6).
This method is also quite simple,.after one has pfoduced a monoenergetic
béam, because each value of 6 represents only one Qalue of V.

In the case 6f the present experiments, however, one must assume
a likely form for Q(E) and calculate B(8) curves to Compére with experi-
mental data, varying E* and perhaps Q(E) until a good fit to the
measured angulaf distribution is 6btained. For bbfh models the effect
of an increase in E* on éhe calculated B(8) curves here was to decrease

their breadth and shift the peak toward the hotter alkaline earth beam.

D. Experimental Results’

The LAB <> CM transformation diagram for thewﬁa + HI reaction which
'is.included in Fig. III-1 indicates that the LAB Bal scattering velocity
could deviate significantly in direction from that of ¢. The maximum
possible deviation may be\estimated from’the 1érge§t_§a1 CM recoil
speed shown in the diagram, as the reaction is unlikely to be exo-
thermic by more than the ~10 kcal/mole exothermicity éf the aﬁalogous

Cs + HI reaétion. The extent of possible deviations for the Sr and
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Ca reactions should resemble that for_thefBa reactiéﬁ.bedause the
decreasing'MMI/MH mass ratio is offset by the likely decrease in the
reaction exéthermieities. This deviation might render the E* estimates
somewhat’iow in that part of the breadth of the LAB éurve could be a
result of this "smearing'. However, two arguments suggest that the
deviations between the directions of E and the LAB MI velocities should
be insignificant: (1) the product KBr velocity analysis experiments
reported in Reference 3b indicate that a large fraction of the reactions
of K with HBr and DBr produce low product recoil énérgies, E'; and

(2) the peak in the LAB MI angular distribution is most sensitive to.
reactioné producing low E' values because of the form of the Jacobian
of the CM > LAB transformgtion. As an édditional,argument against a
significant deviation from E, MI LAB angular distributions for the Cé,.
Sr, and Ba + HI reactions were calculated for various assumed CM
angular and E' distfibutioné by numerical integrafibns of the CM - LAB
transformation. The calculated MI LAB angular distributions were
always broader than the calculated angular distribﬁtions of E, although
the additional breadths were negligible uniess the E' values were

predominantly confined to values greatef than ~5 kcal/mole.

1. The Beam Speed Distributioﬁs

| The measured LAB Bal, SrI, and CaI product angular distributions
are shown in Figures III-1 and III-4. Most of the foregoing theory,
unfortunately, is inapplicable to theéé data Because of the non-thermal

behavior of the beams. As related in the previous. chapter, the beam
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veldcity distributions were measured and the measurements are well fit

by an HI number density speed probability distribufion of the form
P2(V2) = (vyma,)? expl-(vy-a,)%/a,2] u(va-a,) (27)

where a, is still Qs the most pfobable thermal ségrce speed and u(t)
is the unit step function. The parameter a,, incfeases with iﬁcreasing
HI soufce)préssure; for the 2 torr source pressure employed here the
speéd diétribution is considerably non-thermal with a, = 0.45 a,. This
value was obtained by extrapdlating the one measured'point for HI along
the family of curves in Figure II-12. 1In view of this non-thermal
behavior it is not surprising that attempts to fit the data Qith B(6)
curves calculated by means of Eqs.(15a) and (15b) were unsuccessful.

As reﬁdrted in the previous chapter, the measufed Ba beam distri-
bution is mucﬁ closer to thermal behavior and waé‘élso fit by Eq.(27)
except thaf o, (see Chapter 1I) is now given by 0;89 times o, the most
probable thermal source speed, and a, = 0.33 a,. The same distribution
in reduced velocity, v/ao, was used for Ca and Sr.as well, for reasons
explained in Chapter II. As'was‘stated, this could.possiﬂly over—
estiﬁate the hon—thermaliFy of the Ca and Sr distributions, but in
practice, this uncertainty is inconsequential becausé B(6) curves |

calculated from thermal atom beams were indistinguishable from the

ones using Eq.(27).

2. Reaction Threshold Energies

Angular distributions of E'were calculated from Eq.(7) by numerical

integration over the measured beam speed distributions. - The solid
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Data'points give measured product LAB angular distributioné

of SrI and Cal; different data'poinf symbols for Cal show

_results measured on different pumpdowns; nominal beam

temperétures: 953°K and 348°K for Sr + HI; 1020°K and
328°K for Ca + HI. Also shown are B(G) curves calculated

as described for Fig. III-1 for: Sr + HI for E* = 4 kéai/

. mole (sdlid); and Ca + HI fo* E* = 3 (dash), 5 (solid) and

- 7 (dash-dot) kcal/mole. the B(0) function calculated for

E* = 4 kcal/mole and reaction model B for intersecting Sr

and HI beams with thermal speed distributions is also

‘shown (dash curve).
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curves in Figs. III-3 and IiI—é_sﬁoﬁ the ﬁ(e) funétions calculated from
E* values which best fit the data, using reaction:modél B (Eq.(14b)).
In'géneral; the fits of the theoretical B(e)'éurves to the measured
MI signais which are shown in Figs. ITI-3 and III-4 are very good,
much betfer;thén_were obtained in previous étudieSfdf the K + HBr 2
and HC1 > réactions. The small positive deviations‘of the measured-

' c | . ' .
MI signals from the calculated B(8) curves which are apparent at small

LAB angles in Figs. III-1 and III-4 are probably a consequence of Eq. (27).

which unrealistically assumes zero probability fdf very small HI speeds
aﬁd théreby rénders the calculated B(G) curves absblutely zero at small
6 values. | | |

The Sr + HI panel in Fig. III-4 also shows a’B(Q) curve calculated
fo: two thermai beam speed distributions and reflects the sensitivity
of the B(6) calculations to the true HI beam speéd distribution. In
general, whén thermal distributions wére used to‘ééléulate B(0) curves,
the peak was shifted too close to the Ba bé#m fofIVaiues of E* which
gave good'fits to the widths of‘the LAB data. Similar problems have

3,8 attempting to analyze alkali metal

been reporﬁed by other workers
M + HX réactibns.' These studies also used multiéhannel sources for the
HX beam, and assumed the beams to be thermal. This is probably the
bsource of.their difficulties.

The Ca + HI panel in Fig. III-4 includes calcﬁiétions of B(6)
curves fdr-three‘different values of E¥* 1n:orderxto indicaﬁe the sensi-

tivity of the fit to the data to the E* value; the Ca + HI data is the

least sensitive to changing E* values because this reaction. has the
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highest threshold energy. In general, reaction cfoss section model A
(Eq.(13a)) provides B(G) curves which fit the data as well as the model
B calculatidns illustrated in the figures; modelvA pfovides best fits
for E* values slightly larger (~0.5 kcal/mole) than those obtained from
model B fits. Table I lists the.E* values which beét fit/the data‘
shown in Figs. III~1 and III-2; the uncértainties in.E* listed in the
table reflect the differences between model A and B fits as well as
the range,;n E* values whigh adequately fit the data for caléulations

_ for one reaction model.

3. Other Reactions !

Reactively scattered signal of BaBr was measured‘from‘the reaction
of Ba and HBr but the poor quality of»the data precluded any analysis
for threshold energy. This was due in part to high'épparatus pressures due
to the vapor pressure of HBr at liquid nitrogen teﬁﬁerature (~10~5 torr).
If Qo for fhis reaction is comparable to.that of Ba + HI, the absolute
LAB signal levels indicate that E* could not be much greater than
~5 kcal/ﬁble{

No feactively scattered MX signals were observed from crossed beams
of either Mg and HI or B; and HF. If one assumes that the Qo consténts
in Eq.(13) for these rea;tions are comparableito those for Ci, Sr, and.
Ba + HI, this inability to observe reaction in the apparatus employed';
here wouid imply that E* > 8-10 kcal/mole for fhese'two reactions.

This might simply be a ansequence of the Mg + HI reaction energetics,

as D; (MgI) is not known well, but is 1ike1y9’10 to be considerably

|
1
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Table I. M + HX MX + H reaction threshold energies
"and lower limits for D3(MI) % |

Alkaline earth Measured threshold

Dg(MX) estimates

Lower limits

halide, MX relative collision of Reference 9 for Dy (MX)
energy, E¥* provided by
this work
Cal 5+1 75 +15 64
srI 4 %1 80 15 65
BaI 2.5 1 85 + 15 66
BaBr <8 100 + 15 77
2 A11 energies given in kcal/mole.
Not measured; estimated from signal intensity.'v
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lesé than D; (HI) (see ahso Appendix A, Chapter IV). However, the
behavior of the Ba + HF reaction cannot be rationaiized in this manner,
as the most recent value11 foryD; (BaF) exceeds that of D; (HF).by

~5 kcal/mole. Studies of electron capture cross sections of HX 12
indicate that the vertical electron affinity of HI near the minimum

in its well is close to zero. This decreases in the HX series until

the electroﬁ attachment process is ~50 kcal/mole endoergic for HF.

Since the barium halides[are ionicélly bound,10 this extra energy
required to produce the negative ion probably has the effect of reducing

the value of Qo or increasing E* or both for this reaction, and would

explain our failure to detect reaction.

E. Bond Dissociation Energies

Experiméntal determinations of bond dissociating energies of high
temperature metallic halides are notoriously difficult. Thus, in his
most recent compilation of bond energies of diatomic molecules, Gaydon9
regards the experimental data on the Cal, SrI, and'BaI bond energies as
unreliable and refers to Rittner ionic model calculations by Krasnov
and karasevalo for the best estimates. Modern cﬁéﬁical kinetics
studies of reaction dynamics may be expected to establish lower limits
for a number of bond dis#ociation energies as these techniques are
extendéd to embrace a wiéer variety of reactions; recent examples are
given by lower limits for bond strengths of a nqmﬁer of alkaline earth

halides and oxides provided by molecular beam electronic chemilumines-

cence experiments13 and of the H-SiCl, band providéd by an infrared

chemiluminescence experiment.

