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ABSTRACT

We describe a study of the endoergic, bimlocular reactions of

!‘__ with o, 10, and B dn o ecrosscd molevular beas experfment.  The
srilabopens, IV, C1F . aad HEF have been directly abscrved as the

creduc t ot these reactiona, AU bhigh cobligion coergles a sevond

red Drve chanme bopraducing TF becomes inportant,  Froduct angules and
weodes it et eibal fous st that thie IF docs oot result (rom o (our-
center cachan. e fea tlon,e Measured threshold cnersies far the formation

st BN CEEF L anad BIF wield lower hounds . the stabilitfen of these

rolecules, with Fespect to the separated atets, of 69, HI, and %6

Leal/mole, respectivelw.  Analesia of prz center-al -mass angular
distributfonc indfcates that a stightly non-lincar approach fa oont
cltective in briasing adhout reaction to form The atable friatomic
roantioal,

At desribed dooa crossed molecnlar beam xtudy of the CL+ Br, -

et l 4 Hre reactdon ot colldadon cncrgliex from 6,8 10 17,7 keal/eole,

e ronults dndicate (Yat thix reaction hax the characreristies of an
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cxoergic react !.;n on an attractive potential energy surface with carly
enerpy releasc.  Reagent translational enerpy is very efficiently
channeled inte product internal energy. At high collision encrgy

the reaction appears to approach the spectator stripping Vimic,

A reliable, reststance heated graphite nozzle beam sparce which
is capable of producing bigh intensfry supersonic atomic and molecular
heams of chlorine, bromine, and fodine, {s alse described, Using
secded halogen gax mixtures, beams with l.dnul te energies up o xseveral
A owitin 10=19%" P velocity spread can be casily produced.

Finallyv, we deseribe a series of computer programs which van be
used to carry out the requisite data analvsis for crossed melecular
boeam reaet fve seattering experiments.  These programs recaver the
rini b ive scaltering center-of-mass flux distribution from the measured

angnlar and velocity distributlons of the products.
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I. IRTRODUCTION

Tie utility of the crossed molecular beam method for investigating
the dynamics of chemical reactions has become well established In recent
vears.  Recent rvvlcus]'2 and munographs3 have discussced in detall the
experimental techniques of this method and the large and ever increasing
number of reactions which have been studied in this way. Two parti=
calarly advantapenus features of crossed melecular beam experiments
#re the detection of the reaction products after a single reactive
encounter, and the facility with which the initial translational energy
v the reactants can be adjusted.

he tirst ot these allows the measurement of the nascent product
vacrgy distritution in the absence of any collisional degradation.,
tith r spectroscopic observation of product internal energy dlstributioms,
or velocity analysis of the products to obtain reco{l franslatfonal
wherpey distributicns, coupled with the knewn thermodynamics of the
foastions, endo- or exocrgicities, can he evxploited to vield detailed

aboul reactiony enerpy dispasal. Just as important, if not

ntormat
moreso, is the fact that tk2 detection of products under single collision
vonditions facil!tates the ¢ bscrvation of possible transient species,
which although not always de octatle in bulk kinetic experiments,
ohviously can be important 1y elucidating the dr.amics and explaining
nacroscople rate cxpressions of ~lactions.

The second favorable feature of crossed molecular beam experiments,

the ™unability" of the Initial reactant transtational encrgy, is

. 4
pimar 1y acliieved by the use of "seeded” supersonic nozzle beams.
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The use of such nozzle sources, which produce beams with hypothermal
or hyperthermal energy with very narrov (10-15% FWiM) velocicy
distributions, allows detailed investigation of the encrgy dependence
of c¢lastic, inelastic, and reactive collisional processes.

tn chapter 11 we describe the construction of a reliabie, resistance
heated nozzle beam source which Is capable of producing Yigh intr.nity
supersonic atomic and molecular beams of chlorine, bromine, and lodine.
The use of a high density graphite nozzle clminates .orrosion and
allows operation up to 2100 K. Using sceded halogen gas mixturcs,
beams with kinetic encrgies up to several eV with 10-15% FWAM velocxty
spread can be casily produced.

The use of this beam source to study the CI + Brz * LirCl + Br
reaction is reported in chapter IV. The results {ndicate that this
reaction has the characteristics of an exoergic reaction on an attractive
potential cnergy surface with early cnergy reledre. Reagent trans-
lational vnergy i{s very efficiently channcled into product internal
energy.  Although the C1 -~ Brz interact ion is attractive, the cross
scetjon for reaction is much smaller than the hard sphere value. A
study of the reaction as a function of rollision energy reveals thot
at relatively high collislon energy, 15-29 kcal/mole, the reaction
approaches the spectator stripping limit and is nearly a two body
process, while at lower collision energy, -7 kcal/mole, the reaction
dynamfcs are considerably more complicated and definitely three body

in character.
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Chapter 111 describes a studv of the reactions of Fa vith the
halopen containing molecules l;,‘ ICl, and K1, The trihalogens [TF
and CUIF, and the pscudo-trihalogen HIF have been directly observed
as the praducts of these endoergic bimolccular reactlons:

F, % Xl ~mere—eoe XIF 4+ F.

AL high coltinien cnergies a second reaction channel, preducing IF,
becom s {mportant:
F, + ¥] ———————e X + IF + F,

Fradu @ angulaer and veloolty distributfons show that this IF does not
resull from o four=center exchange reaction:

F o+ X1 ——————— - XF + iF.
Obseriee throrh Id energies for the fermacion of I1F, C1IF, and HIF
wie 1 tower boeundn to tiwe stabiiities of these molecules, with respect
e the separated gtoms, of 69, 81, and 96 keal/mele, respectively.
Ansiveis of the product center-of-mass anpular distributions indicates
that o slightiv non=-linear apprcach is most effcective in bringing
about reactien to form the stable triatomic radicals. These studies
roveal a potentiallv important mechanism for the F, + 1 - I1IF gas
phisse reaction,

Finally, ia chapter V, neveral computer protrams arc described
which can be used to carry out the requisite data analysis for reactive
seattering experiments.  These programs facilitate the recovery of
the reactive seattering doubly differential cross section in the

center-of-mass coordinate system, the quantity of interest, from

measured anpuiar and velocity distributions of products.
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T1. AN ATOMIC AND MOLECULAR HALOCGEN NOZZLF BEsM SOURCE

A, Introduction
In a moloeular beam source a gas, or the vapor of a solid or
Squid, fluws from g closed chamber or oven through a small orifice

mte an evacuated experipental chamber.,  Defining ¢lements such as

dre used to restrict the size and diverpence of the berm. One

artenpts in this wav to produce o

# heam of atoms or molecules which is
well Lefined spatially and i wiiieh collisions between partic.es in

arc climinated, @y

causing two such beams to intersect or

it wom arbitrary angle one can study coilisional processes,

it tastio, or reactive scattering, under single collisien

O RETEIEN

vealar Loar sources tat be characterized by a Bnudsen number,

S 1t

nodiameter of the source orifice and A is the mean free

it the yas o vaper in che source chamber.

are the source pre

Poand T sure and temperature and %i is the
o 0

N visiocity cross section. KnJ characterizes the molecular effusion

sowrce, while for the nouzle source Kn*l. In the molecular effusion

source the particles do not undergo any collisions in passing through

the orifice, while for a nozzle source the particles undergo many

vellisions in passing througs the arifice. This is the basic difference
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between the molecular effusion source and the nozzle beam source and
is responsible for the radically different properties of the two
sources.

The molecular effusion source, shown schematically in Figure 1
is casy to operate and simple to construct., Because the beam particies
do not undergo collisinns in passing through the orifice, the properties
of a beam produced from sucl: a source are easily understood in terms
of the properties of the gas in the source chamber and the kinetic
theory of gases. However, simplicity of operation and ease of con-
struction are not the most important attributes of a molecular beam
source. Of greater importance are the intensity, the angular
divergence and the velocity distribution of the beam.

Intensity is obviously important in any experiment which employs
a melecular beam source, and is particularly important in crossed
beam experiments, where detected intensities of scattered products
are extremely small. Crossed beam experiments 2lso require small angular
divergences and narrow velocity distributions in the beams. The impor-
tant features of differential elastic scattering cross sections are
velocity dependent.1 Reactive scattering differential and total cross
sections are often strongly energy (hence velocity) dependent, especlally
lor endoergic reactinns.z Moreover, the laboratory to center-of-mass
transformation Jacobian which allows physically significant information
to be derived from laboratory data is dependent on the velocities and
intersection angle of the crossed beams. Large angular divergences and

wide velocity distributions of the beams hence reduce the amount of
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information which can be obtained froa crossed beam collision
experiments.

Judged by the important criteria of intensity, angular divergence
aud velocity distribution, the molecular effusion source is quite
inferior to the nozzle source. For the effusion source the specific
intensity, I{v,6), easily calculated from gas kinetic theory,3 is:

I{v,8) = no-Ao-v-f(v)-cose, . (3)

where ", is the gas number density in the source, Au‘is the area of
the source orifice, and f(v) 1s the Maxwell-Boltzmann velocity
distribution Ffunction,

f) = vEaT M2 g (rady, (%)

2z : :
where &~ = 2KkT/m. By integrating over v at & = 0 the total intensity

per steradian in the forward directiom, If, is obtained:

-] -
‘[f = _‘;I(V,O)dv = nnon/lm, (5)

172 is the average velocity. As pointed out by Pauly and

where v = 2a/7
TnenniesA the maximum forward intemsity for a rectangular slit is
independent of the slit width if the width is kept equal to the mean
free path (Kn = 1). This maximum intensity is, within an order of
magnitude, the same for all gases, and as shown by Pauly and Toennies,

is 5 x 10*®

particles/sr-sec. As will be shown later this intemnsity
is two or three orders or magnitude less than that which can be produced
by the nozzle source.

The directivity of the molecular etfusion source is also quite

poor. As can be seen from equation 3 the angular divergence is quite

large, the #-gle, 6]/2, at which the beam intensity has fallen to If/Z
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is about ome radian. Since the veiocity distribution 1s Maxwellian
the molecular effusinn source is also poor for studying collisional
processes 1in crossed beams fur reasans outlined above. With the
addition of a mechanical velocity selector the wide velocity distri-
bution of the molecular effusion source can be used to advantage in
the study of the velocity dependence of collisional processes. However,
as will become evident later, the nozzle source can be effectiv>ly used
to provide higher intensities at a wider range of velocities than the
molecular effusion source - mechanical velocity selector combination.