?
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'In the present experiment, a minimum of E* relative translational
energy of approach is observed to permit reactions of Ca, Sr, and Ba
with HI. At the temperature employed, the HI has negligible vibrational

energy and RTH average rotational energy.ls Thus; by energy conserva-

I
tion, the observation that reaction occurs;imposee”the following limit
on the disseciation energy of the alkaline earth iodide, D;(MI),

terms of the known9 HI dissociation energy, DS(HI), the final product

energy in translational recoil E' and internal excitation W':

O (AT ) > [} - T -
DO(MI) > DO(HI) E RTH

I +E'+ W . (28)

Rigerous lower 1imits on the CaI, SrI, and Bal dissociation
energies evaluated by means of Eq.(28) and assuming E' = W' = 0, are
given in Iable I. These limits are firmly established even if the
value fo; E* is low due to broadening of_the angular distribution by
finite product recoil speeds. The larger value oflE* activation
energy is offset by the finite value of E' needed to‘ﬁroaden the dis-
tribution.b The aesumption that W' is zero may also be challenged by
an argument presented in Reference 5. Generally, 1£ states that in
order to conserve anguiar momentum, all of the iﬁieial angular
momentum in the collision must eppear in the produces as rotational
excitatipn in view of the very small reduced mass of the separating
products. This would raise the D;(MI) 1£mits in Tebie I by 1-2 kcal/
mole. |

Although E* was not measured by Ba + HBr - ﬁaﬁr‘+ H, a similar

| .
treatment| can be made because reaction was observed. The result is

also included in Table I.

|
|
|
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' Table I also lists the ionic model DJ estimates given by Krasnev
and Karaseva.lo These workers also recommend'D;'values for SrF and

BaF which are only slightly less ( 5 kcal/mole) than recent reliable

11a 1b

effusion éell measurements. On the other hand, recent effusion cell1
and molecular beaml3b determinations of D; values of the possibly less
ionic CaCl, SrCl, and BaCl molecules are very close_to the lower limits
of %stiﬁates of Krasnovland Karaseva. Thus, ext;apélating this trend

to the bromides agd iodides, Dg vaiues of ~60, 65, and 70 kcal/mole for
CaI, SrI, and Bal, respectively, might be estimated from Krasﬁov and
Karaseva's calculated value. Similar values are bredicted from a rough
correlation of known MX bond strengths and equilibfium bond lengths
shown in Appendix A of Chapter IV. 1In view of these lower values, the

rigorous lower limits established in this work take on added signifi-

cance.
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IV. REACTIONS OF ALKALINE FARTH ATOMS .
WITH MIXED HALOGENS

A. Introduction

Crossed beams studies have determined angular distributions of

product scattering from K, Rb, and Cs,l Na,2 and.Li'3 + IC1 and from

Cs avand!K 4,5

l

+ BrCN. In general, the results réported for these
reactions were quite similar to those found for the reactiops of alkali
atoms (A) with homonuclear halogen molecules (Xz); The dynamics of
these latter reactions have been rationalized in terms of an electron
transfer model which picturés the transfer of the valence electron of
A to Xy at a relatively large reactant separation; the reaction then
proceeds to form the ionically bound alkali halidé product by means of

~the breakup of the X, intermediate in the force_field provided by the
A+ ion. Three groups have reported classical trajectory calculations6_8
using potential hypersurfaces with the long range réactant attraction
which is suggested by this model. However, the manner in which the
intermediate Xz- decomposes remains uncegtain because all of these cal-
culations gave results consistent with the experimental findings
despite‘qﬁite different assumptions regarding the froduct interactions. -

The study of mixed halogens should help clarify this uncertainty
because tﬁe reactant sides of the potentials are likely to be quite

similar, due to comparable electron affinities; but as Reference 1

oints out, the "introduction of asymmetry in the mass distribution and
p ymm
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electronic structure thus proQides an opportunity to look for effécts
which can bé reiated to the dynamics of the breakup of the halogen
molecule—ion"ﬁ Unfortunately, howeVer; the érevious.croséed beams
studiesl-5 with mixed halogens (XY) have provided only limited addi-
tionél insighf into fhe dynamics of alkali atom reaétions because these
experiments emplqyed a surface ionization detection technique which
failed té distinguish between the AX_and AY products.' Kinematic |
analysesl‘-3 of the measured 1aborator; (LAB) angular distributions
indicated that ACl1l is the predominant product of the A + ClI reactions.
A triple beam chemiluminescence study9 provided further support for
this conclusion for the K + C1I reaction, although fhis study suggested
that some KI product was produced as well. |

The use of an electron bombardment ionizer detector to distinguish
the two products in these aliali reactions would be severely hampered
by uncetﬁaiﬁties in the fragmentation patterns of the alkali halides,
which may depénd strongly on the AX vibrational state._10 The éngular
distributions thus measured would be highly ambiggous. As was men-
tioned invChapter I, the fragmentation patterns in the alkaline earth
monohalidés are quite favorable.

This chapter reports product angular;distributibns of both product
channels (MX and MY) for the reactions of Ba, Sr, Ca, and Mg + IC1l and

Ba + BrCN. Previous crossed beams studies of Ba + Cl, 11

and of Ba,
Sr, Ca, andng + Cl, and Br; 12 indicated close similarities in the
dynamics of reactions of alkali atoms and of the heavier alkaline earth

atoms (notably Ba), despite the presence of the large chemical well in
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the potential surface for the latter reactions. Thus, the study of
the reactions of alkaline earth atoms with the mixed halogens might,

in addition, throw some light on the analégous alkali reactions.

B. Experimental Procedure

The apparatus, described in Chapter 1I, was used without modifi-
cation. The ICl was purchased from Eaétman Organic Chemicals and the
BrCN was purchased from Matheson Coleman and Bell; Both were used
without further purification. The beam materials were introduced into
the gas line from sample bulbs maintained at ~10.torr vapor pressure
by an appropriate cold bath (ice—watef fdr IC1 and ice-brine for BrCN).
The gas line reservoir pressure was regulated at 2—3 torr by a
calibrated finger-stopcock combination. A careful méss scann of the
ICl beam’indicated that any impurities (e.g. Cl: or Ig) were less than
1% abundant.

As has been noted before, the probability speed distributions of
both beams were non-thermal and were well-fit by the empirical expres-

sion
Py (vy) = Ni(vi—ai)2 exP[—(vi-ai)z/ai?] u(v;-a,) : (1)

Here, subscripts 1 and 2 denote the M and XY beams respectively;
u(t) is the unit step function (u(t) = 0 for t < 0 ; u(t) = 1 for

t > 0); oy and a, are paraméters which may depend on the beam source

: -1/2 =3
pressure; and N, = 47 / o

i i Table I lists the beam operating
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Shown are the LAB angular digtribut;oh for Ba + C1lI ~»
BaCl + I from 3 separate runs. The détted curve gives
the calculated (assuming an eneré& independent cross
section) angular distribution of center of mass vectors,
E. The curves in the lower two panels are the T(6) and
P(E'") functions which generate the fifs.shown to the data.
Thé legends correspond to those in Table III, and the
long dash and dot-dash curves give the corresponding LAB
fits using.the solid P(E') curve. Alsé shown are angular

profiles of the beams and a diagram relating the sense of

VO, the LAB scattering angle.
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conditions and Fig. IV-1 shows the angular profiles.of the beams.
The parametérs for the ICl velocity distributions are based on measure-
ments reported in Chapter II. The BrCN parameters are estimated by

multiplying the icl parameters for the appropriate source pressure by

VMICllMBrCN *

by averaging over the actual beam speed distributions (Eq. (1) and Table

All data analysis presented in this paper is arrived at

1). Auxiliaéy calculations assuming thermal beam'épeéd distributions
indicated that the derived ceﬁter-of—mass (cM) crbss.section results
could be considerably in error if the true halogen béam.speed diétri—
butions had hot been used; oh the other hand, recoghifion of the smaller
deviations from thermal behavior of the alkaline éarth beams had much
less influence on the derived CM cross sectibns.vv

Figure IV-1 illustrates that the LAB scatterinélangle, 0, is
defined as 0° for the M beam direction and 90° for-fhe XY beam direc-
tion. The detector may be rotated aboutvthe beam intersection volume,
in the plané Aefinéd by the two intersécting beams; so as to scan a
range of O from -15° to +115°. The detector angdlaf"resolﬁtion

response function is similar in shape to the M beamxangular profile

"shown in Fig. IV-1. No measurements of the prodﬁct'LAB speed were

made; only product LAB angular distributions arefrépdrted here. All
product angular distributions were measuréd with the mass filtef.set
at the MX+ or MY+ peak. Careful mass scans for séveral of.the scat-
téring partners (Ba and Mg + ClI and Ba + BrCN) failedvto disclose

any MXY+ scattered signal. Jonah and Zare13 have reported thevradi-

ative recombination of Ba and Clz to form BaCl, and here als? the MX+

/
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sigﬁal could have arisen from MX or MXY as the parent molecule.
Arguments presented later indicate that MX was the-predominént, 1f

not exclusive, precursor.

C. Data Analysis and Results

1. Analytical Considerations

- The reaction cross sectibn is a function of many variables. The
variables most intimately related with the reaction.dynamics are the
" angle 0, and:speed u, ﬁith which the product recoils in the center
of mass (CM) reference frame. It may also depend on‘the initial
relative velocity, V. This differential cross section 0(8,u,V) is
measured at angle O, and velocity vin the laboratory (LAB) frame
after it has been transformed from its moving (CM) frame of reference,
by the following equation

2

F(O,v) = VO(G,u,V)%Z- | | (2)

The sense of the lab angle, O, with respect to the béeam directions is
shown in Fig. IV-1 and Fig. IV-2 shows a CM <+ LAB transformation
diagram fOr.the Sr + C1I » SrCl + I reaction. 1In fhe CM coordinate
: systém, 0 ié éefined as 0° (forward scattering) if ; lies albng the
initial relative velocity véctor, 3, in the direction defined by the
Sr 5éém. | |

Equation (2) is an expression for the flux of-broduct at O and v. .
Thérefore, in the present machine with a number density detector, one
fower of ﬁ ﬁust be factored out. In addition, in this apparatus, one

‘must average over the beam speed distributions and integrate over the
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unmeasured LAB speed of the product, Vv, so that the CM cross section

is related to the measured LAB intensity by the foildwing:

vk oo co

Lag© =[ff Vo(6,u) (v/u?)p, (v,)p, (¥v,)dv,dv,dv . (3)
_ 0 0 0 ‘ |

The analysis of the data here generally consisted of choosing a
form of 0; performing the integrations in Eq. (3) onfa‘computer, and
comparing the calculatéd LAB angular distribution with the measured
data. This procedure was repeated until, by trial and error, a form
of 0 was obtained which provided a good fit to the data.

The integration over v shown in Eq.(3) is limited to a finite
range (0 to v*) determined by the reaction énergetics.' For the
M+ XY > MX f Y reaction, where the MX product is defected, the energy
with which the MX and Y products recoil apart, E', and the internal
excitations of MX and Y, W', are related to the initial XY internal

excitgtion; W, and the reactant relative collision energy,

E N (mMm}chzmch)V2~’ by

E'+W =E+W+ D, . ’ (%)
where AD0 = DO(MX) - DO(XY), ' o (5)
BS Gy /2m)ut o -

and the m's denote the masses of the particles. Table II lists values
of E, W, and ADO; v¥* was calculated for each reaction by setting E =

W=W = 0. Although.Do(Cl—I),14 Do(Br—CN),14-and'Do(M—Cl)15 are well
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i . . . P |
. Table IT. M + XY - MX + Y reaction energeticsa

relative collision reactant internal reaction
Reaction energy, E P excitation, W ¢ expezgicity
. . [o]
Ba + C1I 2.1 | 1.0 '55,1‘3
Ba + IC1 2.1 1.0 135+ 15
Sr + C1I 2.7 | 1.0 - 46 * 3
Csr+1I01 2.7 100 30 * 15
Ca + C1I 2.9 1.0 45 + 3
Ca + IC1 2.9 1.0 25 * 15
Mg + C1I 2.5 1.0 ' 25 + 3
Mg + IC1 - » - . 5 % 10
Ba + NCBr 2.6 1.5 30 ¢
Ba + BrCN 2.6 s 10 + 15

2 a11 energies are given in kcal/mole. .

b Calculated for the most probable (number density distributlons)
beam speeds.