The poor directivity of the molecular effusion source can be easily
iuproved by employing a many channel scource which has an array of small
capillaries bunched closely together. The capillaries have a diameter
D, which is much smaller than their lemgth, 1. At pressures such that
Ao—l, the directivity, 61/2, of a single channel is given by 61/2~D/1.
However, these pressures correspond to low flow rates, and at higher
pressures the many channel array behaves like an effusion source, with
a maximum beam intensity the same as that of a molecular effusion source
of the same total orifice area.5

By employing a nozzle source to produce a supersonic molecular beam
the limitations inherent in the molecular effusion source can be avoided,
using a nozzle source which 1s almost as simple to construct and operate
as the molecular 2ffusion source. Figure 2 gives a schematic of a
typical nozzle source. The beam, which is now a gas jet, is produced by
expanding a gas from a region of high pressure (a few hundred torr) in

the nozzle through a small orifice (a few thousandths of an inch In
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diameter). The skimmer, a hollow truncated cone with an orifice a few
hundreths of an inch in diameter, samples the expanded gas jet to produce
the heam and deflects away the remaining gas. Because the total gas

flow with a nozzle source is greater by one or two orders of magnitude
than with a molecular :ffusion source, a second pumping chamber, the
differential pumping chamber, is necessary when operating a nozzle
source. As can be seen by comparing Figures 1 and 2, this arrangement
makes the skimmer of the nozzle source analogous to the source orifice

of the molecular effusion source.

; )
The beam intensity con axis for a nozzle sovrce is given hy:

n A 3
I(v,0) = 3/; (al) n+xt -1 2,3/2 = [1/(v=1)]
k4 o

6)

where n» o, are the pas number density and most probable velocity in
the nozzle, AS is the area of the skimmer orifice, y is the ratio of
specific heats, and M is the mach pumber, defined as

2

" ye?, n

= (vmost probable
where ¢ is the local speed of sound in the beam. By integrating equation
6 over v and dividing by equation 5 one obtainsh an estimate of the

intensity gain in the forward direction (relative to the molecular

effusion source) which can be achieved with a nozzle source:

(I,.) Nozzle 3/2 3/2
f {x M exp
(3) . ®

(I;) Molecular Effusion

Equation 8 was derived assuming Ao = AS, that 1s that the molecular
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vffusion source orifice and nozzle source skimmer orifice have the same
area and that the effusion source is operated at maximum intensity

(K“ = 1), Typically M = 10 to 20, hence for a monatomic pas (y r 5/3)
this racic is 180 to 740.

This result was deivived assuming an ideal nozzle source expansion,
neglecting interference between the gas jet and the skimmer and between
the gas jet and the background gas. Interference of these types
is always present to some degree and so equation 8 gives an estimate
of the maximum intensity gain possible, nevertheless intensity gains
approsimately as large as predicted have been demonstrated in practice.
Bier and Haguna7 producing nozzle beams of nitrogen, argon, and helium
abserved intensitics of 3.6 x 1018. 1.8 x 1018.nnd 4.1 x 1019 particles/
sr-sec respeetively, intensities 36 to 800 times greater than the
maximum mofecular offusion intensity (taken as 5 x lﬂlh partieles/sce-sr
as shown earlier). Skofronik8 found simiiar inteusities for nozzle beams
of nitrogen, hydrogen, and helium, 4 x 10la te 3 x 1019 particles/sr-sec,
80 to 600 times more intense than the molecular effusion source. Scoles
and ancllo.9 using a liquid helium pumpe. nozzle source ¢« Htained a
beam of argon of 4 x 1018 particles/sr-sec, 80 times more intense than
a molecular cffusion source. Camparquelo has recently produced nozzle
brams of various pases with intensities to lﬂzl particles/sr-sec.

Because of the nature of the cxpansion of the gas through the
nozzle orifice significant reduction inthe angular divergence and the
width of the beam velocity distribution is effected. This reduction

in the angular and velority spread comes about because the supersonic
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expansion is an {scatropic process which converts the random thermal
cergy of the pas 0 the souTee into directed mass {low. The flow

velocily, v, is hence related te the eathalpy of the gas:
2 th'
1/2me™ - Cp dT. (9
T

where mois the molecular weight, Cp the heat capacity, and '1‘D and T are
the gas temperatures In the nozzle source and cexpanded beam respectively.
T is tvpically very small, 26 K er less. This very large reduction in
the temperature of the beam particles effecis a reduction in the random
velecity of the beam.

Te a first appr. ‘mation the velocity spread of the heam Av/v is
tust /v, a beiny the most probable random velocity of the gas in the

beam. ¢ is related to the speed of sound, ¢, in the beam by:

¢ o= .tl'n‘-')”z (10)

Bonee tyom equation 10 and equation 7 the velocity spread can he

o in terms the Mich number, M, hy:

v oo 2Nz
\ v h]

Sinev o Tepresents the most probable velocity transverse to the flow,

. (1)

aiv i alse a measure of the beam divergence, E”,.

. s . (22t
2 v b} M 12)

Stuve M ois gypically J0 to 10 the width of the velocity distribution and
the anpular diversenee can be quite small,

Hyperthermal cnergy beams can vasily be produced hy expanding

mixtures of gases from the nozzle source, the so-called “seeded" beam
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Lvrhniquv.l‘ Bean encrgies of scveral eV can ke achieved in this way.

In this respect the nozzle source s again far superfor to the molerulnr
eftfusion source, for which the mean kinetic enerpy i8 limited to about

5 e¥e The nozzle srource is also superior to charge exchiange beam
sourn s which produce high encrgy beams by charpe exchange neotralization
of aceelerated fons, for which space charge effects limit intensitien
helow abaut 10 ¢V, Unfortunately, this lower end of the hyperthermal
energy range Is the most interesting of all to chemists because it
includes the dic:sociation cneirgy of all chemical honds and the activation
vnergy of most chemical reactions.

The prinvl&lc of operation of the seeded nozzle beam is quite
simple.  If one expands a light gas ("2' fle, NMe) which contains a few per
cent heavy molecules or atoms (NZ' Cs, Clz) the heavy particles are
dragped along at the mean stream velocity, v, which (analogous to

vquat ion 4) is given by

-2 TD -
17 2mv = CpdT, (13)
T

where m, Cp are the concentration weighted molecular welght and heat
capacity. The heavy molecules thus attain a kinetic energy higher than
their original thermal energy by a factor of mH/ﬁ m“/mL the ratio of
the molecular weight of the hecavy to light species.

This technique can also obviously be used to produce a decelerated
beam by seeding a light species in a large amount of heavy diluent
species.  Such "anti-sceded” beams are necessary to produce hypothermal
energy beams of Species such as halogen atoms which can only be produced

at higb nozzle temperatures.
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The secding technique has been used to produce hyperthermal energy
Such beams have been used in

PR
~tudies of vollisional diseaurintlnn."'” the cnergy dependence of

heams of up te S0V Finetic cnergp
. 14-16 17
redaction crnss sections, and rorational energy tronsfor. However,
the seeding teetnique has been almest exclusively limited to beams of
molecular or stahle atemic specics.  Untll the development of the
: . . 14

sunree deseribed helow and a similar one for producing fluorine atoms,
hears, of halopeon atoms had usual Iy been prodused by thermal dissociation
. R 19 . 20,21
i a e decular (ffusion source or by low pressurc clectric discharge.

LHATEe Sources can oaly be wed to produce law energy (less

., while thermal Jdiszociatlon sources are

than 04 V) hialepen atom bed
Pirited by the nclting point of the containing material to ahout .3 eV,
The vtner lititations of the metecular offusion source which have heen
discussed make ftoensuitahle for experiments we wished to carry out, such
as o high resclution clastic scattering ot halogen atoms, encrgy dependen_e
ui halogen atom reaction cross sectfons, and the stndy of endoergic
reactions of halopon etoms and molvcules.

For these reasons we have constructed o nozzle source which can be
used 1o produced beams of halegen atoms by thermal disseciation. The
source employs a graphite nozzle which zan be heated to temperatures
above 2000 K to produce beams of chlavine, bromine, or iodine molecules
vr atoms seeded in rare pos diluents.  Both hyperthermal and hypothermal

conerpy beams have been produced for crossed beam stuuies of reactive

vellisions of chlorine molecules and atoms and clastic scattering of

Y
chlorine atoms.”
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B, Source Constructlon

The nozzle source shown partially sectioned in Figure 3, is
resistively heated by low voltage, high current AC power {(up to 7
volts rms and 450 amps). This low voltage, high current power is
provided by winding 4/0 welding cable as the secondary around a
turoidal prisary coil. A rheostat controls the primary voltage
{0-117 VAC), which is supplied by a line voltage regulator. Figure
4 is an enlarged and simplified axially sectioned view of the source
showing the heating current path.

The outer graphite tube and nozzle are machined from a special
high-density p,rnphitv.'.zA The nozzle orifice (.079 nmm) is hand drilled
atter *ina! machining. The outer graphite tube (2.22 cm 0.D., .32 cm
wall) is scresed into the copper mounting block and a graphite nut is
serewed onto the tube and tip“tened down against the copper mounting
block ta hold the outer graphite tube firmly in place. The nozzle
itself (1.7 cm Q.D., .32 cm wall) is supported at two points. At
the front it fits snugly into the conical bore of the outer graphite
tube. At the rear it is securely mounted in a two pilece copper
supporting block which is sp'it along the axis of the nozzle. The
two halves of the supporting block are tightened down on the two
halves of a cylindrical graphite sleeve in which the nozzle can slide.
This arrangement gives stable support to the nozzle while allowing axial
mavement due to thermal expansion of the nozzle upon heating. The
nozzle supporting block is rigidly fixed to the copper mounting block

by means of lwo screws which are electrically insulated from the mounting
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block by mica washers and teflon sleeves. The supporting block and
meynting block arc separated by several thicknesses of mica sheet.

At its end the nozzle is artached to a .32 ¢m 0.D. stainless
stecl gas feed line by means of an “0"-ring type Fitting.25 A thin
copper plate is attached to the rear of this fitting, and two steel
sorings connecting the plate to the copper supporting tlock apply a
small axial force to the nozzle. This spring loadiag keeps the nozzle
firmly seated in the conical hore of the outer graphite tube, despite
thermal expansion and contraction of the nozzle when repeatedly Lecated
and coolid.  The gas feed line is wound in a large radius helix tc
allow for the expansion and contraction of che nozzle.

The source must be extensively cooled due to the large power
dissipation in the nozzle. Hoth the copper mounting block and nozzle

supporting block are internally drilled with channels to allow passage

ol cooling water. The "0"~-ring fitting is cooled through a copper
hlock which clamps to the fitting, and which 1s internally drilled
with vouling water channels, This cooling allows the "0"-ring temper-
ature to be maintained at less than 425 K while the nezzle may be more
than 2000 K.

The nozzle assembly is precisely mounted on the front plate of
the source chamber (Fig. 5, L) so as to be accurately aligned with
the skimmer which is alse mounted on the front plate. Figure 5 shows
the nozzle assemhly mounted in the source chamber., The end plate of
the source chamber has several feedthroughs for electrical power,
cooling water, gas misxture, and thermocouples. The two pairs of copper

tubes (.64 ¢m 0.D.) which provide caoling water for the copper mounting
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block and nozzle supporting block alse carry the heating current for
the nozzle, They are attached to external power cables via bus bars.
Vacuum feedthroughs are made by drilling out "O"-ring fit:ingsz5 to
accomodate .64 cm 0.D. copper tubes. These fittings are attached to
lucite flanges which electrically insulate the copper tubes from the
end plate. Berause of the large radiative fiux, the front of the
source chamber is also cooled. For this purpose, water is passed
through a .64 c¢m 0.D. copper tube solderad to the front surface of

the source chamber. Monel, stailnless steel, and graphite skimmers of
.51 to 1.02 mm orifice diameter have been used with the source. Visible
deterioration of the metal skimmers occurs after extended use due to
the high temperature and corr<.ive nature of the beam. The graphite
skimmers have prcved highly resistant to physical deterioration,
especially at the skimmer lip. TFor the data reporred here a stainless
steel skimmer of .94 mm diameter was used, with 2 nozzle to skimmerv

distance of .57 cm.

C. Beam Characterization

Velocity distributions of seeded beams of halogen atoms and
molecules produced by expansion from the graphite nozzle have been
determined from time-of-flight welocity analysis., For this analysis
the heam was gated on and off by a rotating (150 to 300 cps) aluminum
disk af 17.78 ¢m diamcter with eight slots of .165 cm width equally
spaced around the periphery. The rotating disk was located at the

entrace aperture (0.028 cm diameter} of an electron bombardment
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ionizer/quadrupole mass spectrometer detector which has been described
in detail elsewhere 26 Tie flight path from the rotating wheel to
the ionizer war 17,3 ecm. A computer controlled 256 channel scaler
wias used to record the signal intensity as a function of flight time.
The start pulse for the multichannel scaler was generated by an
LED-phototransitor pair which was also gated on and off by the rotating
Jduminum disk, and which was lucated 90° around the wheel from the beam
path.  The channel widih is variable, a widch of 4 usec was used for
this analysis.

This arrangement gave an instrumental velocity (time) resolution

depending on Tlight time.  Shis instrumental hroadening

iw due to the width of the pating function and the ionizer length.

27
The actial time-of-flight spectra were recovered by deconvoluting
the ebserved distribution. using the known ionizer geometry and
peometrically corvect gatieg function. Corrections to the flight
times were made for the ion flight tim- in the detcector and the 90°
phase difference between the multichannel scaler start pulse and the
patinge of the beam.  The time scale of the scaler was calibrated by
recording the time-of-flight distriburiens of supersonic beams of
pure rare gases cxpanded from the graphite nozzle at a known temperature
(300 K), and comparing them with calculated spectra. The time-of-flight
distributions were then converted to flux velocity distributions and
the peak flux velocities determined. This procedure gave velociLies
which = accurate to between [L5% and 7%, the largest uncertainty
heing that for the fastest beams of chlorine seeded in helium at the

highest temperatures, about 17060 K,
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Figure 6 shows the variation of the peak flux velovities for
chlurine artoms, chlorine molecules, anddiluent gas a function of nozzle-
temperature for varlous seeded mixtures. The accessible range of
particle energles for this source using these seeded mixtures is quite
large. For chlorine atoms energles as low as .10 eV and as high as 1.4
eV are possible. For chlorine molecules the energy range is even wider,
from .02 to 2.2 eV. By contrast, an effusive graphite source would
have an energy range of about .1 eV to .2 eV for chlorine atems and
.03 to .2 eV for molecules.

The light curve drawn for each seeded mixture gives the expected
Lemperature dependence of the peak velocity assuming an ideal seceded
beam expansion, i.e., one in which all species attain the same peak
velocity. This expected temperature dependence of the peak velocity
is only approximate, dee to an uncertainty In the nozzle tempcrature
which is discussed later. Tne curve 1s scaled at one temperature to
the mole fraction weighted average of the diluent gas and chlorine
molecule velocities. For ClzlAr the observed and ideal peak velocities
are scaled at 300 K, for C12[Xe the scaling was done at 880 K, since
the Xe velocity distribution at room temperature was not recorded. For
dilute seeded mixtures such as these, the diluent peak velocities should
follow very closely the curve even for a non-ideal expansion, Deviation
from this behavior 1s evident in Figure 6 and is probably due to the
uncertainty in the gas temperature in the nozzle. Despite non-ideal
behavior, the observed velocities of the C12|Ar and C12|Xe mixtures
roughly follow the prak velocitivrs expected of an ideal expansion. A

slight amount of "slippage" 1is evident, especially at higher temperatures,
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where the particle number density in the beam may be too smali to
produce sufficient collisions to effect momentum and e¢nergy equili-
bration between seed and diluent spernies in the expansion. Ro curve

of ideal velocity versus nozzle temperature is shown for the Cllee
mixture, as the helium velocities were not measured and scaling of

the curve is not possible. However, the slippage in this mixture

is considerable. For a .98% Cl, in He seeded mixture the peak
velocities expected in an ideal expansion are about 38 x IUA cm/sec

at 1650 K, while the measured Cl2 velocity is 24 x 104 cm/sec. Velocity
slippage is expected to increase as the seed-diluent mass ratio deviates
turther from unity.

Since this slippage is due to insufficient seed-diluent .ollisions
in the expansion an Increase in nozzle pressure should lead to an
increase in the peak velocity of the heavy species ane a decrease in
slippage. Such behavior has been observed with this nozzle as can be
sven in Figure 7. Similar, though less pronounced behavior also has
been ohserved for the (‘12]:‘\! and Cllee mixtures.

No points corresponding to chlorine atom peak velocities are
shounm for temperatures below about 1300 K where the Cl]Cl2 ratio is
less than 10. Although the chlorine atom velc:ity distributions were
measured for all temperatures, the distributions are complicated by
the contribution to the m/e 35 (C1+) signal from Cl; frapmentation in
the detector ionizer. Using the measured Cl2 fragmentation ratio
(C1;|C3+) corrections to the chlorine atom velocity distribution can

be made, but this has not been done. For temperatures above 1300 K
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chlorine atoms are 10 to 1000 times more abundant than molecules,
hence CI; fractionation makes an insignificant contribution to the
Cl+ sigral and need not be taken into account.

The narrow velocity distributions characteristic of supersonic
nozzle sources are observed with this graphite nozzle. For 1% Cl2 in
Xe and 10% C12 in Ar the Mach numbers measured range from 7 to 9
(12-16% FWHM). For 1% C12|He the chlorine ater Mach numbers are also
in this range, as are the high (> 1400 K) temperature chlorine molecule
Mach numbers. However, Mach numbers as high as 25 are observed for
chlorine molecules at lower temperatures.

The performance of the graphite nozzle as a source of bromine
molecules and atoms has also been evaluated. Figure B shows the
variastion of peak velocities as a function of temperature for all
species in a 6.3% Br2 in Ar mixture. This mixture was generated by
pussing the argon diluent gas through a temperature controlled
reservoir containing liquid bromine. The curve showing the temperature
dependence of the peak velocity for an ideal expansion is scaled to
the mole fraction weighted sum of the argon and bremine molecule p:ak
velocities at 635 K. As for the chlorine seeded mixtures, velocity
slippage is evident. Bromine atom and molecule energies of approxi-
mately .3 eV to .5 eV can be produced with this nozzle and seed gas
mixture. Although velocity distributions for BrZIXe and Br2|He mixtures
were not measured, the expected range of bromine molecule (atom) energies
available from this source, even allowing for slippage, is .04 &V to

~-3.3 eV (.08 ¢V to -2.0 eV). The Mach numbers observed for bromine
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molecules and atoms range from abour 7 to 15, comparable to those for
the chlorine seceded mixtures.

As can be seen in Figures 9 and 10 total dissociation of bromine
molecules and nearly total dissociation of chlorine can be achieved
with the graphite nozzle at halogen partial pressures which give
intensities large enough to be useful for collision experiments. The
atom:molecule ratios for 10.1% Cl2 in Ar are naturally not as large
as those shown for the .98% Cl2 in He seeded mixture. However, nearly
complete dissociation is also seen in the 10% mixture, the Cl:Cl2 ratio

being about 200 at 1600 K.

D. Determination of Nozzie Temperature

Figures 6 through 10 have abscissas giving the nozzle temperature,
or more correctly, the temperature of the gas in the nozzle. That these
two temperatures are not identical is a consequence of the dynamic nature
of the h ating of the nozzle and of the gas flow through the nozzle. For
a resistively heated nozzle such as this one which must make good
clectrical, and hence thermal contact with a cooled surface, a large
temperature gradien. along the nozzle is inevitable. Radiative losses
will of course considerably reduce this gradient. Such a gradient
perforce makes the nozzle "temperature" ill-defined. Furthermore, since
the flow velccity through the nozzle is quite large, about 6 cm/sec for
this source, the gas temperature will be a complicated function of che

nozzle temperature and temperature pradient.
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For Figures 6 through 10 we have used a temperature scale based on
the effective temperature of the gas in the nozzle. This temperature
scale is determined from analysis of the measured time-of-flight distri-
butions of beams of pure neon produced by expansion from the graphite
nozzle at several different values of the heating power. The variation
of this pas temperature with heating power is shown in Figure 11, For
comparison the temperature of the nozzle was independently determined,
These measurements were made by placing the nozzle source in a small
vacuum chamber fitted with an observation window on the axis of the
beam. The source was then operated under normal conditions with the
skimmer removed, and a calibrated optical pyrometer was used to view
the nozzle tip. The gas temperatures fall significantly below the tip
temperatures determined in this way, especiaily at high temperatures.
This disagreement is not unexpected as the nozzle design makes the tip
region one of large resistance (and hence high temperature) due to
the mating of the outer graphite tube and nozzle. By varying the gas
pressure in the nozzle we have also observed the pressure dependence
of the effective gas temperature. At the nozzle tip temperature of
1500 K a 107% change in gas temperature occurs as the pressure is

raised from 500 torr to 1300 torr.