€ The average thermal rotational and vibration energy in XY which is

~given here would be too large if the internal degrees of freedom
relax somewhat in the beam expansion process.

d

This is an estimate (see Appendix A).
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known, there are no reliable experimental determinations of the bond
energies of MBr, MI, of MCN. The values used here for MI and MBr are
from an ionic bonding model calculation.16 The value used for BaCN is
an estimate which is based on an empirical correlation (see Appendix A).
The structure of this produef might be BaCN or BaNC; reported Hartree-
Fock calculations17 indicate that LiNC is marginally more stable than
LiCN. |

- In anal&Zing the data by means of Eq.(3), o is assumed to be inde-
pendent 6f relative velocity, V. Although recent data on the reactions
of higher energy (~5 kcal) K with Br, and BrCN 3 indieate a smaller
cross section than the earlier published values, a recent, very careful
study of the K + I, reaction18 at relative energies from 1.9 to 3.6
kcal/mole showed only a very slight energy dependence of the total reac-

tive cross section. A second assumption made is that the cross section

is separable in 6 and u, i.e.
o(u,0) = T(8)U(u) D

This assumption 1is also supported by Reference 18, in which only ; weak
coupling of 6 and u ﬁas neted. Furthermore, because of the absence of
product velocity analysis, a famil§ of T(6) and U(u) functions will

fit the data (and probably anvinfinite number of coupled functions as
well). Therefore, the laboratory angular distribution is besé suited

to provide qualitative information about a reaction and any introduc-~

tion of coupled CM cross sections would be a bit pretentious.
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In some of the data analyses, it has further proven convenient to

express T(6) and U(u) as:19

T(8) = (1-C,) exp[-#2(8/H)?] + C,, and | (8a)
U(u) = (u/u)™ exp[(n,/m)) (1-(u/u)™)]; u < v, , - (8b)
U@ = (u/u)"? expl(n,/m)) (A= (u/u)")]5 u > vy ,

where all subscripted variables serve as adjustablg.parameters.

In order to provide insight into the range of CM cross sections
which are compatible with the experimental data, at least two data
analyses are presented for each reaction. One of these, termed the
~ "Single Recoil Energy" (SRE) resuit, assumes that the products
separate 'with a single, fixed product recoil energy'(i.e., U(u) is
approximated as a delta function). Since this procedure removes the
flexibility in the U(u) function of Eq.(8b), the T(B) function is not
restricted to the form of Eq.(8a) in seeking fits,to'fhe data. Becauée
the full bréadth of the measured LAB angﬁlar distribution must be
accounted for by the T(0) function, phe SRE result should provide an
upper limit on the overall breadth of the peak‘inrthe true CM angular
distribution. The opposite data analysis éxtremé fresented, termed
the "Narrow Angular Distribution" (NAD) resﬁlt, seéks the T(0) function,
given by Eq.(8a), with the narrowest breadth about its peak which can
be fit to the data; this extreme should provide an upper limit for the
dispersion in the recoil speed distribution. Inigéﬁeral, data which
could be fit by the SRE analysis could also be fit by a family of curves

intermediate between the SRE and NAD extremes.
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2. M+ ClI > MCL + I

The'MCl+ angular distributions are given in Figﬁres IV 1-4., All
four show that the.LAB‘Mle,signals all peak at considerably smalier
© values than do the calculated angular distributions (assuming an
energy-independent coliision cross section) of the LAB vélocity of the
center-of-mass of the collisidn partners, E, Furthermore, the data
points fall off smoothlyJwith angle through the angular regiéns of the
~ peaks of the ¢ distributions. These comparisons show that the MCl+
measured signals mﬁst have arisen from ionization 6f an MC1l product
which had scattered predominantly into the forward CM hemisphere. Since
any MXY formed would be confined to the plane of the detector, the
apparatus_is‘much more sensitive to it. One can calculate the fraction
of the tétal BaCl scattering the detector can see at a given LAB
angle, assuming a cross section given by the NAD fit, and also how
much of the kineﬁatically restrained MXY it could see (based on
detector angular resolution).> These numbers indicate that if the
cross section to form MXY were >17 as large as the cross section to
form BaCl, they would produce equal intensitieé at their peaks in the

_ lab.

Figures'IV-l ~ IV-4 also show the fits to the measured data which
were generated by the T(8) and U(u) curves shown on the‘bottom panels.
Table III includes the parameters for the fits shown. P(E') was cal-
culated from U(u) by means of Eq.(6) as P(E')dE' ='ﬁ(u)du.

Calculations for a variety of other CM cross‘séctions have also

| indicated the following properties of all of the MC1 angular
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distributions: (1) any T (6) éymmetric about 90° is incompatible with
the data; (2) T(6) must peak with 6 < 20°; (3) T(6) might actually
have a secbndary peék'at 180°, but it cannot be more than ~20—252 of
the forward peak; and (4) T(6) cannot be broader than the SRE fit, nor
much narrower than the NAD fit. Properties (2) and (3) are illustrated
in Fig. IV-1, Furfhermore, the true CM cross sections should be much

closer to the NAD results than to the SRE results because of the un-

realistic treatment of the recoil energy distribution in the SRE procedure

and because the NAD results are qualitatively similar in shape to product

velocity analysis results for K + Br, 20 and K + 12.18

Table III also includes values for the fraction of the products,
: QF’ which is scattered into the forward CM hemisphere:
‘ /2 il

Qg = f T(6) sin ede/f T(0) sin6dO . 9
. 0 0

These indicate a tendency for Mg to produce less MCi forward scattering
than do the other alkaline éarth atoms. The charﬁcteristic E' values
given in Table' I1I, together with the AD° entri es of Table II, also
cléarly indicate_that most of the reaction exotherﬁicities appear as

internal excitations of the products.

3. M+ IC1 - MI + C1

Figures IV-5 - IV-7 show that the measured BaI+, SrI+, and CaI+
signals peak at smaller LAB angles than do the calculated distributions
>
of C, again indicating that the MI products are scattered predominantly

into the forward CM hemisphere. Furthermore, the smooth decrease with
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B fit to the data is equally good.



Figo IV-6.

4 . y (Arbbunifs) _
H ) (04} (@)

rI* Intensit

S
o
n

ol V¥ 1 | 3 1N | j
-20 O 20 40 60 80 100 120
LAB Scattering Angle, @ (deg)

o o
n
]
<
W
10 a
10 . 20
08 E’ (kcal/mole) ]

o
506 —
=
<
=04 -
2
—

0.2 —

0 | l | l I |
o 30 60 90 120 150 180

CM Scattering Angle, @ (deq)
XBL72I10-7109

LAB scattering data for Sr + ICl + SrI + Cl ‘and CM recoil
Afunctions. Fit B and one 'équivalent to C in Fig. ]fV—S also
fit the data only if AD, was raised to the maximum indicated
in Table II.




Fig. IV-7.

b

. : 5 o .
sl QU g } o
s

o
D

Cal*Intensity (Arb. units)

o)
N

o) I I 15V N T N A N
-20 O, 20 40 60 80 100 20
‘ LAB Scattering Angle, ® (deg)

. |

T T T I
I I |I.O— 1 —
—_ (%
[
S H N
o 1
~ 1
205 ! —
- RE
w AD
T | ' 0]
] 1
. ]
I |

10 . 20
E’ (kcol/m_ole)

o
o)

o
N
l

.T(¢9) (Arb. units)

o
|

0 i I | | l |
0 30 60 90 120 150 180
CM Scattering Angle, @ (deg)

XBL 7210-7108

LAB scattering data for Ca + ICl - Cal 4+ Cl and CM recoil
functions. The B fit and one equivalent to C in Fig. IV-5

will fit the data only if AD, is raised to the maximum in

. Table II.

J



-118-

angle through the angular regions of the peaks in the ¢ distributions
which are apparent in the Mc1t and MIt distributions in Figs. IV-1-IV-7
clearly indicate that little (if any) of the measured'product signal
arises froﬁ ionization of an MIClvcomplex which wbuldvnecessary recoil
in the LAB along ¢. .

The LAB +> CM transformation diagram:for the BA + IC1 + BaIv+.C1
reaction.which is included in Fig. IV-5 illustratesvthat the observation
of appreciable product intensity at small and even‘nggative LAB angles,
as shown in Figs. IV-5-IV-7, requires an appreciable product recoil
energy for a significant fraction of the reactionms. Furthermofe, this
transformation diagram, as well as Eq.(5), illustrates that the large
mMI/mCl produét mass ratio restricts the MI product CM recoll speed tb
relatively small values even for rather large values of E'. Owing to
the rather wide angular distribution of E, this in turn makes the
measured MI LAB angular distribution much less sehsitive than the MC1
LAB distribution to the form of the CM cross section.

This insensitivity is reflected in the wide range of CM fits to
the data which are presented in Figs. IV-5~IV¥7'an& Table III. Although
the NAD (denoted "C" in Table III) cross sections do provide fits to the
measured M + ICl data, they are unlikely to refléct the true shapes of
the CM cross sections for two reasons: (1) the.NAD fits to the Sr and
Ca + IC1l reactions were obtained_only by éssuming the very upper extremes
for the ADo values given in Iable iI; and (2) a very specialized and
unrealistic reaction mechanism would likely be required‘to account for

a very sharply forward directed product angular distribution while,
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at Ehe same time, providing such a large dispersion in the froduct recoil
energy distribution. Since the SRE fit makes a Very‘restrictive assump-
tion regarding the form of P(E'), the true CM cross sections are likely
to fall somewhere within the range of thg A and B fits of Figs. IV-3 and
IV-4 and Table III. Here again, calculations for a variety of other CM
Cross seétions also indicate that (1) T(0) cannot be symmetric about 90°;
and (2) T(6) favors scattering into the forward CM hemisphere, as illu-
Strated‘By the QF entries in Table III.

Because the detector response may vary each tiﬁé the apparatus is
exposéd to atmospheric pressure, it is not possible to extract absolute
total reaction cross sections, QT’ nor even relative values fqr reactions
of different alkaline earth atoms, although a gengral trend of decreas-
ing LAB product intensity was noted on going froﬁ rea¢tion of Ba to that
of Mg. For a fixed alkaline earth atom, data on the MI+ and MCl+
angular distributions were collected during the same apparatus pumpdown.
Thus, the absolute measured MI+ and MCl+ signals mAy be used to cal-~
culate QT(MCI)/QT(MI) by simply correcting for thg rétio, B, of MC1 -
and MI detection efficiences and integrating the CM cross sections over
recoil speed and solid angle. Although B is rather uncertain, we may
estimate-it-éo be unity b& the following argument. - There arelthee
effects to take into account. The first is the ionization cross sectidn,
which generally scales with the polarizabilities 6f the neutral molecules.2
This has been found to hoid for fhe magnesium dihalj.des.22 If one makes
the simple-minded assumption that ;he polarizabilities of MX are simply

the sum of those for M+ and X (taken from Reference 23), MI is favored
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over MC1 by a factor of ~1.4 (Ca) to 1.3 (Ba). Similarities between

the electronic term values of M and MX24 indicate that the non-bonding

electron on M contributes the lion's share to the'polarizabilty, in ~

which case the ratios should be closer to unity. The transmission of
the quadrupole decreases with mass in a manner that should cancel any
effect of the ionization cross section. Finally, fhe secondary electron
ejection efficiency from CuBe dynode surfaces for atomic ions is
generally considered to be proportional to ion velé;ityzs and therefore
to the inverse of the square root of the mass at a given ion energy.
However, eleétron multiplier efficiencies for varioﬁs magnesium halide
ions22 showed quite a bit of scatter, but no general correlation with
mass number wés evident. .Thus, the value of B obtained from these three
considerations is somewhat uncertain, but is likely to be ciose to unity.
Assuming B = 1, the different combinations of derived CM cross

sections given in Table III provide QT(MCl)/QT(MI)‘fatio ranges of 1.3-
2.3 for Ba and Sr and 1.5 to 3.2 for Ca. If only the more likely CM
cross secti§ns are used (i.e., the NAD MC1l results And the A and B MI
results), QT(MCI)/QT(MI) becomes ~1.8 for Ba and Sr éhd ~2.1 for Ca.

A very weak MgI+ signal from Mg + ICl was also detected; although it
proved fo be too noisy to permit measuremeﬁt of an MgI angular
distribution, its magnitude suggested that QT(MgCl)/QT(MgI) > ~5,

The uncertain thermochemistry of these reactions prevents a comparison
of these ratios with a statistical theory26 calculation. However, it

is pertinent to note that Reference 1 gives statistical theory calcula-

tions of this ratio at 1.8 for K + C1I and 1.2-1.3 for Cs + C1lI. 1It.
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must be emphasized that the ratiosiquoted here are quite.unéertain, and
that more reliable values will come when velocity,analysis data on the

products become available.