E. Beam Intensity
The beam intensity for this nozzle source was not directly measured,

however a fairly accurate estimate of the intensity can be obtained
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from a measurement of the pressure rise produced by the beam in the
scattering chamber (region III of Figure 2). Depending on the pressure

8 to 10 x 10-8 torr is observed

in the nozzle a pressure rise of 5 x 10
in the scattering chamber, which is pumped by a 5000 2£/sec oil diffusion

pump. The beam intensity is then:
5 x 10_8 torr x 5000 &/sec

=2,5x 10_6 torr - %/sec
using the lower estimate. At 300 K one torr - lit corresponds to
approximately 3.5 x 1019 particles, hence the beam intensity is
approximately 1 x 1016 particles/sec, This beams subtends an angle

? particles/sec-sr.

of about 10_3 steradian so the intensity is 1 x 101

This gives a chlorine atom intensity of about 1 x 1017 particles/cec-sr

assuming a 1% Clz mixture and assuming the gas in the source and the

beam have the same composition. The total gas flow for this source is

approximately 2 x 10_1 torr - lit/sec or 7 x 1018 particles/sec. The

beam intensity is comparable to those produced by other seeded nozzle
11,28

sources,

By comparison, a molecular effusion source - mechanical velocity
selector combination would give a much lower intensity. 1In our nozzle
source arrangement the collision region subtends a solid angle of 10-3
steradians at the skimmer which is approximately 3 cm from the collision
region. Hence the flux of Cl atoms into the collision region for a
1% secded mixture would be 1 x 1017 particles/sec-sr x 10--3 sr =

1 x lDlA particles/sec., A molecular effusion source with an intensity

of S = 1016 particles/sec-sr would have to be located at least 10 cm
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from the collision reglon to allow for the length of the mechanical

velocity selector. Hence at the effusion source orifice the collision

region would subtend a solid angle of 1073 sr x (13 Zz)z 1074

8T,
yielding a flux of 5 x 1012 particles/sec into the collision region
bufore velocity selection. A very efficient velocity sclectnrz with
a resolution of 15% (to give the same velocity distribution as our
nozzle source) would have a transmission of about 5 x 10-2. Hence

the velocity selected flux into the collision region would be 5 x 1012

particles/sec x 5 x 10-2 = 2.5 x 1011 particles/sec. This is about 400

times less than the intensity of the nozzie beam described here.

F. Discussion

The graphite nozzle was not tested using seeded iodine heams. To
praduce an adequate vapor pressure molecular iodine must be heated to
abuut 350 K. In order to prevent subsequent condensation of the iodine
vapar the gas inlet line to the nozzle must also be heated. No provision
for such heating was made in the initial construction of the source,
designed primarily as a chlorine source. With this simple addition
hovever, hyperthermal beams of both atomic and molecular iodine could
be easily produced. Since the bond dissociation energy of molecular
iodince Is only #0% of that of chlorine, total dissociation of iadine
could be vasily achieved.

Due to dts high reactivity, fluorine cannot be used in this

graphite source. llowever, using this same design, a reliable atomic
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and melecular fluorine source has been successfully opcrntedls vherein
the graphite nozzle components werc replaced by pure nickel picces
of somewhat smaller size.

In its present form this source has becn used at pressuver of
two atmospheres or less, It is limited in operating pressure by the
“0"-ring fitting which attaches the stainless stcel pas feod line
to the graphite nozzle, although we have nol determined the actual
miximum operating pressure of this fitving. My metal plaring the end
of the nozzle and brazing the gas feed line to 1¢, the safe operating
pressure of the nozzle could preobably be increased, limited only by
the bursting strength of the graphite tube. Operation of the nozzie
40 higher pressures should result in less slippage and higher encergies
tor sceded mixtures of halegens in iight carrier gases, such as Clz
in Hey at high temperatures. At a given pressurce the gas number
density (o 1/T) i{s constderably reduced at high tcmperatures, so
operation of the nozzle at presgures of several atmospheres will not
impose an wnmanageable load on the pump‘ng system.

We have not operated the nozzle at temperatures higher than 2100 K.
This limitation is due to a llnit on the heating power available., Since
the maximum worliing temperature of graphite in vacuum is about 2300 K
vonsiderable increase in beam energy can be achieved with this source,

£f the heating power can be further increased.
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FIGURE CAPTIONS

Schematic dfagram of a molecular beam apparatus using a
wolecular cffusion source. IIL and ITT are the source and
experimental chambers. Typical operating conditions are

P o~100 l;on-,PII::10_1'-‘0"5 torr, P 1077 torr.

[} 11 =

Schematic diagram of a molecular heam apparatus using a
nozzle source. I, II and III are the source, differential
pumping, and experimental chambers respectively. Typical
operating conditions are Po = 200-1000 torr, PI ::10'4 torr,
~ 1072 torr, P ~10"7 torr.

PII 111

Partially scctioned view of graphite nozzle source. A -
water cooling lines for O-ring cooling block; B - nozzle
retaining plate; C - springs; D - water cooling lines for
support bLlock; E - copper support block; F - graphite
slecve; G - water cooling channel; H - copper mounting
block; I - outer graphite tube; J - tantalum radiation
shield; K - inner graphite tube; L - graphite rcgaining
nut; M -~ mica insulation; N - Cajon ultratorr fitting;
0 - copper O-ring cooling block; P - water cooling lines
for mounting block; Q - gas inlet line.

Heating current paths for graphite nozzle. E - copper
support block and current return; F - graphite sleeve;

H - copper mounting block and current supply; 1 - outer
graphite tube; K - inner graphite tube; L - graphite

retaining nut. .



Fig. 5.

Fig. 7.

Fig. 8.
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Sectioned view of graphite nozzle source mounted In the
differeatially pumped chamber. A -~ Lucite Insulating
fecdthroughs; B - water cooling for mounting block, and
current supply; C - gas inlet line; D - water vooling

for support block, and current recturn; E, J - Cajon
uvltratoarr ficttings; F - water supply for O-ring cooling
block; G - nylon insulating feedthroughs; R ~ stainless
stecl outer source chamber; I - front plate water cooling
lines; K - stainless steel inner source chamber; L - 1200
¢/sec diffusion pump, differential region; M — 2400 R/sec
diffusion pump, source region.

Peak flux velocities for chlorine atoms (Jl) chlorine
molecules (@) and diluent gas (W) as a function of source
temperature for three secded gas mixtures. Solid curves
indicate expected velocity dependence assuming an ideal
sceded beam expansion, see text.

Peak flux velocities for chlorine atoms (2} and chlorine
molccules (U ) as a function of source stagnation pressure.
Sceded mixture was 0.98% c1, in He at a source temperature
of 1470 K.

Peak flux velocities for bromine atoms (M), bromine
molecules (@) and diluent gas (W) as a function of source
temperature.  The sceded mixture was 6.3% Brz in Ar. The
solid curve shows the expected velocity dependence assum’ng

an ideal expansion, sce text,
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Br:Br, ractio as a function of source temperature. Gas
mixture was 6.3% Br2 in Ar at a stagnation pressure of 1000
torr. Data has been corrected for electron impact fragmen-
taticn of Br2 occurring in the detector iom source,

Cl:Cl2 ratio as a function of source temperature. Gas
mixture was 0.98% C12 in He at a stagnation pressure of 1000
torr, Data has been corrected for electron impact fragmen-
cation of Cl2 occurring in the detector ion source.

Nozzle Source temperature as a function of input heating
power. ([J) - effective source temperature derived from
rare gas time-of-flight distributions, () nozzle tip

temperature determined from optical pyrometry.
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III. ENDDERGIC BIMOLECULAR REACTIONS:
PRODUCTION OF STABLE TRIHALOGEN RADICALS

A. Introduction
Exchange reactions of halogen molecules, for which the net reaction
is x2 + Y2
system of reactions for the chemical kineticist. It has long been

= 2XY, for example F2 + 12 -+ 2IF, comprise a very interesting

believed that these exchange reactions proceed either via a bimolecular
four-center mechanism, whereby two product molecules are formed
simultaneously, or via atom-molecule reactions initiated by thermal
decomposition of halogen molecules into atoms.

Both of these mechanisms are expected to have high activation
energy. The four-center mechanism is expected to have an activation
barrier above the dissociation energy of the weaker reactant halogen
hond, since a molecular orbit. carrelation diagram given by Hoffmanl
shows that the barrier should be comparable to the promotion energy
of two electrbons from bonding to anti-bonding orbitals. A more complete
orbital correlation diagram, including @ as well as 5 mcleczlar orbitals,2
predicts a somewhat lower barrier, but which still is comparable to the
energy required to promote twn electrons from bonding te anti-bonding
orbitals. Since the atom-molecule mechanism has as its chain initiating
step the dissociation of a halogen molecule it is also expected to have
a large activation barrier.

Yet experimental rate studies of systems such as 12 + Br2 and
€1, + Br, in both gas phase3’A and "inert" solvent:s—7 have found a
rather facilc reaction with low activation energy. Of course in the

gas phase surface effects and heterogeneous character of the system
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cannot be eliminated, while in "inert" solution solvent effects and
catalysis by impurities such as water may be important.7'8
A very recent investigation of the gas phase reaction of Fz and
I2 in which contaminants and surface effects should play a negligible
part presents very compelling evidence for a low activation energy
reaction. In this reaction, studied in a low pressure flow system
at room temperature, Johnston and co—worker59 observed the 1F product
by monitoring the chemiluminescence from the A3ﬂ1 and BBH: states of
1F. This observation of the production of electronically excited IF
in the rcom temperature reaction requires a mechanism which not only
has a low activation energy, but which also has an IF producing step
which is exoerpic by about 65 kcal/mole, that is sufficiently exoergic
to product TF in high vibrational levels of the B srtate.
The recent observation of the formation of stable CH31F from the
crossed beam reactions of F2 and CHBI at collision energies above
10 kral/mole,10

Fz + CH3I —_— CH3IF + F, (1)

suggests a previously unanticipated reaction between halopen molecules,
c.g.
- - +
Fy + 1 I,F+F. (2)
1f the enerpy threshold for reaction (2) is low, as is that of (1},
this reaction might be an important step in the FZ'IZ exchange

mechanism. Similar reactions might be important in other X2[Y2

exchange reactions.
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In addition to its possible importance in x2|Y2 exchange reaction
kinetics, reaction (2) is also interesting because it produces a
trihalogen radical species such as IZF. There has long been speculation
regarding the existence of such triatomic halogen mclecules.11 These
molecules have often been postuiated as intermediates in photochemical
reactions.lz-lh From the temperature dependence of the recombination
rite of I atoms in the presence of 12 the stability of 13 has been

14

estimared to be about 5 kcal/mole. C1315 and CIF 16 are believed

2
to have been identified from infrared spectra in matrix isolation
experiments, but no triatomic halogen radical species has ever been
detected in the gas-phase before this unrk.17

To determine the energetics of the formation of trihalogen radicals
and te investigate the dynamics of halogen molecule exchange reactions
we have stuwdied a series of reactions, FZ + X1 where X = I, Cl, or H.
The results of this study considerably improve our understanding of
thesc molecule-molecule reactions, establish the anergetics of trihalogen

molecule formation, and allow us to propose a mechanlsm for the F2112

rvaction which does explain the low activation energy and chemiluminescence.

B. Experimental

The crossed molecular beam apparatus, which has been described
in detatl elsewhere,l8 is shown schematically in Figure 1. Reactant
beams of XI (12. 1C1, or HBI) and Fz were produced by supersonic nozzle
sources, The fluorine molecule beum was produced by the "seeding"

technique. Mixtures of FZ (1-2%) in He or He|Ne carrier gases were
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used to vary the fluorine beam energy, and hence the collision energy.
These fluorine mixtures were obtained commerically or made in the
laboratory as needed for these experiments. The fluorine nozzle
source used for these experiments was a resistance heated nickel
nozzle quite similar in design and identical in operation to the
graphite nozzle source described in Chapter II. The nozzle temperature
was varied between 300 and 900 X by varying the heating power (up to
about 90 amps and 5 volts AC) supplied by a low voltage-high current
power supply. A chromel:alumel thermocouple spot-welded to th> nozzle
tip provided temperature monitoring. Heating of the nozzle provided
the "fine" control of the collision energv. There was no appreciakle
F atom production at the higher nozzle temperatures.

The 12 and 1C1 beams were also produced by the "seeding" technique,
since the vapor pressures of these compounds are insufficient at low
temperatures (400 K or less) to allow operation of a nozzle source.
These beams were produced by flowing argon through a reservoir containing

the 1, or ICl and then flowing the mixed gas to the nozzle. The reser-

2
voir containing the I2 or ICl was temperature controlled to ensure a
constant partial pressure of the 12 or ICl. For I2 the reservoir

was heated to about 350 K, while for 1Cl the reservoir was maintained
at room temperature, The argon pressure was controlled by a vacuum
regulacor ta provide stable operation at pressures below one atmosphere.
The gas feed line .Jrom the nozzle to the reservoir and the nozzle

itself were heated (350 - 400 K) to prevent condeasation cf the I2 or

Icl. he HI beam was generated without the use of a carrier gas. In
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all cases a glass or quartz nozzle was used. Heating of the nozzle was
provided by passing AC current through nichrome wire wrapped around

the nozzle. The nozzle temperature was monitored by a chromel:alumel
thermocouple firmly attached to the nozzle tip. This crossed beam
arrangement resulted in & range of collisilon energies from 3 to 20
kcal/mole, with a spread in energy of #25%.

Molecules produced by the reaction of F2 and XI were detected
in the plane of the reactant beams using a rotatable quadrupole mass
spectrometer equipped with an electron bomwbardment ionizer. After
mass sclection by the mass spectrometer the ions produced are focused
on an clectrode held at a large negative potential (-30 kV), from
which clectrous are ejected. These ejected electrons, accelerated
in the electric field of this electrode, strike a plastic scintillator.
The light pulses thus produced are picked up by a photmultiplier and
the output pulses of the photomultiplier, proportional in number to
the product molecule number density, are recorded. Im this way the
angular distribution of the products was measured.

Product velocity distributions at selented angles were also
determined by means of a cross correlation time-of-flight technique.l9
For these measurements the product molecules were modulated at the
detector entrance aperture by a rotating wheel, the periphery of which
ronsists of a pseudo-random binary sequence of open and closed slots.
By correlating the modulating functicn with the observed distribution
of flight Limes recorded by a 256 channel scaler the true distribution
of flight times was recovered. On-~line computer control and data

reduction was used to allow immediate recovery of the time-of-flight
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dastribution of the prnducts. Velocity distributions were obtained
from these time-of-flight distributions by techniques described in
Chapter V.

Angular distribution data were obtained using counting times
between 40 and 100 seconds for each point, anc¢ periodically returning
to a reference :ngle to provide long-term normalization. Plotted
angular distributions represent the average of several separate scans.
Tire-of-flight data were recorded for 15 to 45 minues depending on
the signal level. Product angular and velocity distributions were
measured in this way for several collision energies. In addition,
scparate experiments were carried out to accurately determine the

energy threshold for product formationm.

C. Results and Analysis

Any attempt to observe the trihalogen species XIF as a product of

the endoergic reaction of Fz and XI,

F, + XI —= XIF + F, (3)

2

will only be successful if reaction (3) is less endoergic than the

reaction N

F, + XI X+ IF + F, {4)

2
that is, if XIF decomposition into IF and X is endoergic; and provided
that the four-center exchange mechanism does not dominate. The present

investigation shows that above threshold energies of 4, 6, and 11 kcal/

mole respectively, collisions between F2 and XI(X = I, C., H) do proruce
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principally XIF and F as in reaction (3). These threshold energies
were determined from a measurement of the relative product signal as
a function of the collision energy, the results of which are shown

in Figure 2. As rhe collision energy is increased, reaction (4)
becomes important, first for F2 + 12, and later for 1~‘2 + IC! aiso, but
not for FZ + HI ar the collision energies used here. The threshold
energy for reactlon (4) can be calculated from bond dissociation

energies’? (F,: 36.7 keal/mole, I,: 35.6kcal/uole, ICl: 49.8 keal/mole,

2
HI: 70.4 kcal/mole, IF: 66.4 kcal/mole) and is 6.1 kcal/mole, 20.1
kcal/moie, and 40.7 kcal/mole for X = I, Cl, and H respectively.

The stabllities of the XIF species (X = I, C1, CH3, H) have been
derived from the experimentally measured thresholds for the reactions:

‘ F2 4+ XI -+ XIF + F, and the known Fz and XI dissociation energies,
Figure 3 gives an energy schematic for the trihalogens and pseudo-
trihalogens discussed. It is interesting to note that 12F is only
aboct 3 kcal/mole more stable than I + IF. As the terminal atom (group)
in XIF is chauged through the sequence I, Cl1, CH3, H the trihalogen
stahility increases, reflecting the increased X-1 diatomic (polyatomic)
bond strength.

Angular distributions of both IZF (m/e 273) and IF (m/e 146) pro-
ducts of the F2 + 12 reaction at three collision energies are shown in
Figures 4 and 5. In each case, part of the measured IF+ signal resulted
from break-up of IZF in the detector ionizer, hence a fraction ¢f the
1,F signal has been subtracted from the IF signal, and the corrected IF

2

angular distributions are also shown. The correction factor was
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determined from the fragmentation ratio, 13F+:IF+. for IZF produced

at collision encrgies (-5 kcal/mole) at which IF 1s not expected to
form directly. At these collision energies, below the endoergicity of
IF formation via reaction (4), the angular distributions of IF and

1,F are identical, the intensity of IZF (arbitrary units) being just

2
twice that of IF at every angle. Hence IZF+:IF+ was -2.0 for this

detector using 200 eV ioniz.ng electrons.

Figures 6 and 7 show corresponding angular distributions of ClIF

35 IF) and IF from the Fz -+ IC1l reaction. Corrections to

the IF signal for C1IF fragmentation have been made as for IZF/IF.

(m/e 181, CI

As can be seen in Figure 6 the CIIF and IF angular distributions
are identical, within experimental error, for collision energies of
13.3 kcal/mole and 10.3 kcal/mole. Since the formation of IF via
reaction (4) is 20.1 kcal/mole endoergic, this reactive channel is
not open at these lower collision energies, and the IF observed must
be produccd by jonfzer fragmentation of CliF, as the angular distri-
butions indicate. The ClIF fragmentation ratio, C11F+:IF+. was thus
1.0 under these conditions. Alrhough the reactive channel
F2 + IC1 + C1 + IF + F is energetically inacessible at all the
nominal collision energies indicated, there are FZ/ICI collisions
involving F, molecules from the high velocity tail of the supersonic
velocity distribution (225% spread in energy) for the two higher
cvollislon energy cxperiments which are sufficiently energetic to

produce IF. That this channel is open can be seen from the corrected

(for C1IF fragmentation) 1F distributions of Figure 7.
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No IF distributions are shown in Figure 8 for the FZ + HI system,
as the reactive channel (4) producing IF is prohibitively endoergic
(40.7 kcal/mole). Some IF+ was produced by lonizer fragmentation, as
determined from an investigation at high mass resolution, but the angular
distributions shown were taken with less chan unit mass resolution and
represent the sum of the HIF+ (m/e 147) and 1F+ (m/e 146) signals.

It is important to note that for the FZ + ICl system there were
no peaks in the mass spectrum at m/e 56 (C137F) or m/e 54 (C135F). In

addition, for F, + HI no peak at m/e 20 (HF) was observed. This strongly

2
suggests that the abserved products are indeed ClIF and HIF, with the
F atom attached to I, not to Cl or H ag ICIF or IHF. For I,F and
C11F this is in agreement with the usual pattern of nuclear arrangements
in non=-hydrogenic triatomic ABC systems, which almost always have the
least electronegative atom of the three at the middle position of the
molecule. For all molecules with more than twelve valence electrons this
general conclusion follows from the fact that the charge distribution
of the n orbitals is generally more concertrated at the terminal atoms
than at the center of the molecule. For F, + HI the absence of a peak
at mfe 20 (HF) is less compelling evidence for the HIF nuclear arrange-
ment than the corresponding absence of mass peaks at m/e 56 and m/e 54
is for the ClIF arrangement. Since m/e 20 is a mass with relatively
high background due to the presence of Ar++, the detector sensitivity
to HF is correspondingly reduced.

Energetic conslderations also support the HIF arrangement as
the correct one. Since HF + I (135 kcal/mole) lies 39 kcal/mole

helow the stability of the pseudotrihalogen product of the F2 + H1
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reaction, stable by 96 kcal/mole with respect to the separated atoms,
one does not expect to observe the pseudotrihalogen in FZ + HI
collisions if its structure is FHI. For such an arrangement the
reaction would be expected to produce HF + I. One does not expect a
significant energy barrier between FHI and HF + I, since the reaction
Cl + HI + HCl + I, which must proceed through a Cl-H-I transition
state, is a very fast reaction at thermal energies, often used as

a pump reaction im HCl chemical laser systems.

From the angular distributionrs shown and from time-cf-flight
velocity analysis of the products, center-of-mass contour maps of
product flux have been constructed. These are shown ’'n Figures
Yy, 10, and 11.

These contour maps of Ic.m.(e' u)}, the center-of-mass doubly
differential reactive scattering cross section, were constructed by
iterative deconvolution of the measvred iLAB(e’ v) cross section data,
using a computer program described in Chapter V. This technique

selves the equation:

I8 v = 2.