4. The Ba + BrCN - BaNC and BaBr Reactions

Figures IV-8 and IV-9 show the measured LAB BaCN+ and BaBr' signals
scattered from Ba + BrCN. Although the BaBr' signallis not sufficiently
distinct from the calculated 3 distribution to preclude the chance that.
it arose (at least partly) from ionization of BaBrCN; the data were
analyzed assuming BaCN and BaBr products. The BaBr productlsuffers from
the same product mass ratio problem which was encountered with MI.
Figures IV-8 snd -9 and Table III indicate that a wide range of CM
cross sections will fit the data. This is true to a lesser extent with
BaCN as well because this data was collected near the end of our studies
of alkaline earth atom chemistry; consequently, the detector was dirty,
signal—to-noise had deteriorated, and unforeseen factors brought the
experlment to a premature end before the wide-angle scattering had been
measured. Nevertheless, the data do indicate that BaCN is more sharply
scattered forward than is BaBr. The integrated total cross section

'ratio, QT(BaNC)/QT(BaBr), is calculated to be ~7-20

D. Discussion

Although there is considerable uncertainty in the derived CM cross
sections, the data clearly indicate two qualitatiﬁe differences between

the M + IC1 ~» MI’+ Cl and M + C1I -~ MC1 + I reactions. First, the
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entries in Table III indicate that the MI and Cl products recoil with
appreciably higher average energy than do the MC1 aﬁd,I products; since
ADo is less for the M + ICl reaction, this correépopds to an even greater
disparity in the fraction of the reaction exothefmicigy which appears as
product recoil. These E' entries also indicate thaﬁ‘the product recoil
energy is relatively insensitive to the identity.éf.the attaching
alkaline earth atom. The second difference which.is_apparent between
these reactions is that the MI product is scatteredeith a much broader
CM cross section than is the MC1l product. Although the data analyses do
not unequivoéaliy establish whether this added breadfh appears in the
recoil angie or energy distribution, the "most likély" analyées suggest
that both distributions are broadened for the MI prdduct. Property (2)
might be‘éjgonsequence, at least in part, of propérty (1), as the en-
hanced prodﬁct recoil energy might be expected tojbroéden the forward
peaked product angular distribution.

The features of the scattering of the MC1l product which are
observed here are similar to those found in the féahtiohs of C1, with

11,12 and alkali27 atoms and are undérstable in terms of

alkaline earth
the simplerne electron transfer model of alkali atom reactions.

Details of this model of the A + ICl reactions afé given in Reference 1.
These authors point out that the lowest unfilled orbital on IC1 which
accepts the alkali valence electron is likely to be located predominantly
on the I atom for the C1l-I internuclea;: separatidné at which the

IC1 » IC1 vertical jump takes place. However, in free space, this

ground state of IC1 correlates asymptotically with I + C1™; of course,
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for certain configurations the presence of the At could change this
asymptotic correlation to Cl1 + I . Nevertheless, Kwei and Herschbach1
argue that this effect will favor formation of the MCl product, at least
for large impact parameter collision where pré-migration of the charge
in IC1” is likely to be favored; they estimate, on the basis of a
kinematic analysis of their méasured AX angular distributions, that
formation of ACl occurs 3-4 times as often as does that of AI for the
K,VRb, and Cs + ICl reactions. Further evidence for the asymmetry of
the ICl electronic structure is also provided (for a vastly different
dynamical range) by crossed beams studies of the reactions of D atoms

28 Thus, the simple one electron transfer model would provide

with IC1l.
an explanatioﬁ of the CM product angular distribuﬁioﬁs which are observed
here because it suggests that MC1l rather than MI is likely to be formea
in the large reactant impact parameter collisions'ﬁhich should favor
forward scattering. The MI (and presumably some MCl) would be formed
in smaller reactant impact parameter collisions which would tend to
produce a broader product angular distribution.

However, the relatively large MI + C1l produét recoil eneréies
which are bbserved here suggest that the M + ICl1l -+ ﬁI + C1 reactioh
dynamics are not adequately described by this one electron transfer
model. The observed differences in_the MC1l and MI product recoil
energies woﬁld probably be consisteﬁ;‘with the one.eiectrqn transfer
model if the repulsion iﬁ 1cl” were much larger and were released much

more rapidly than has been assumed in the trajectory calculations B

on the A + X, > AX + X reactions. However, such a potential surface
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would not be expected in this model. Mor?over, trajectory calculations
reported in References 7 and 8b for potential surfaces with appreciable
product reﬁulsion indicate that a potential surface of this type would
also undoubtedly fail to explain the sharp alkalivhalide scattering
which is observed #n the A + X, reactions. An alfernate explanation of
the préseﬁt results in terms of the one electron tfansfer model would
picture fdfﬁation of MI via an excited intermediate state if IC1™ which
might be moreirepulsive and which would correlate,l asymptotically in
free spacé, with C1 + I . However, this model seémé‘very unlikely be-
cause the observedl_3 strong attenuation of the wideéangle elastic -
scattering of alkali atoms from IC1l suggests that'the incoming alkali
atom very seldom fails to traﬁsfer its electron to form the ground
electronic confiéuraticn of IC1-. While it is true that the weak Glory
undulations in the enérgy dependence of the Li + ICl1l total collision
cross sectionzg.suggest that this transfer is not 1007 efficient, it
seems.uniikely to be sufficiently inhibited to account for the ZQFAOZ
ﬁI formatién which is observéd here; |

The MIvscattering which is obsérved here Sugggsts that the dynamics
of these reactions might differ from that of the alkali atoms. This is
certainly a possibility as the stability of the alkaline earth dihalidesA
implies a deep chemical well in the potential hypersurface which is
absent in that for the alkali atom reactions. $Since the bonding in the
alkaline earth dihalides is probably Iargely ionic; reactive trajectories
which 'sample this well might be said to_undgrgo a ftwo electron transfe;"

: +
mechanism, corresponding to the reaction sequence: M+ XY + M ...
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SRRt . »
XY+ X ..o MT2 L Y'_+'M+X- + Y. Previous studi‘_esll’l2 which noted "

the similatities of the reactions of M and A with c1, and Br, indicated
that this deep well in the potential surface did aot dominate the
dynamics of the reactions of the alkaline earth atcms; however, these
studies would probably have been insensitive to the influence of the
well in as many as 20-30% of the reaction trajectories. Moreover, the
electronic.asymmetry of ICl removes the symmetry restriction on broad-
Side attack along the C, axis which exist for reaction with the homo-
nuclear halogen molecules. Thus, an attractive explanation for all of
the data'preeented here would picture many of the reactive traJectories
proceeding via an alkali-like one electron transfer tc form (pre-
-dOminantlf) MCl (or BaNC). However, a substantial fraction of the
trajectories would follow the two electron transfer mechanism. It is

v quite conceivable that a C1—M+21 complex, which would be very highly
internaily excited, might dissociate into MI and Cl with a high recoil
energy.

A crude RRK estimate of the dissociational lifetime for such a
complex indicates that this would be shorter thahithe rotational period,
thus‘being ccnsistent with the observed asymmetry:of the product angular
disttibution;‘ This might happen via a direct meéhanismlwhich could even
favor formation of MI over MCl because of the greater mobility of the
Cl atom. Aiternatively; such a complex might tend to distribute the
reaction ehergy statistically, which would again lead to relatively
high E'_values;.in this case, however, decompositibﬁ‘into both product

channels would be expected. Indeed, this is consistent with the data
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as well because the detector is most sensitive to products scattered
along © % 0° (or 180°) with small E' values. This is evidenced in

Fig. IV-10. The solid curve is the NAD fit to the BaCl data. If one
calculates a LAB distribution with a BaCl CM cross section o(6,E")
identical to the A fit for Bal and scaled such that both BaCl total
cross sections are equal, the dashed curve results. Thus, the contri-
butidn of such a mechanism would appear in the LAB.és only a small
(i.e. ~10-30%) perturbatibn on the "one electron tfansfer MC1l component"
which is given in Fig. IV-2 and Table III. These possibilities point
out the ﬁeed for product velocity analysis measureménts on the reaction
studied here as well as further trajectory calculatipns on potential
surfaces which not only include the deep chemical well present in these
reactions but also which simulate the asymmetries introduced by the

mixed halogens.
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APPENDIX A

Reliaﬁle values for the dissociation‘energies of élkaline earth
monochlorides and fluorides.have only recently beén established.ls’23
The bond strengths of the bromides and iodides aré qﬁite uncertain16
and an estimate of the bond strength of BaCN is unavailable in the
liteﬁaturq.

An empirical correlation30 between equilibrium internuclear
separation and the energy required to dissociate an ionically bound
alkali halide (AX) into iomns A+ and X; has pro&en very useful in the
estiqationvof unknown bonds in alkali compounds. The available data
on a{kaline earth monohalides were examined for any correlation with
the alkali hglides, or at least among themselves to facilitate the
estimate ofbtﬁe BaCN bond strength.

The data for the alkali halides are reproduced from Reference 30

in Fig. IV—ii. The ordinate is the energy required>for dissociation to

ions and is given by
p X)) = DMK +IOD - E®) (10)

where D;(MX) is the dissociation energy to atoms, and I(M) and E(X)
are tPe ionization potenfial for the metalland the electron affinity
of the halogen atom., respectively.

Reliable values for bdth the bond dissociation energy and bond
length are'évailable for only four alkaiine earth monohalides, and
these ére plotted in Fig. IV-11. The other four points correspond to

the Ba and Sr fluorides and chlorides for which there are good bond
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stfe&gths. For these, tﬂe bond 1eAgths are estimates from keference 16,
which are arrived at by assuming that the ratios of the ionic radius
of the metal ion in the dihalide to the radius in the monohalide is a
constant for all of the Group IIA metals. Refereﬁce:i6 estimates tﬁat
the bond leﬁgths thus derived_are accurate to within .05 K.

Figure_IV—ll shows that the alkéline earth halides do not correlate
with the alkali halides but do follow a similar trend. Although the
correlation is quite sketchy at this point, the dasﬁed curve is drawn
‘through ;he points and is used for the estimate of,Do(BaCN).

Hartree—Fock calcula;ions in Reference 4 indicate LiNC is
marginally more stable than LiCN and that the Li—N boﬁd‘distancg is
1.77 &.. Tﬁe calculated point charge distribution puts most of the net
negative Charge on the N atom; this suggéSts that-ré Li~N should be
the proper bond length to use in correlating with other ionically bound
molecules. The value of re(LiCl)31 is 2.02 A and the value of re(LiF)

is 1.55 4,31

indicating an ionic radius for NC  0.25 A less than C1~
and 0.22 X ﬁore than F . Using the bond lengths estiméted by Krasnov
and Karasévél6 for BaF and BaCl, re(Ba—NC) is estimated as 2.46 and

2.50 K, respectively. Using a curve drawn between the two BaX points -
which parallels the dashed curve, one obtains Dd(Ba+NC-) = 162 kcal/mole
for r, = 2.48. Using Eq.(10) and the known ionizatiqn'potential forvBa
and electron affinity of Cﬁ,32 one gets Do(BaNC) = 130 kcal/#ole. If
one uses the dashed curve one gets 124 kcal/mole. vThése are likely to

be somewhat high because of polarizability of the CN ion, and there-

fore an arbitrary value of 120 is chosen; This value is highly
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Energies to dissociate ion pairs of alkaline earth and

alkali metal halides. The solid points are the alkali

‘data taken from Ref. 3. The triangles are data points

which are well established; the open circles have well

established D;'s, but somewhat uncertain r,'s. The

dashed curve is an arbitrary fit.
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quesFionable'in that it is not known if the alkali cyenides correlate
with"thefother alkali halides. |

Using the r, values in Reference 16, one can also obtain values for
the alkaline earth bromides and iodides bond dissociation energies.
Table IV compares these values with the ionic model calculations reported
in Reference 16. Also included are lower limits established in Chapter
III. It must be emphasized that these estimates are very tenuous, and
more reliable data are needed to see if the alkaline earths actually do
correlate well in this way. They might not be expected to, in that the

bondiﬁg becomes progressively less ionic in the series Ba > Mg.l6
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Table IV. Alkaline earth monohalide bond strengtha

Bond strengfhs from

MX b Lower limits,
Reference 16 - - Figure 11 ..+ Chapter III
and Eq.(9)_
MgBr 74 '+ 15 64 | -
CaBr 90 15 84 | -
SrBr 90 * 15 85 _‘. R
BaBr 100 * 15 87 77
MgI 55 + 10 W -
cal . 75 %15 65 4
srI 80 * 15 66 65
+15 70 66

Bal 85

b

a'a,ll energies in kcal/mole

The ionization potentials and electron affinities used

~in Eq. (9) were from

10!) - Handbook. of Chemistry and Physiés, 44th Edition
(The Chemical Rubber Publishiﬁg,Co., Cleveland,
Ohio, 1963), pp. 2647-2648.

E(X) - R. S. Berry and C. W. Reimann, J. Chem. Phys. 38, .
1540 (1963). T
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| V. REACTIONS OF ALKALINE EARTH ATOMS WITH

s0,, NO,, SF¢, PCl,, and SnCl,

A, Introduction

In the study of the dyﬁamics of chemical reactioﬁs by the molecular
beams tecﬁnique, two complementary avenues of exploration may be travelled;'
In the first, one seeks to determiné the detailed dependence of a given
reaction cross section on as many variables as is égpérimentally possible.
In the other, a'series of related reactions is Studied qualitatively or
sémi-quantitatively in order to discern existing chemical trends, In
the spirit of the latter method, this chapter preéenté measurements of
laboratory (LAB) angulér distributions of producté‘from the rea;tions of
alkaline earth atoms M) with fwo oxygen containing compounds (SO, and
>N02) and‘thrge inorganic‘pol&halides (PCl,, SnCl,, and SFy). The experi-
mental success In studying this series of reaction§ is summarized in
TdﬂeI.- |

The’feactions of alkali metals (A) with these compounds have been
studied in molecular beam experiments and found tbfekhibit a wide variety
of chemical behaviors,l‘ The scatteriné'of the heavier alkali metals from
NO, and Soiz-indicated a large.cross section for the formation of an
ANOZ* or ASOZ* complex, With S0,, this complex must.decay nonffeactively
due.to the endoergicity of the AO+S? product channél. With NOZ; some
decomposition into the AOHNO producé channel apparently takes place |
because product AO molecules scattered from crossed beags of Na or Cs

. N } .
and NO, have been identified3 by electric and magnetic deflection

f
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|

Table I, Summary of Experimentalvspccess

Alkaline.Earth :

Reaction Partner ‘ '
Ba Sr Ca Mg

- Noz | NA R R EP (Ar+)l
50, R NR NR NA
sln(ilu R R R NR
i \

PC1, R R F NA
_ + -
SF R EP (SF,”) NR NR

NA = Not attempted

NR = No product ions detected

EP = Experimental problem (interfering ion signal).
R = Reactive signal observed and angular distribution measured
F =

Reactive 31gna1 observed, too small to allow angular
distribution measurement :
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techniques. Products angular disﬁributions frém A+NO2 have been determined
(by a mégnetic deflection technique) only for the Li reaction.4 This
'study4 indicates that Li+NO; produces a-sharply for&ard scattered LiO
product and fesembles the ultra-direct mechanisms found for the alkali
atom~halogen moleéule reactions.
Early product angular distribution measurements for the reactions of

3 and‘SFs6 indicated a prefer-

the heavier alkali metals with SnCl:,,'5 PCls,
ence for forward scattering. However, later stﬁdies of K, Rb and Cs+SF; and
SnC1,+7 with velocity analysis of the products concluded that these reactions
proceed b&Ia long-iived complex mechanism and that‘the SnCl, reaétions pro-
duce botthCl andlASnCla products.8 Product velocity distributions from

this study7 as well as the Vibratioﬁal energy distribution of CsF from
Cs+SF§9 are consistent with thét predicted from thelbreakup of an inter-
mediate complex in which the availéble.energy is partitioged étatistically.
Studies of the reactions of Li with these polyhalidé34’10 also indicate

broad angular distributions and low product translational recoil energy.

All of the reactant molecules studied here have appreciable electron
affinitieé and the interactions of these molecules ﬁith alkali metals have
been rationalized in terms of an electron transfer mechanism (see Discué-
siﬁn). This model pictures the transfer of a metal atom valence electron
at reactant separations where the coulombic potential curve for the ion pair
lies lower than the neutral curvé. In the case of a low ionization potentiai
for one reactant and a high electron affinity for.fhe othe;, thié transfer-
can occur ét large reactant sepérations and has béep usgd to explain the

large reactive cross section of alkali metals with many electronegative

species,
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.Becéuse of the low ioniéation pot;ntials of tﬁe heavier alkéiine
earth mgtals (notably Ba), one might expect behavior similar to that of
the alkali metals. But as was noted previously,Atherg could be different
chemical forces acting in these reactions by virtué}bf the divalent
nature of the group ITA metals. It must also be_emphasized that while
thé reactions»here are discussed in terms éf the ei?étron transfer
mech;nism,-somé of tﬁe calculated transfer distanceé-are rather sﬁall
(1.e., ~3 R for Ba+S0,). At these small separationéfit is inaccurate
to_speakyof a simple electron transfef between reéctahts. However,
even in these cases, 1t is still usefui to picturevthe reacting system
forming an ionic intermediate as the initiating steﬁ in the reactioﬁ.
The reaction can still be roughly described in tetms of the interaction5

of the positive metal ion with the molecular negatiVe ion,

B, Experimental

1, Aggafatps ,

The apparatus, described in Ch, II, was used without modification,
The SF., NO, ’ and S0, were purchased in metal cyiiﬁders from Mathgson
Corp.jandlused without further purification.‘ The source pressures were
maintaingd at suitaple levels in the gas 1ine'by'§dmitting the gas
through a Granville~Phillips leak valve, The-PCIQ was purchased from '
Mallinckrodt an& the SnClu from J. T. Baker. Both.wefe contaiped in
sample bulbs which were immersed in baths to maintain ~10 torr vapor

pressure (ice water for SnCl,, and a CClu slush for PC13). The gas

line pressure was regulated by the stopcock connecting the line to the

|
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sample bulb., Both the SnCl, and PCl, were frozen, thawed, and degassed
to remave any volatile impurities, particularly HC1 resulting from
hydrol&sis. Table II lists the beam source temperatures and pressures
used in these.experiments. The collision chamber pressure was ~1x10~8
for the NOZ, PCla, and SnCl4 experiments, but was as high as 4><.10's for

SF, and 6x10~°% for S0, (uncorrected ion gauge readings).

2. Beam velocity distributions

The beam velocity distributions for Ba, NOZ,.and PCl3 were measured

as described in Ch, II. As noted, the number density speed distributions

are fit by the following expreésion:
: - _ 32 el —m )2 2
P vy) = A vy ay) exp{ (vi~ay) /ai } 1)

where all pérameters are the same as described in Ch. II and where, as
béfore,'the subscripts 1 = 1 and 2 refer to the alkaline earth beam and
gas beam respectively, The parameters used in the.aﬁalysis of the data
reported here are given in Table III. The parametérs for Sr and Ca were
derived from the measured Ba distributions as préscribed in Ch, II, 1In
the case of Ba+S0,, the Ba source pressure was invthe range where the Li
distfibutions reported iﬂ Ch, IT approached thermai béhavior,l Thérefore,
a thermal distribution for Ba was assumed in this éase. As has been
previously noted, the deviation from a thermal diétribution of the
alkaline earth beam has little effect in thebdata énalysis so that any
error in this assumption is of 1little importance..‘ |

The distribution for SO, was obtained by mqltiflying th;'parameters

1 C
for No, by'(mNO /mso_)z, where m 1s the mass of a given molecule, This
2 2 S
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Table II. Beam Source Conditionsa-

o Alkaiine earth beam -_'Gaé beam )
Reaction : ‘ b _ o r v
' temperature presrsure temperature pressure
Sr + NO, 950 0.3 350 2.2
Ca + MO, 1050 0.7 360 4,0
Ba + so, 950 0.05 © 360 4.0
Ba + SnCl, | 1030 0.3 - 360 3.8
Sr + SnCl, + 990 0.7 . 330 3.3
Ca + SnCl, | 1010 0.3 340 4,0
Ba + PCl, : 1040 0.3 360 3.5
sr o+ Pdls 990 0.7 350 3.2
340 2.2

Ba + SFG' 1060 0.4

a

b

All temperature in °K; pressures in torr,

Vapor pressure data taken from J. L. Margrave, The;phargcterization

of High Temperature Vapors (John Wiley and Sons; Inc,, New York,

1967).
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Table III, Beam Speed Distributionsa’b

Reaction. ' o, -oay, . ey a,
Sr + NO, 3.8 1.3 3.6 2.0
Ca + NO, 5.9 2.0 3.6 - 2,3
Ba + S0, 3.3 0 3,1 2.0
Ba + SnCl, 3.2 1.1 1.5 1.4
Sr + snCl, 3,8 1.3 1.5 1.3
ca + SnCl, 5.8 2,0 1.5 1.4
Ba + PCI, 3,2 1.1 2,2 2.0
Sr + PCl, 3.8 1.3 2,2 1.8
Ba + SFg 3,2 1,1 2,0 1.4
a

oy and airare parameters in Eq, (1) where the subscripts i=1,2 refer
to the alkaline earth and gas beams respectively; values in units
of 100 m/sec.

b Results for PCl, and NO, based on actual measuremeht; those for SFg,

SnCln and 302 based on extrapolation (see text);
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R |
is equivalent to using the same value of a2/ao (see Fig, II-12), The
parameters used for SF¢ were obtained in a similar;way from the CCl,
results and those fo; SnCl, from the PC1, results._ Although these are
: rather rough estimates of the velocity distributions, they are almost
certainly much closer to reality than thermal distfibﬁtions, and their
use should eliminate a large fréction of the error in the data analysis
which would résult ffom assuming thefmél éonditions.'.An'attempt was L
made to measure the velocity distribution for SnClé, but spurious results
led to the suspicion that the data for the SnClh'rgaétions is not
altogether trustworthy, This is discussed further in the data analysis