< u Ic.m.(ei' ui) (%
iteratively for Ic.m.(e’ u). The summation is taken over the range
of transformation Newton diagrams generated by the finite widths of
the beam velocity distributions and angular spreads, and fi is the
weighting factor for the i-Eh Newton diagram. Quantities with a bar
indicate beam velocity and intersection angle averaged quantities,

For substantially endoergic reactions at collision energies mnot

far in excess of the threshold, the reactive cross section is expected



_52-

to be quite strongly dependent on the collision energy. Thls is
certainly the case for the reactions studied here. 1In the case of

FZ + I2 and FZ + ICl the energy dependence of the cross section for
production of IZF or C1IF is complicated by the presence of a second
reactive channel, that which results in IF production. In order to
obtain a center-of-mass distribution which would accurately reproduce
the experimental data it was necessary to weight the Newton diagrams

according to the energy dependence of the reactive cross sections.

Hence, equation {(5) becomes:
- VZ
Lapt® v = ;fﬁfiu—z Teum. ®po vy (6)
i

The cross section energy dependences used in fitting all three
systems were similar, namely a very rapid rise from threshold with
increasing collision energy, gradually tapering off to a near plateau.
The energy dependence was determined from experimental relative cross
section measurements, the results of which are partially shown in
Figure 2. For FZ + I2 hd IZF + F the cross section energy dependence
was also measured up to collision energies of about 16.0 kcal/mole.
The reactive cross section reaches a plateau at about 12 kcal/mole
where the relative cross section is about 100 in the arbitrary units
of Figure 2. For FZ + ICl - C1lIF + F, the cross section energy
dependence was not measured at collision energies higher than about
12 kecal/mole, so a continuation of the curve shown in Figure 2 was
made, similar in form to that for FZ + IZ’ but shifted by about 6

kcal/mole to higher energy. For Fz + HI the curve of Figure 2 was
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continued to a plateau at about 15 kcal/mole. These "extrapolations"
were chosen so as to give an accurate fit to the experimental angular
and velocity data, i.e. iLAB(G’ v), and so as to be physically con-
sistent, that is to give a smoothly varying cross section energy
dependence in good agreement with the experimental relative cross
section data. The results of this analysis did not prove to be
very sensitive to the exact form of the cross section energy
dependence. The only important feature was the steep rise from
threshold shown in Figure 2 gradually tapering off at high collision
cnergy.

This energy weighting makes the most probable Newton diagram
somewhat larger (-5%) than that which maximizes the quantity:
2 v’IZ)»I/Z

(v1 +

ny (v)) ny (v,), (@)
the product of the relative velocity and the number densities of the

two beams. This energy weighting also makes the most probable collision
energies somewhat larger (~10%) than the nominal collision eneigies,
derived from the maximum in equation (7), which are given in the
figures,

The experimental data and laboratory data calculated from the
deconvoluted center-of-mass flux distributions are compared in Figures
12 and 13. The fit to the lab angular distributions and IZF lab
velocity distributions are quite good. Fits to the C1IF and HIF
velocity distributions, not shown, are equally satisfactory.

The center-of-mass contour maps show the sharply forward peaked

nature of the XIF products. It is significant that the IZF distribution
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is considerably narrower in recoil velocity than that of the ClIF or
HIF products. In part this is a consequence of the more restrictive
kinematics of the 12F + F system, for which the detected product is
more than 14 times the mass of the cther.21 However, it is also
indicative of a "thermodynamic" constraint of the products to large
recoil velocity (energy) due to the low stability (-3 kcal/mole) of

I,F with respect to I + IF. This thermodynamic constraint allows

2
formation of the tribhalogen only when fhe excess energy channeled

into translation of products is such that internal excitation of

IZF is not sufficient to dissociate it into IF and I. Thi- behavior
is evident in the IZF lab angular distributions of Figure 4 and 5,
which show only slight variation in going from 9.6 kcal/mole collision
energy (~5.6 kcal/mole excess energy) to 17.0 kcal/mole collision
energy (-13.0 kcal/mole excess energy). Mo such constraint exists,

at the ' nllision energies studied, for either C11F, stable by 15 kcal/
mole with respect to €1 4 IF, or HIF, stable by 30 kcal/mole with
respect to H + IF, and this is reflected in both the center-of-mass
contour maps and lab angular distributions.

The thermodynamic constraint of the IZF/F recoil energy distribution
is even more clearly evident in Figure 14, which gives the intensity,
P(ET'), versus recoil energy, ET', i.e, g Ic.m.(ﬂ, ET') for the
systems studied. Here Ic.m.(e' ET') « Ic.m.(e’ u}/u. The IZF/F
distribution is much more sharply peaked than that for CLIF/F or HIF/F

and peaks at an energy which represents a much larger fraction of the

available energy than the CIIF/F distribotion. The average product
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translational energy,

1YLE '
Zl P(ET ) ET

E
E.' = P S
T £ P(ET') ’
E L
T

is -~30% of the total available energy for C1lIF production, while for the

1,F + F products more than 50% (5.1 kcal/mole) of the available energy

2

appears in translation. For HIF production the average energy in trans-
lation 1s again high, 2.8 kcal/mole, ~47%. Any such comparison of product
translational energies must of course recognize the rather substantial
change in the reactlon kinematics in changing the F atom abstracting
species from IZ to ICl to HI. However, the Fz + I2 and Fz + ICl systems
would seem to be similar enough kinematically tn allow one to attribute
the recoil energy distribution differences to the operation of this
thermodynamic constraint.

1t is clear that the increased sharpness of the IZF lab angular
distributions relative to those for C1IF and HIF is due to the sharpness
in recoil velocity (emergy) and not in recoil angle. This can be seen
in Figure 15, which shows the center-of-mass angular distributions, where
1(8) = ET' Ic.m.(e’ ET’). The IzF distribution is actually broader
(-30° HWHM) than either the HIF or ClIF distributions (~15° HWHM). It
is not clear whether the relative broadness of the 12F distribution is
dynamically signifieunt or merely a consequence of the more unfaverable

kinematics of the IZF/F system which makes ratio method deconvolution

of the center-of-mass distribution more difficult.
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D. Discussion

The angular distributions of XIF and IF clearly indicate that the
production of the trihalogen radical molecules XIF and the diatomic IF
proceeds by reaction (3) and reaction (4), and not a reaction of XI
dimer with FZ' If the XIF and IF observed were merely the result
of fragmentation in the detector ionizer of some XIFF species produced
by an (XI)2 + F2 -+ XIFF + XI reaction, or 2 reaction proceeding through
a six-center collision complex as has been claimed for (Clz)2 + Br2,22
the XIF and IF products should have identical angular distributions
at all energies and the same energy threshold behavior. As can be seen
in Figures 4 and 5 the 12F and IF products of the F2 + I2 reaction have
distinctly different angular distributions with different collision
energy dependences. Although no angular distribution is shown for
F, +1

2 2
been cecorded at energies slighcly in excess of the threshold for

in which only LF is produced, such angular distributions have

F2 + Iz + L,F + F yet below the threshold (6.1 kcal/mole) for IF

production via FZ + I2 + 14+ IF + F.

Although the cnergetics are somewhat different, the FZIICI system
shows the same behavior. The threshold for FZ + IC1 » Cl + IF + F is
20.1 kcal/mole, much higher tilan the analogous F, + 12 threshold. If
C1IF and IF production takes place via reactions (3) and (4), the IF
and ClIF distributions should be identical until the collision energy
is greater than 20.1 kcal/mole. Below this energy any IF observed
would be due to fragmentation of ClIF in the detector ionizer. The
ClIF and IF angular distribution data of Figures 6-8 bear this our.

At collision emergies of 10.3 kcal/mole and 13.3 kcal/mole the C1IF
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and IF distributions are identical within the statistical uncertainty.
At the higher collision energies the C1IF and IF angular distributions
differ markedly, indicative of the now energetically accessible
FZ + ICl -+ €1 + IF + F reaction. As pointed out earlier, although
this reactive channel is still inaccessible at the nominal collision
energies indicated, there are FZ/ICI collisions involving F2 molecules
from the high velocity tail of the supersunic beam velocity distribution
(+25% spread in energy) which are sufficiently energetic to produce
IF in this way. The behavior of both the F2/I2 and IC1 systems are
thus consistent with the operation of reactions (3) and (4).

Our results also indicate that these reactions do not proceed via
a highly exoergic four-center exchange mechanism, F2 + XI » XF + TF.
As has already been noted, for F2 + IC1 and FZ + HI no CI1F or HF products
were detected. For FZ + I2 the four-center mechanism produces only IF,
but this reaction ls exoergic by more than 60 kcal/mole. 1f even a
relatively small fraction of this energy appeared as product translation,
the IF angular distributions would be much broader. For the angular
distributions at 9.9 kcal/mole and 12.9 kcal/mole collision energies
the maximum IF translational enerples are only about 1 kcal/mole and
3 kcal/mole respectively, a very small fraction of the total avallable
energles for the four-center mechanism, 70 kcal/mole and 73 kcal/mole
respectively. Morecover, the IF angular distributions change quite
a lot when the collision energy is raised from 9.9 kcal/mole to 17.0
kcal/mole, becoming much broader, clearly indicative of increased

translational recoil encrgy. Such changes are aot likely if the four-



-58=

center reaction is operative, as the total available energy increases
only from 70 kcal/mole to 77 kcal/mole as the collison energy changes
from 9.9 kcal/mole to 17.7 kcal/mole. This behavior is however con-
sistent with the operation of the endoergic (6.1 kcal/mole) F2 + I2 -+

I + IF + F reaction, for which the total available energy increases from
only 4 kcal/mole to 11 keal/mole when the collision energy increases
from 9.9 kcalfmole to 17.0 kcal/mole.

We have attempted to extend these studies of trihalogen energetics
to systems not involving an XI-F bond. Crossing beams of Cl2 and eilther
IC1 or IBr we attempted to observe the trihalogen species C1ICl and
ClIBr. However, even at collison energles greater than 40 kcal/mole
for Cl2 + ICl and greater than 43 kcalfmole for Cl2 + IBr no trihalogen
praduct could be detected. It may be that the cross sections for the
Clz + IBr and C12 + IC1 reactions are much smaller than those for the
corresponding fluorine reactions, so much smaller that the amount of
trihalogen produced is undetectable. It is more likely, however, that
our failure to observe reaction in these systems 1s just a consequence
of a much lower trihalogen stability for XICl species than for the
corresponding XIF gpecies and consequent higher threshold energy. The
threshold energy for the YZ + XI » XIY + Y reaction is of course
determined by the stability of XIY relative to YZ' Since the C].2
dissociation energy (-58 kcal/mole) is about ZO-E;alfmole higher than
the F, dissociation energy, the Clz + XI reactions are expected to have
a higher threshold energy. However, the fact that the Clz + IC1 »
C1ICl + Cl reaction does not appear to procead even at a collision

energy as high as 40 kcal/mole implies that ClICl must be at least
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14 kcal/mole less stable, with respect to the separated atoms, than
L1IF, which has a threshold of 6 kcal/mole.