\
section,

3. Detector.

The angular distributions in all the reactions studied here were
obtained by monitoring the Md+ or MXt ion intensifies (X = halogen atom).
No other product ions were detected despitebcareful_ééarches for them
(notably MSnC13+ and its possible daughter peaks énd MX2+). Alkaline
earth dihalides produce predominantly mxt upon eleétron bombardment
ionizatioh,ll the effect being most pronounced for‘the fluorides and
chlorides of the heavier metals. Thus, #ﬁy MX, férmed in the reactions
here would prodﬁce mostly Mxt in the ionizer and would be indistinguish-
able from that due to MX product. Attempts were made to identify the
precursor of the MXt ions by measuring appearéﬁce potentials for théir
formation, These Qeré unsuccessful because of thé'rapid decrease of
both the ayaiiable ionizing current and the ionization cross sections

as the electron voltage was decreased, This reduced the ion signals
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to "invisible" levels at electron energies far above expected thresh-

hold values,
The study of reactions producing MgO were thwarted by the large
background at mass 40 due to Aart. A large backgfoﬁnd at mass 108

attributed to SF,“+ interfered with the study of the Sr+SF6 reaction,

C. Results and Data Analysis t

‘As discussed in the pre§ious phapter, the measured intensity at
a giVen LAB angle, O, is the result éf (1) a transformation of the
center of mass (CM) cross section 0(0,u,V) to laboratory éoordinates,
(2) an averaging of the transformation over the beam velocity distri-
butions, and (3) integration over the unmeasured LAB recoil velocity,

v, 1.e.,
vk oo 00

IO, = f f [ VO(O,u,V)fg pl(vi)‘pz(vz)dvldvzdv (2)
: %0 To Yo _

where all variables are defined as in Ch, IV, Again the angle 0° in
both frames of reference is defined by the direction of approach of

the alkaline earth atom,

1

1, Data Analysis

Ihe data are fit by assuming a form for the'CM cross section, C,b
i
and performing the integrations in Eq.(2). The rESulting calculated
LAB angular distribution is compared with the experimental data; the
form of ¢ is varied until good fits‘to the data afé'ébtained, Here

again, ¢ is assumed to be independent of V, the incident relative
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velocity, and also assumed to be separable in 6 and u as before:
a(8,u,V) = T(O)U(w) A (3)

| Although a recent study of K+SnCl, using a supersonic K nozzle beam8
obtained.a smaller reaction cross section’than did Ref. 5 using a thermal
K beam, aﬁalysis of nonreactively scattered K froﬁ SnClk and SFG12
showed little dependence of the reactive éross seé;ion on initial
relative kinetic energy., Thils behavior is also expe¢ted of any reaction
which 1s pictured as proceeding by an‘electron traﬁsfér at relatively
large reactant separationms, If the forces between feactants at separa-
tions where>ﬁhe eleqtronltransfer occurs can be described by the long
range 1/r® potential, the reaction cross section should be proportional
to Eq%.13 ' This is a rather weak dependence, which fér our purposes
satisfies the assumption of an energy independenﬁjgross section,

The second approximétion, that of separability in 6 and u, is :

supported by recent velocity analysis studies of the_K+1214‘and CHal15

16 has also shown

reactions, Only one reaction studied thus far, K#CClq,
a drastically coupled créss section. Of course, ¢ 1s uncoupled in any
reaction which proceeds by formation of a longwlived complex,

In addition to the foregoing, one must guard against "overanal&zing"
angular distribution data. The data can usgally bé fit by a family of
- uncoupled cross sections and, undoubtedly, a 1arg¢'number of coupled
functions as well, The qualitative and semiquantitative features

obtained from analysis using uncoupled functions would not be changedA

by the inclusion of mild coupling. Similar arguments hold for the
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assumption of an energy independent cross sectlon, Therefore, unless
one expected Eq,(3) to be grossly in error, a more detailed analysis of
the data would be unjustified.

For convenience, the functional forms used for T(6) and U(u) are

the same as those used in Ch, IV, i,e,,

0 -~ | !
T(®) = @1-0) eXP{-SLnZ (%) } +c, (4a)
 (o/u s e PL fro 2\ <
U(u) (u/u,) iexp m, ( u1> ? u < ul, @b
: | n ma ‘
U@ = (ufuy)™2 {exp ;n-:- (1~ ;‘i—) g u > u

For SF,, T(8) was altered by reflecting the Gaussian part of the expres-—
sion through ® = 90° in order to produce a forward%backward péaked
distribution, Where it is instructive, an amalysis ﬁhich assumes a
delta function for U(u) is also included. As poinfed-out in Ch,IV, this
single recoil energy (SRE) approkimation should estéﬁlish an upper iimit
to the width of the (M T(0) curve for fairly anisbtropic (decidedly
forward or backward peakﬁd) cross sections; For fhe‘SRE aﬁalysis, the
f;rm of T(G) is not restrictedlto that of Eq.(@a).- V '
Energetics. The trénslétionél recoil energy distribution is .
re%ated to U(u) (ignoring normalization) by P(E')‘= P(u)/u. If‘mp is
the mgss.of the,detectedbproduct, and M 1s the total mass of t%e reac-

1

tion system, then

B = 3n u?/Qw /W o S )
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The total energy available to the products, é?, partitioned between
recoil translational energy, E', and product internal excitation, W',

is given byvv
E'+wW = € = E+W+AD, (6)

where E éndvW are reactant relative kinetic energy and internal excita-
tion, respectively, and AD° is th? difference in energies between the
bond(s) formed and the Bond(s) brokeﬁ in the reacfioﬁ.

Taﬂle ivlgives E, W, and ADo values for the reactions studied here.
The E valués were calculated from the peaks in the beam velocity distri-
butions, and W was calculaﬁed assuming thermal equiligrium. The values
for W may be somewhat high if a relaxation of internal energ& occurs in
the expansion from the gas beam source (see Ch, II),

Althoﬁgh bond dissociation energles of 502»,N02, and the alkaline
earth chlorides and fluorides involved here ére rélatively well known,
the other bond strengths involved in these réactionsvare quiﬁe uncertain,
and this is reflected in the ADo listings in Table IV, In addition, the
reactions with the polyhalides might produce either the monohalidé or
dihalide product. The ADO values for the producfioﬁ of the dihalides
are given in parentheses in Table IV. This‘gifférenéé in AD, yalues
implies different limits on the integration over v in Eq.(2) depending
on which product is assumed. ‘Howevér, all of the U(u) distributions
which fit|the data for these reactions were confined to velocities much

lower than that corresponding to E' = ADo for either case, so that the

difference in iimits is of no importance.
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Table IV, Reaction Energetics»Dataa

Relative collision Reactant internal'

Reaction
Reaction , energy, E»b excitation, W ¢ exoergicity, ADoe
| f
Sr + NO, 2,1 1.2 28-40
~Ca + NO, 2.5 1.2 2143
Ba+50, 1.9 1.3 >4.8%2
Ba + SnCl, 2.8 5.1 27 (~90)%
St +»SnClulv 2.6 4,5 ~20 (~75)
© Ca + SnCl, 2.8 4,7 ~18 (~75)
Ba + PCL, 2.9 1.1+ W ¢ ~24 (~60)
St + PCLy © 2,6 11+, ¢ ~15 (~50)
Ba + SF, 2.5 3.4 - ~55 (~150)

All values in kcgl/mole

Calculated using peak velocities in each beam

Calculated assuming thermal equilibrium, using mélecular constants in

G. Herzberg, Molecular SPQCtra_andgMolecvi§;<Stfu¢%ure (D, Van Nostrand,

Inc,, Princeton, New Jersey, 1968).

Molecular constants not reported, probably 2-3 kcal/mole.
L : :

Bond dissociation energies were taken from: NOg; S02 and PClg,

V.I. Vedeneyev, et al., Bond Energies, Ipnigation'Potentials and

Electron Affinities (Edward Armold, London, 1966); SFg, J. Kay and
M. Page, Trans. Far. Soc. 60, 1042 (1964); SnC1,, total of four bonds
'reported in T,L. Cotrell,“The\Strgngthﬁpdf bhemical Bonds (Butterworths,

London, 1958) divided proportionally to the SiCl, bonds reported in
Vedeneyev, et al.; MCl and MF, D,L. Hildebrand, J. Chem, Phys, 52,
5751 (1970) and 48, 3657 (1969); MO range obtained by considering
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Table IV (continued)’

data from G. Gaydon, Dissociation Energies and Spectra of Diatomic

Molecules, 3rd ed. (Chapman Hall Ltd., London, 1968), Vedeheyev, et
al., and upper limit on Do(BaO) given in Ch, Ottinger and R. N, Zare,
Chem. Phys. Lett. 5, 243 (1970), .

£ Numbers invparentheses refer to formation of MX, product.

[
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| !
2, The M#+SO2 and NO; results

The_IYMO+ LAB angular distributions are shown in Figs. V-1 to V-3,
All three.péak at smaller LAB angies than do the‘Caicnlated angula;
diétributibns (assuming an energy-independent cross section) of. the
collision center of mass LAB velocity vectors, This indicates that the
MO products are scatterea predominantly into the fﬁrward CM hemisphere.,

! | As mentioned in Ch.‘I, reactions producing alkéiine earth mon&-
halide (MX) products are especially suited to crééaed beams studies
because electron bombardment ionization of MX produceé mxt (rather than
M+) almoét ekélusively. However, the situation is;iéss favorable for
ionization of MO, Mass spectral data are unavaiiabléAon the M"'/MO+
fragmentation ratio for 1lonization of Ca0 or SrO because vaporization of
‘these solid-éxides prodeeds'with appréciable decompoéition to the M atom;
data on BaO indicaﬁe17 comparable yields of Bé+ and Bao¥ ions, If this‘
fragmentation ratio, M+/MO+, were strongly dependént‘bn the internal
exéitatioﬁlof'MO, it could severely hamper th; interpfetation of th;
experiments reported here where only the MOT product ion signal is
measured, In the usual case, the M+/MO+'ratio wili'increase withlincreasing
MO intefnaliexcitation. :In this cése, the product recoil energy distri-
bution derived from the ﬁeasured Mot LABvangular-diéfribqtion would ‘be
distorted éd as to indicate téo low a probabi;ity‘for low recoil energy
(and the high product internal ekcitation) reactiﬁexévents. Furthegmbre,
the dérived froduct M angular‘dis;ributioné could_also bg‘distorteé in

the event of significant coupling of the 6 and E' distributions, In the

ionization of the alkalil halides,'this fragmentation ratio varies
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Results for Sr + NO,. Upper panel shows LAB data

(circles), calculated distribution of c¢ollision center

" of mass vectors (dotted curve), -and fits to the data.