The negative results of the ClZ + ICl and C]2 + IBr ex-eriments
at collision energies of 40 and 43 kcal/mote respectively, yield upper
limits to the stabilities, with respect to the separated aioms, of
ClICl and Cl1Br, 67 kcal/mole and 57 kczl/mole respectively. Since
Cl + ICl1 is stable by 50 kcal/mole relative to the separated atoms, as
is of course Br + ICl, it is possible that ClICl and ClIBr are stable
with respect to Cl + ICl and Br + ICl. Even if this is the case, the
thresholds for CLICl and ClIBr formation wculd be so high that these
species world probably not be important in Clz/IBr or Clz/ICl exchange
reactions at thermal energies.

These results present further evidence that the XIF and "F products
abserved in this study are not products of ionizer fragmentation of the
XIFF product of the dimer reaction, Fz + (XI)2 ~+ XIFF + XI. Since this
reaction involves the breaking of only van der Waals "bonds", the

Ccl, + (XI)2 reactions should :1so proceed with low thresholds, contrary

2
to the results presented here.

The very sharply forwaid peaked XIF dist: .uctlons shown in the
contour maps of Figures 10-12 for all threz F2 + XI systems would seem
to indicate a preference tfor a bent geometry for F atom abstraction by
XI, tnat is a prefsrence for an F-F-1 angle or F-I-X angle of less than
180° in F-F-1-X, When X=H the mass of X 1s negligible in comparison

with 1, and the F-I-X angle will not be an important determinant of the

product angular distribution. The foward peaking of EIF 1s thus a
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consequence of the bent F-F-I angle. Of course high energy collisions
tend to favor forward peaking, and it is important to note that the IF
produced in the I + F2 reaction, kinematically identical to the HI + F2
system, is backward peaked at thermal energies,23 indicating that the
bending angle of F-F~I must not be very large. The forward scattering
of HIF observed in this work, in contrast to the backward peaking of

IF from I + }‘2, can be attributed to the difference in collision energy
rather than to a larger berding angle for F-F-IH compared to F-F-I.

For X = I or Cl the mass of X 1s no longer negligible in comparison
with I and both the F-F-I and F-I-X angles will be important. For the
FZ + 12 and FZ + ICl systems backward scattering of XIF at the higher
collision energles 1s only possible if all four atoms are aligned
collinearly in the critical configuration. The observed forward
peaking of XIF clearly argues against such a geometry, favoring bending
of one or both of F-F-I and F-I-X.

It must be noted that the CLIF angular distributions of Figures
6 and 7 appear to be backward peaked, i.e. peaked to the fluorine beam
side of the center-of-mass angle. However, this cenier-of-mass angle
is the correct c.m. angle for the Newton diagram which maximizes
equation (7). As has taen discussed above, the necessary energy
weighting of the Newton diagrams will make the most probable Newton
diagram somewhat larger (i.e. larger relative velocity) than that
which maximizes equation (7). This larger Newton diagrar will have
a smaller c.m. angle, by 5° or so for F2 + ICl. This energy weighting
will also emphasize all of rhe larger Newton diagrams which occur in

equetion (6). As a result, although these angular distributions appear
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distintctly backward peaked, when properly deconvoluted they will

appear much less backward peaked or even forward peaked in the physically
significant c.m. coordinate system. This effect can be clearly seen by
comparing the CiIF lab angular distribution (Figure 8) at a coliision
energy of 17.4 kcal/mole, which appears to be cnly mildly forward

peaked, with the deconvoluted c.m. contour map of this system at this
energy (Figure 11), which is very sharply forward peaked. At lower
collision energies where the cross section is more strongly dependent

on the collision energy, such differences in lab angular distr‘butions
and c.m., contour maps will be even more pronounced.

Simple molecular orbital consiz:lerationsﬂ| lead one to expect the
F-F-1 and F-I-X angles in FFIX to be quite similar, so it is likely that
both F-F-1 and F~1-X are slightly bent. There are however no ABC
molecules with 21 valence electrons, like XIF, whose molecular geometry
is exactly known, so it is difficult to precisely predict a preference
for a particular F-F-I or F-1-X angle, mnor can an unambiguous answer be
determined from a simple M.0 picture. Although Cl? is belizved to be

r3
1,25 All known

linear,lsch2 is thought to have a bond angle ~145°.
triatomic molecules with 20 valence electrons are bent (-100° bond
angle), and those with 22 electrons are linear. It 1s thus not
inconsistent to expect a slightly bent F~F-1 and F-I-X geowetry in
F2 + X1 reactions.

The potentially important role played by stable radicals in pro-

moting bimolecular chemical reactions such as F, + XI had not heen

suspected previously. The fact that a fluorine atom, waich can initiate
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a chain reaction in FZ/XI mixtures, can be generated ia a collisien
between Fz and XI through reaction (3) at a relative kinetic energy as
low as 4 kcal/mole (for Fz + IZ) is intriguing. This is especially so
considering that 37 kcal/mole is necessary to dissociate P2 and at
least 36 kcal/mole to dissociate XI.

The threshold energy of reaction (4), which also produces an F
atom, as well as an X atom, is 6.1 kcal/mole, 20.1 kcal/mole, and 40.7
kcal/mole for X = I, Ci, and H respectively. For the Fz + Iz and
FZ + ICl systems these energies are also smaller than the Fz or XI
bond dissoc tion energies. Even 1f XIF production by reaction (3)
is not imp. int, reaction (4) could be a significant source of F and
X atoms in FZ/XI mixtures.

The results presented here have an important bearing on the inter-
pretation of the results of the recent study by Johnston and co~worker59
of tha gas phase kinetics of the FZ/I2 system. Johnston and co-workers
were not able to establish a mechanism for this reaction which would
tave a low activation energy, and at the same time a very excergic IF
producing step to account for the observed chemiluminescence. Shown

below are some of the possible IF producing steps:

Fy +1, ————————— 2IF (3)
F 4+, ——————— IF+1I 9)
I +F) ——————— IF+F (10)
1 +F+H ———— IF+M an
I + If, ———————— 2IF (12)
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F +1I,F — = 21IF 13)

Reactinn (B), the four-center exchange reaction, should have a
high activation cnergy and was not observed in our study even at collision
energles of almost 20 kcal/mole. It is thus not likely to be the IF
producing step even though it is sufficiently exoergic to yseld
clectronically excited IF. Reactions (9) and (10) are not sufficiently
exoergic (-30 kcal/mole) to produce IF in either the A or B states.
Reaction (11), the atom recombinaticn reaction, where M is some third
body, was dismissed by Johnston because the observed kinetics could
only be reproduced by making physically unreasonable assumptions about
the 1 and F termination reactions, While reaction (12) would probably
be quite exocrpic, ]FZ is rat expected to he stable, and was not abserved
in our work. A crossed beam s:udy23 of the I + Fz + IF + F reaction
showed that thc¢ IF product was backward peaked, indicating thai the
1 - FZ Interaction is not attractive.

Thils leaves reactionm (13) which is about 64 kcal/mole exoergic.
It has as reactanta species which are produced at thermal energiles
(4 kealfmele or greater) by reaction (3). Hence it agrees well with
the observation of 1F* production at room temperature. tThe mechanism
for the exchange reaction preducing electronically excited IF, assuming

reaction (13) is the 1F* producing step, would be:

k

e —— IZF + F

2 2

k')
F o+ 1F S~—— IF + IF*




Y

IF* + M IF + M.

Making a standard steady-state approximation for [IZP], the concentration
of IZF. yields
e U L LA

e AR

3
Not included in the above mechanism are the fast atom—molecule exchange
reactions:

F+12——-1F+I.

I+F2——— IF + F.

which are just the chain propagating steps of the atom-molecule exchange
mechanism. The.se two reactions will have no effect on the form of the
expression for (IF*] derived above, but they will of course be the
pincipal reactions producing ground state IF. Although the dependence
of the chemiluminesceure on the concentration of FZ' IZ’ and N was
measured only over a iimited range of concentration by Johnston and
co-workers, the expression above ie consistent with the concentration

a

d d that was ed.
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

FIGURE CAPTIONS
Schematic diagram of the crossed molecular beam apparatus
used in the study of Fz 4+ XI reactions.
Energy dependence of the relative total cross sections for
the reactions: (Q) F, + IZ; (@) FZ + ICl; (A) F, + HI.
Schematic energy diagram showing the stabilities of the
XIF, X =1, C1, CH3, and H, trihalogens and pseudo-trihalogens.
All energies are in kcal/mole with respect to the separated
atoms shawn at the top.
@ Experimental laboratory angular distribution of IF
produced in the reaction F, + I, at collision energies
of 12.9 and 9.7 kcal/mole; > experimental laboratory angular
distribution of 12F produced in the same reaction: Q 1IF
angular distribution corrected for IZF+/II-‘+ fragmentation,
see text.
@ Experimental laboratory amgular distribution of IF
produced in the reaction Fz + I2 at a collision energy of
17.0 kcal/mole; <> experimental laboratory angular distribution

of I F produced in the same reaction; Q IF angular distri-

2
bution corrected for 12F+/IF+ fragmentation, see text.

@ Experimental laboratory angular distribution of IF
produced in the reaction FZ + ICl at collision energles

of 10.3 and 13.3 kcal/mole; <> experimental laboratory
angular distribution of ClIF produced in the same reaction;

© 1IF angular distribution corrected for ClIF+/IF+

fragmentation, see text.
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@ Experimental laboratory angular distribution of IF produced
in the reaction FZ + ICl at collision energles of 17.4 and
16.1 kcal/mole; <>experimental laboratory angular distribution
of C1lIF produced in the same reaction; O IF angular distri-
bution corrected for ClIF+/IF+ fragmentation, see text.

@ Experimental laboratory angular distribution of HIF produced
in the reaction Fz + HI at collision energles of 16.1 and

14.9 kcal/mole.

Contour map of IZF flux density in the center-of-mass
coordinate system produced in the reaction Fz + I2 at a
collision energy of 12.9 kcal/mole. These contours were
obtained by fitting the experimental laboratory angular and
velocity distributions.

Contour map of C1IF flux density in the center-of-mass
coordinate system produced in the reaction FZ + IC1 at a
collision energy of 17.4 kcal/mole. These contours were
obtained by ficting the experimental laboratory angular and
velocity distributions.

Contour map of HIF flux density in‘the center-of-mass
coordinate system produced in the reaction FZ + HI at a
collision energy of 16.1 kcal/mole. These contours were
obtained by fitting the experimental laboratory angular and
veloclty distributions.