.. Lower panel shows CM functions which generate the fits

to the data. Parameters which'genergte the T(S% and U(u)

 functions are given in Table V. The type of curve (dash,

Solid, etc.) is consistent (i.e., so;id CM functions
generate solid curve LAB fit, etc.). P(E') is obtained
from U(u) by P(E') = U(u)/u. The "B" LAB fit is not

shown, but 1is of equal quality to the other two fits.
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18 go that it would be impractiéal

drastically with AX internal excitation
to atteﬁpt to s;udy alkalil réactions with the quipﬁent employed here,

Howevér, the fragmentation ratio should be.far'less sensitive to
internal excitation for ilonization of alkaline earth mono~oxides because
the Mot ﬁolecules should have‘appreciable dissociatiép eﬁergies (data in
Ref. 17a suggest D(Ba0) ~ 70 kcél/mole) whereas thg alkali halide ions
axt) are baund’predominantly by relatively weak'ibn~induced dipole
forces. dther considerations also argue that the Mot distributions
measured here should indicate the true CM reaction cross section behaviors.
Thus, Table IV indicates that the Bat+SO, reaction is only marginally
exoergic, so ;hat the BaO product cannot be formed with appreciable
internal excitation. Table IV does indicate considerébly higher exoer-
gicities for Ca and Sr+NO,, Howevef,.the analyséstof the measufed Mot
disﬁributiqns which are presented in Figs, V=1 and V-2 and Tables V and
VI indicatéf;hét'the‘products prefer to seéarate_with relatively small
values of‘E'; any correction due to changing M+/MQ+”fragmentation ratiot
.would oniy furfher lower these_E' estimates and ﬁbuid not alter the
-qualitative.conclusions drawn here. Furthefmore;.Fig. V-4 indicates
that the scattering of.Sr from NO, produces an srot éignal wﬁiﬁh gxceedé
that of Sr+ at LAB angles > ;20°.from the Sr beam. Since the detector..
sensitivity for Sr énd Sr0 should bé similar (indeéd, probably favoré_
Sr slightly), this clearly indicates a rather lafge (i.e;, ~50-100 X2)
cross section for the reaction, Furthermore, experiénce witﬁ the'mass

v : I

spectral cracking patterns of a variety of gaSes'iﬁ this appératus
' : [

suggests that fragment lons are focussed through the massfilter with
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Figure V-4. LAB scattered intensitles for both Sr* and srot ion

signals from Sr + NOj.
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' Table V, CM Cross Section Paramét’ersa
) T(p) | - U(u)
Reaction_._ Legend ' : ‘
H C . u n;,m;,n,,m,
.
Sr + NO, SRE - - - -
: A 30, 0.30 5,00 2,2,2,3
B . 10, 0.12 4,5 2,13, 2, 2
]
Ca+ NO,  SRE - - ' - -
: A 10, 0.09 6.0 2,2, 2,2
Ba + SO, SRE - Co- - - :
A 15, 0,03 2,8 .3,2,2,3
Ba + PCl, - SRE - - - -
A 20, 0,10 3.2. 2,1, 2,2
B¢ 90, 0.00 3.0 3,2,2,3
Sr + PC1, . SRE - - - -
' A 150, 0.00 3.5 4, 2, 2,4
B 20.) - 0.30 4.0 2,1, 2, 2
Ba + SF, . A(—) 20, 40075 3.0 2,1, 2,2
B(—) 20, .40(1.0) 3.0. 2,1,2,2
A(=-=) 250, 0.0 2.3 - 4,2,2,4
B (=) P 0,0 2.3 4,2,2, 4
Ba + SnCl,  SRE - - ~ -
Sr + snCl,  SRE - - - -
Ca + $nCl, ~ SRE - -~ L. -1

Parameters defined in Eq.(4) for CM cross sections.
SRE fits are not restricted to the form of Eq.-(é):.‘ ‘
Fit not shown in figures, 5ut gives equally satisfactory fit,

Gaussian part of T() reflected about g = 90° and multiplied by
number in parentheses. - 1

a
b
c
d
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- Table VI.. CM Cross Section Characteristics

a —3b 

Reaction Legend Qf E <E'>€
Sr + NO, . SRE .61 4.0 4.0
A .59 6.9 10.0
B 54 4.4 8.4
Ca + NO, | SRE .64 4.0 4.0
’ A .55 3.5 6.5
Ba + SO, SRE .82 3.3 3.3
, A .72 4.0 3.7
Ba + PCL, SRE 72 2.8 (5.2¢ 2.8 (5.2)
A .64 1.4 (2.5) 4,8 (8.7)
B .72 3.3 (6.0) . - 4.8 (8.7)
Sr + PCl, SRE .58 2.0 (4.0) 2.0 (4.0)
A .59 2.9 (5.7) 3.7 (7.3)
B .55 1.3 (2.6) 3.9 (7.7)
Ba + SF_- A (—) .51 1.0 (1.3) 3.4 (4.5)
: B (—) .50 1.0 (1.3) 3.4 (4.5)
B (~~-) .50 1.6 (2.6) 2.1 (2.8)
Ba + SnCl, SRE .72 4.0 (5.7) = 4.0 (5.7)
Sr + snCl, SRE .72 4.0 (6.1) 4.0 (6.1)
Ca + SnCl1, SRE 71 4.0 (7.0) 4.0 (7.0)

a Qf = fraction scattered into forward CM.hemisphere, given by

/2 i
f T(g) sin o de f T(g) sin p dp
0 0

b E' = maximum in P(E'), glven by dP(E')/dE' = 0 .

C<E'> = average recoii translational energy, given by

~AD AD0 L
f °© P(E')E'dE' f P(E')dE'
0 0

d Numbers in parentheses are for assumed dihalide product.
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I I v . [ -
efficiences comparable (i,e,, within a factor of two) to those for
parent ions, so that the data of Fig, V-4 also iﬁdihate that the
-srt/srot fragmentation ratio for ionization of Svais unity or less,
Finally, the approximate correspondence of the shapes of the measured
srt and Srot curves for a wide range of LAB anglesISuggésts that most
of the Srf-signal'in this range arises from fragmehtation of Sr0+;.this,

|
in turn, further indicates that the Srt/Srot ratio is independent of

LAB angle,{and thus is approximately constant for different product
recoil paths, :

The CM fits obtained for the M+NO, reactions.afé shown in Figs.
V-1 and V;Z,Vand the values of the parameters fdr.ﬁhe T(6) a?d U(u)
functions which produce these fits are listed in Table V, -The fractions

of product scattered into the forward hemisphere, given by

|
/2

m s
Q =f T(0) sin 640 f T(6) sin 6d6 ,
i 0 : 0 ,

and E' and <E'>, the peak and average translatiéﬁalffecoil energies
respectiveiy, are tabulated in Table VI,

These da;a are iﬁ good agreement with the résulté repoféed in Ref, '
19 for Bé@NOz. ‘The cross sections ail peak‘sharply forward in the CM
system with a rather small fiaction of the exoergicity appearing as
tfanslational recolil energy, One cannot coPclude‘ffom theseldata
whether the CaO cross section 1s narrower ihasmuch'as the A ﬁit to the
Ca data 1s very similar to the B fit to the~Sr déﬁé; 'The wider range
of fits obtained for Sr+NO, is probably simply dﬁeAfo foorer kinematics

3 . i

in this system.
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L [The accuracy of the Ba + SO, data is somewha;-in questioh dﬁe‘to
high collision chamber pressures (~ 6x107°) during the experiment. This
pressure ﬁaé'observed to attenuate the Ba beam by ~15%, or ~3 times as
much as did a typical gas beam. If this backgroundeere due entirely
to S0,, and if it were all modulated at the gas beam chopping frequency,
then a viewing factor correction would be necessary which would reduce
the intensﬂﬁy at © = 0° by a factor of 3 relative to that at © = 90°.
Even this‘would not be enough to change the qualita;ive shape of the
measured angular distribution (i.e., the peak at-smail LAB angles).
Furthermofe, the pumpout time of the collision chamber (i.e,, chamber
volume divided by pumping speed) is 100 msec. This_is slow c§mpared to
the gas beam chopping cycle (25 msec) so that even if all the backéround
originated in the chopped beam, less than 257 woulﬂ be modulated., More-
over, most of the non-condensible background would enter from the open
bottom of the gas oven cold shield, and therefore.not be modulated in the
first place., It 1s possible that even higher pressures inside the gas
beam cold shield could have broadened the gas beam_c&nsiderably. In
view of its $hort path length compared to that of fhe metal beam, however,
it is hard to imagine a gas beam attenuation of more than 157, This would
not distort the beam profile sufficiently to produce any noticeable
viewing factor problems., Thus, it seems unlikely that the measured SO
distribution in Fig. V-3 is'appreciabiy distorted by a viewing factor error.
The CM fits to the data obtained by applying.no viewing correction |
are shown in fig. V-3, and the parameters for theée functions are given

in Table V. As shown, this reaction is also fit by a sharply forward
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peaked aﬁgular distributioh. Although the calculated recoil energy is

rather low, it is a major portion of the estimated reaction exoergicity.

3. The M + polyhalide results

The LAB data for Ba + SF are presented in Fig.V~5. As shown, the
BaF' angﬁlar distribution is rather broad and shows comparable intensities
on either side of the calcPlated distribution of centroids, |In'v:iew of‘
the results obtained with alkali metals, atéémpts;&ere made to fit the
data witg T(6) distributions which were symmetrié about 90°. This
behavior is predicted for a reaction which proceeds by a "sticky complex"
mechanism (a collision complex which lives for several rotational
periods). The form of the CM angular cross section in the case of a
1ong—livedAcdmplex 1s determined solely by angular.mdmentum considera-
tions, Two distributions were used, one of which is flat and is the
result prediéted when the complek has no "memory"” of the direction of
the initial velocity vector.20 The other T(H) distribution Gsed is
noticeablyiforward-backward peaked and 1s similar totthe result obtained
for Cs + SF,, This form is predicted if the complex has some memory of
the initial relative velocity vector and if critical configujation for

separation to products has prolate top symmetry.zoi The resu%ting fits

(B) are shown invFig- V-5. These indicate that the‘éalculated LAB
intensities are slightly too high at wide angles,'slf the CM curves are
attenuated in the backward hemisphere, the resulting_fits to the data J
(a) are]quite good, The parameters for these fits are given in

Table V and the E' and Qe values are listed in Table VI,
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Figure V-5, LAB data and CM functions which generate LAB fits

for Ba + SFy. The "B" curves are symmetric about -

5 = 90°.
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Tﬁél"A" T(Q) cuéves a&é‘consistent with the*resﬁlt pfediétei for_é
collision complex which "lives' for up to several rotational periods.
These sojcailed "osculating'' complexes hﬁvé been.bbseived in various
metal-salt and salt-salt reactions.2 |

There are sufficient uncertainties in the dataianalysis to prevent
the élimingtion of a symmetric CM cross section for this reaction (i.e.,
.uneqﬁivoéally state Ehat the "A" disﬁribﬁéions of Fig. V-5 b;ttervdescribe
the reacfion than do the "B'" distributioms). The'high apparatus pressure
(4X10f6) might have introduced a viewing factor which slightly emphasized
the scattering at smgll LAB angles, The smooth thavior of Lhe data
near @ = 0° and discussions presented in‘connection.with the SO, results
argue againsf this, however. A more seribds uncgrtainty is that con-—
nected with the SFG beam velocity distribution, ?Aﬁxiliary calculatiqns
indicate that if the aé parameter in Eq, (1) for SF6 ﬁere reduced to 1.0
(from 1.4), fhe data could be fit by the symmetric'"A" T(e) curves,

The P(E') curves are also shown on Fig.V-S.u-The U(u) curves used
in the'fits correspond to different P(E') curvésrfor different éssumed.
reaction channels due to the difference in the cérresﬁonding mass '
factorsvip Eq.(S). The abscissa numbering scheﬁé“ﬁhich is enclosed in
parentheses én the P(E') ploFs of Fig, V-5 shows E':§alues for scattering
of BaF, + SF, products;'the second abscissa numberihg scheme plots E'
values for scattering of BaF + SF, products, Due to the mass factors
involved, thé difference is rather small for this reaction. In either .

case, the E' values correspond to a very small fraction of the available

energy.
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"The-LAB anéular distributions of MC1T from the reactions Ba and

Sr + PC1, are shown in Figs., V-6 and V-7. The src1t signal was much
weaker thah the Baclt intensity, A weak cac1t signéllﬁas observed from |
Ca + PC1, as well, but the intensity was too weak to allow a meaningful

angular distribution measurement., Derived CM distributions and the cor-
respondinglfits to the data are shown in Figs. V-6 and V-7; the parameters
are giveﬁtin'Table V. As forlFig.V—S, Figs. V-6 and V-7 include E' scales
for both MX + PC1l, and MX, + PCl product channels. Aé is shown in these
figures and in the Qf value in Table VI, the Sr reaction is fit by a
broader T(8) curve than is the Ba reaction, Aéaiﬁ, the E' values repre-
sent a small part of the reaction exoergicity fof either assumed product
channel.‘ | |

The MCLt LAB angular distributions from the Ba, Sr, and Ca + SnCl,
reactions are giveﬁ in Fig,V-8. They all peak at values of O neaf the
alkaline.earth beam, indicating a preference for forward scattering,

The arrows in&icate the location of the maxima in.the calculated centroid
vector distributions, The wide angle data for Sr +>Sn01u were ﬁnobtain—
able due to a high background level in the detector.

‘Unfortunately, there are expérimenpal uncertainties in these data
also; An attempt to measure beam velocity distribﬁtionsvfor SaCl, gaVe
spurious résults which suggested that the SnCl, beam was significanily
broader than the profile calculated for the collimation emplo;ed. Sub-
sequent beam profile measurements indicated thét»the.beam was broad and
shifted ~5° in LAB angle from all other gas beams. The beam |

g ' :
profile was measured with AC detection. Since the heam was modulated,
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Figure V-6. Measured LAB data and der|ived CM distributions for
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, ‘ 11
| = o ( ' : B
it must have coﬁe through the collimator slit , because the chopping

‘wheel 1s behind it, Given the fact that the beam passed through the
collimator, the 5° shift corresponds to a 0.1 cm‘miéalignment at the
collision zone. As shown in Fig, II-7, this prescribes a 20% correction
to the narrow angie data, This would not significﬁntly alter the shape

~ of the angular distributions, However, because of the detector collimator,

I - * B '
any molecules which '"miss" the collision zone by more than ~0.12 cm cannot

be seen by the detector. The beam profile had not dropped significantly
in intenéity at angles corresponding to this misaiignment, thus implying
an appreciabie beam intensity invisible to the detector with even greater
misalignmeﬁt. If this were true, there is a goodtﬁossibility of the
measured LAB distributions being qualitatively wrong.

In view of this uncertainty, only thg SRE analySes was performed
on these d#ta. The resulting CM curves which proviée the fits to the
data are shéﬁn on’Fig. V~9. They all Peék rather,éharpiy in the forward

hemisphere, in contrast to the results obtained in the alkali metal

reactions.
! ‘ . D. Discussion
M + NoO,

The results obtained here for Sr and Ca + NOé_are'very similar to
the results for Ba + NO, reported in Ref, 19. They are also in agreement
with the only reliable4 angular distribution fotreaétive scattering of

NoO, from an alkali metal, Although the electron affinity of NO, is in
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Vdisﬁﬁte,-it is certainly greater tham 2,0 eV,22 and'aﬁ'electrén transfer
is expected to take place at relatively large reactant separations for
reactions of NO, with metal atoms. .Total reaction cross sections for

Ba and Ca.+ NO, are close to those predicted by the electron jemp model.
The CM cross secfions measured here exhibit the phenomenological behavior
that was ebserved‘in the reactions of halogens with'elkali metals. This
Behavior was also observed in the Li + NOz4 study desﬁite the small
\reaction exoergicity and the seemingly ideal situation for formation of

a collision complex. Therefore, it seems likely that NOz behaves much
like the halogen molecules, with the electron transfer forming a weakly
bound NO;~ negative ion which 1is pulled apart by the metal positive ion
Aearly in the reaction trajectory. Imn this 1ight_it_is not surprising that

the more exoergic reactions with alkaline earths show behavior similar to

that found with Li,

Ba + 50,

Although the reported value for the electron affinity of 50, is
lower (1.1 eV),24 the electron trensfer model has-been used to explain
its collisional quenching of the fluorescence of electronically excited
sodium.25 The large cross sections for the formation of 'collision
complexes in the system K + SOZ_can also be understood in this way. The
situation here is presumably similar to that of Li + NO2 with the pos—
sibility of a chemical well and limited energetics. Similar results are

obtained as evidenced by the sharply forward peaked cross section.
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]
The T(G),functions here suggest the formation of a colliéion complex.
The reactive scattering differential cross sections pf K, Rb, and|Cs with
SF6 are consistent with collision cbmplex formation.7. Furthermoré,
vibrationalg-state distributions of the‘CsF prodﬁct_from Cs + SF6 are
consistent with those predicted from the statistical breakup of a CsSF,
complex.1 When fhe SF, was heated in Ref. 9a, thé.ad&itional init;al
internal_energy thus introduced was also partitioﬁéd into CsF vibration:
in accord with stétistical complex theory,
According to transition state theory, the final'franslational energy

distribution of the product326 (ignoring effects of-;he centrifugal.

barrier in the exit channel) is given By
PE') = NT(E-EN - )

' | S |
where E! and £ are defined in Eq.(6). NT 1s the energy level density
of active vibrations in the complex and in the cléssital limit is given
by |
P(E'), = (2-EN", - O ®

The numbexr of active mod%s, n, depends upon the geometry  and
- "looseness" of the complex, but is of the order of 16 for any assumed
form for BaSFs*, The average product translationdl energy <E'> (defined

in Table VI) fgr a distribution given by Eq.(8) 1is siﬁply
E> = ) 9)

The inclusion of exit barrier effects would only serve to raise this value.

@
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{ Using a value of n of 165for the Ba + SF, reaction, one predicts
values of <E'> of ~3 and ~9 kcal/mole for'reacfion to form BaF and BaF,
products, respectiveiy. The value for formation of BaF is in reasonable
agreement with the <E'> values assoclated with thé‘CM fits obtained here.
The prediction for BaF, formation is clearly too high to be consistent

with these results,

7 of the

J!Prelim_j_,nary results of a laser induced fluorescence study2
BaF product of this reaction indicate a Boltzmann;distributiop in vibra-
tional excitation characterized by a temperature,ofV1400°K. This is also
in excellent agreement with the predictions of statistical complex theory.
t;This, along with the present results, indicates thé formation of a col-
lision complex which decays statistically to form BaF + SFg.

As stated before,the BaF't signal in this experiment could have come
from either BaF or BaF,. The formation of BaF, libérates around three
times the eﬁergyvthat formation of BaF does. vaAtwo product channels
exist with 52 and 52 total energy available respectively, RRKM theory

predicts13 that the ratios of the rate constantS;fpr the formation of

the two products will be

(&,/€yst . | (10)
The ratio of frequency fgctors for passage throughjthe barrier has ﬁéen
set equal to unity and the number of oscillators, s, is given by 3N-5%,
Forgthe Ba + SFg reaction the above formula prediéts the BaF; channél
sﬁould dominate by a factor of 31?. 'As has beeﬁ noted, the results are

not consistent with the formation of BaF, from a(complex;
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-Perhéps;Ban iﬁ the maj?r pro?uct, bﬁt the thnglationél recoil mode
is not receiving its shareidf the total available'feaction energy. This
might be cﬁuéed either by the formation of one of the products iﬁ an
excited'eiéctronié state or by a direct reaction‘me¢hanism which never-
theless giVés a broad angula;-distfibuti&n; The.prediction of branching
ratios based:on'Eq.(IO) aésumes the same activated”cbmplex for both product
éhanne%sr;vThis is probably Pot trTe and the exiéténce of a steric or 1
energetic barrier in the BaF; product channel could account for BaF being
a major pféduct. The lasér induced fluorescencebre.sﬁltsz7 dndicate an
appreciablé cross section to form the BaF product. No fluorescence
attributgble to BaF, was seen, although its deteétioq would depend on
BaF, having:an absorption spectrum in the region”scagned by the laser.

Again; the electron affinity of SF, is small (;1.5 eV),28 and electron
tfansfef seﬁarations are small as evidenced by tﬂé.ﬁfesence of rainbow

29

structure in the elastic scattering of'K+SF6, ‘and glory maxima in the

30 Arguments pertaining to the molecular orbitals

'scattering'of Na+SFg.
of SFG- are used in Ref. 7 to explain the propensity of alkali + SF,
reactions to form collision complexes; showing that the electron transfer

model is useful in describing the interaction in the SF¢ + metal atom

reactions. - 1

M + PClj

The electron affinity of PCl, is probably smaller as evidenced by

the smaller»reactive cross sections with alkali metals.10 At this timé,‘

no velocity analysis results of A+PCl, reactive scattering have been
! . . .
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reﬁéfted.. The CM crosd sections derived for reactions.of the heavier
alkali me;als from measured primitive product angﬁiar distributions
indicated that the reaction proceeded by a forward pgaking, direct
mechanism.s’_8 Reference 5, however, was the same one that efroneously
reported that A+SnCl, proceeds by a similar mechanism. Product angular
distribution measurements from Li+PC1310 indicated that the cross section
is approximately symmetric about 6 = 90° in the CM system.

The.Ba+PCl3 results here show a definite preference of the products
for the.forward hemisphere, while the result for Sr shows much less pre-
ference. This coupled with the much smaller reactive signal for Sr
reaction can be rationalized by taking into account the large ionization
potential of Sr. In the electron transfer picture,jthis implies smaller
reactant separations'when attractive ionic chemiéal.forces become domi-
nant, and, as a result, smaller reaction cross seétions. In fact, the
separations calculated for electron transfer in thése systems are small
enough (~3 R for Sr+PC13)31 to render the picture shaky. HoweQer, there
might be é potential barrier in the "neutral-neutral" surfaceAwhich is
avoided in the Ba reaction by shifting of a charge from the Ba earlier
in the reaction trajectory. The smaller croés section foerr could also
imply more complicated reaction trajectories and therefore broadened‘CM
angular distribution. Carrying this trend furthef, one can also explain
the very weak signal from the Ca+PCl3 reaction. ‘It would be interesting

to see 1f the Ca reactive scattering continued the trend to broader or

backward peaking behavior.
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The'identity of the'ﬁroduct 1s in doubt here, as MC1t could arise
from either MCl or MClz>6r both. The present data do not aid in deter-

mining the product identity.

M + SnCl,

As has been noted, the data for the M + SnClAIreactions are some~
what hncérta#n; and, therefore, a terse discussion is in order here, If
thé strongly forward peaking behavio; indicated here is correct, this is
in contr#st to_the results wgth alkali metals,fwhose reactions showed
v"sticky compiek” behavior, This might occur because of the ability of
alkaline earth metals to extract two chlorine ato@s. The photodiésocian
-~ tion procesé, SnI, + hv =+ SnI, + 12*, is known.32’_Perhaps a similar
dissociati&e state in SnCl, 1is excited upon reaction with alkaline earth
metals, thus éllowing exchange of.two halogen atoms in a direct mechanism.
This would be a very interesting‘occurrencé, and théréfore this system
warrants more study,

Also interesting here is the absence of any evidence of an MSnCl,
product, deépite careful searches for.any evidence of it in the Ba, Sr
and Ca xegctions. Because of'kinematic considerations discussed i? Ch.
IV, the épparatus is more sensitive to this heavier product than to a
mono-— 6r dihalide produc; if bbth are scattered wifh'éomparable recoll e
energles., The fact that no ¥§n013 is seen 1mp11és that the cross sec-
tion for its formation is vefy‘sméll compared to théﬁ for the halide
prodﬁcts,_ The ylelds of AC1 ?nd ASnCl, were compafable in Ref, 7.

Due to comparable energetics, one might expect similar branching raties

|
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from the alkaline earth'reactions, therefore providing another indirect
suggestion that the energetically more favorable'Mbli product is the
dominant one‘formed.

In all of these reactions of the alkaline earth metals with poly-
halides, the inability to determine the identity of the product seriouély
hampers ﬁhé data‘anglysis (see also Ref, 33), The systems certainiy
warrgnt f;rther study. ‘Magneéic deflection éhalysis of the pfoducfs
would anéwer’the important question of mono- versus aihalide product.

In coqélusion, this series of reactions has‘pfOQided interesting
additions to the kinds of behavior seen in metal-oxidant feactions.
More carefﬁl study of these systems is warranted, as well as extension
of the Study ﬁo trivalent and transition metals, as. has been doné in

beam chemiluminescence experiments.
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