(O Experimental laboratory angular distributions of IZF,

ClIF and HIF produced from the reactions F2 + 12, ICl and HI
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at collision energies of 12.9, 17.4 and 16.1 kcal/mole,
respectively; — best fit laboratory angular distributions
calculated by transforming Ic_m‘(é, u) (figures 8-10) to
the laboratory frame using a full range of Newton diagrams,
and then summing oven laboratory velocities.

Fig. 13, O Experimental laboratory velocity distribution of LF
produced in the reaction F, +1,ata collision energy of
12.9 kcal/mole at four laboratory angles; - laboratory
velocity distribution derived fromthe center-of-mass
product distribution shown in figure 8.

Fig, 14. @ Product recoil energy distributions for IZF, ClIF and
HIF produced in the reactions Fz+ Iz, IC1 and HI at
collision energies of 12.9, 17.4 and 16.1 kcal/mole,
respectively, obtained by angle averaging Ic.m.(e’ ET').
Vertical dashed line represents the approximate kinematic
recoll energy limit.

Fig. 15. (© Center-of-mass angular distributions of IzF, C1IF and
HIF produced in the reactions Fz + IZ’ IC1 and HI at
collisfon energies of 12,9, 17.4 and 16.1 kcal/mole,
respectively, obtained by averaging Ic.m.(e' ET') over
recoil energy, for center-of-mass anples 8 < 180; O
corresponding center-of-mass angular distributions for
center-of-mass angles & 22180, plotted for 2m ~ 6; =
smoothed center-of-mass angular distribution representing

the smoothed average of each set of points.
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IV. THE Cl1 + Br2 + BrCl + Br REACTION
A. Introduction
The atom-molecule exchange reactions of halogens are a considerably
less complicated class of reactions than the molecule-molecule exchange
reactions we have investigated. In the reaction, X + YZ' only one reac-
tive channel is possible, exchange to produce XY and Y. Despite the
relative simplicity of these reactions, thelr dynamics are not well
understaood.
Reactions like
Cl + Br2 -+~ BrCl + Br
Br + ]:2 + IBr + 1
and the slightly more complicated
Cl + IBr -+ ICl + Br
Cl + BrI -~ BrC1 + I
Br + IC1 » IBr + Cl
Br + C1I - BrCl + I
have been studied in crossed molecular beam experiments by three different
grnups.l_k However, these early studies always employed molecular
cffusion sources to produce both the molecule and atom beams, with an
attendant large spread in initial collision energy, and in most cases
no velocity distribution data on the products was obtained. The con-
clusions that have been drawn, invoking possible complex formatiom,
attractive potential emergy surfaces with possible energy wells, and
relatively small total cross sections, have as a result been mostly

tertative. 1In the single case2 in which veloeity analysis was made,



~-B6-

the center-of-mass product distribution could not be very accurately
recovered. A classical trajectory study of Br + 12, Cl + IZ’ and

Cl + Br, using empirical surfaces having energy minima 0-10 kcal/deep

2
with adjustable shapes and positions has been carried cut by Borne

and Bunker5 in an attempr to explain the dynamics of these reactions.
However, taese authors found that no reasonable potential well for
collinear reactant approach could explain the observed scattering.

A more complete crossed molecular beam study of one or more of
these reactinns with better defined initial conditions and product
velocity analysis to allow complete unfoliding of the center-of-mass
distribution was obviously warranted. Investigation of th~se reactions
at several collision energies jn order to more completely probe the
features of the X + Y2 potential energy surface was also needed. For
these reasons, we began a study of the Cl + Br2 + BrCl + Br reaction
using crossed beams of Cl and Br2 produced from supersonic nozzles, to

allow us ro study the reaction as a function of collision energy under

well-defined initial conditions.

B. Experimental

The crossed molecular beam apparatus used in studying this reaction
i3 the same as that shown in Fig. 1 of Chapter III. Both the bromine
molecule and chlorine atom beams were produced by supersonic nozzle
sources. The same type glass nozzle source used to produce the 12,

1Cl, and HI for the experiments of Chapter III was used here to generate



~87-

a bromine beam. The bromine was contained in a glass bulb immersed
in a temperature regulated bath, held at 300 K. The glass gas feed
line from the bulb to the nozzle and the nozzle itself were heated

to prevent condensation of the bromine. This heating was provided by
passiné AC current through a heating "tape" wrapped around the feed
line and nozzle. The nozzle temperature was monitored by a chromel:
alumel thermocouple firmly attached to the nozzle tip. The nozzle
temperature was maintained at about 360 K.

The chlorine atom beam was produced by the graphite nozzle source
described in Chapter II. Mixtures of 10% Clz in argen, 5% Cl2 in
helium, and 1% C12 in helium were used as seeded gas mixtures for
these experiments. These chlorine mixtures were obtained commerically.
For these experiments the nozzle was operated with a nozzle tip
temperature of about 1900 K, which gives an effective source temperature
of about 1450 K (Cf. Fig. 11 of Chapter II). This gave collision
energies of 6.8, 16.7, and 17.7 keal/mole for the three gas mixtures
used, with a spread in energy of #35%.

Angular distribution measurements were made as for the FZ/XI
reactions in Chapter II1. These data were obtained using counting
times of 60 to 120 seconds for each point, periodically returning to
a refercence angle to provide long~term normalization., Plotted angular
distributions represent the average of several separate scans,

Product velocity distributions at selected angles were determined
using a simple time-of-flight technique. These spectra of product

intensity as a function of flight time were recorded using a 40 channel
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multiscaler which had adjustable chanrel time width and delay time.

For these measurements the BrCl product was modulated at the detector
entrance aperture by a rotating, 17.8 cm diameter aluminum wheel with
four slots of .30 cm width cut out at equally spaced points along the
periphery. The wheel was rotated at a frequency of about 400 Hz. This
gave a shutier function FWHM of about 13 psec, about 7% time (velocity)
resolution. Time-of-flight data were recorded for 60 to 180 minutes

depending on the signal level,

C. Results

The angular distributions of the BrCl product at three different
collision energies are shown in Figure 1. At all three collision
energies the interhalogen product is quite strongly forward peaked,
i.e., peaked toward the initial Cl atom velocity. As the collision
energy is raised the product peaks more sharply in the forward direction.
At the lowest collision energy some BrCl product does appear in the back-
ward direction while at the higher collision energ®:s the ClBr product
is almost exclusively forward peaked,

From the angular distributions shown and from time-of-flight
velocity analysis of the products, center-of-mass contour maps of
product flux have been corstructed. These are shown in Figs, 2, 3,
and 4. These contour maps of Ic.m.(e’ u), the center of mass doubly
differntial reactive scatrering cross section, tere constructed by

iterative deconvolution of the measured ELAB(G’ v) cross section data,
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using computer program RECON described in Chapter V. [he decomvolution
procedure was ldentical to that used for vecoverimg the center-of-mass
distribution Eor the XIF products of the FZ + %I reactions. However,
since the Cl + Br2 reaction does not appear to have a reaction energy
barrierF’Bno energy welghting of the reactive cross section was used
in recovering I:.m.(U‘ u).

The experimental data and laboratory data calculated from the
deconvoluted center-of-mass flux distributions are compared in Figs,
5 and 6. The fit to the lab angular distributions and the velocity
distribations at ECOLL = 14.7 kcal/mole are quite good. The fit to

the velociiy distributions at E = 6.8 kcal/mole are slightly

COLL
better, while the fit to the velocity distributions at the highest
collision energy is about the same as that at the intermediate collision
energy shown.

The contour maps of Figs. 2. 3, and 4 show quite clearly that the
BrCl product does peak almost exclusively in tie forward hemisphere,
even at the lowest collisjon energy. The BrCl which appears in the
backward hemisphere in the lab angular distribution at a collision
enerpy of 6.8 kcal/mole is mostly due to smearing of the lab angular
distribution due to the range of Newton diagrams which effect the
center-of-mass to lab transformation.

The contour maps show that tue ¢.m. angular spre.d of the BrCl
product does not change very much even when the collision energy
Increases from 6,8 kcal/mole to 17.7 kcal/mole. However, as the

collislon energy is increased the spread of the BrCl product in recoil
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velocity decreases quite sharply. It is this decrease in ranpe of
recoll velocity that gives rise to the increased sharpness af the
product lat angular distributfons as the collision cnergy increases.

The change in the fcrm of the recoil energy distribution is shown
in detail in Figure 7. This fipure pives plots of the relative

intensity, P fET’/E )}, as a function of the fraction of the tetal

TOT

available energy, ETOT' which appears in translational energy of the
' - 1 = L Y = 3 3]
products, ET . P(f) = P(ET ‘ETPT) 8 Ic.m.(e, ET ) o Ic.m.(" ul/n,

where Ic.m.(a’ u) 1s che cenrer-of-mass flux distribut’on as shown

in Figs. 2, 3, or 4. These distributions show that when averaged over
receil angle, the recoll energy distributions do not peak at enerpgics
which are verv different. In all cases the distributions peak at
approximately .14 - .i8, i.e., 14% - 18% of the total available enerpy.
However, these recoil energy distributions do show a dramatic change
as the collision energy is inecreased. At the lowest collision cenuerpy
vhe recoil encrgy distribution is quite broad, extending to the norioa!
kinematic limit, ET'/ETDT = 1. As the collision energy is increasaosd tin
recoil enerpgy distribution becomes sharper, and the amount of product
which appears witn a large amount of translational energy decreases
dramatically.

The fact that the recoil energy distribution for the lowest cailinijon
energy does not approachO at ET'/ETOT = 1 1s a consequence of the imperfoet
deconvolution of the laboratory data. This means that the distribution
probably decrcases more sharply as £ > 1.0. For the hipher collision

energies the data are not plotted to f = 1.0, since the data are not
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as accurate at high values of f. Clearly, however, there ir negligible
probability of havirg translational recoil energies of greatec than
ahout 60% nt' the total availuble energy.
The averapge product translational energy,
' '
é , P(ET ) E,r

— T

3 = TTTYTTTRE Y
T L B(E,")

m

is, however, a considerably larger fraction of the total energy, -38%,
for the lowest collision energy, than for the higher collision energies,
-22%. This is of course due to the much greater range of recoll energies
for the lowest cellision energy than for the higher energies, cven thouph
the peak recoil energy is about the same fraction of the tatal enerpy
for ecach case.

It is clear that the increased sharpness of the BrCl lab angular
distribut{ons at higher energy is a consequence of tha narrower recoil
energ (velocity) distributions at higher energies, and not an increas-

ingily sharp center-sf-mass angular distribution. As can be seen {in

)

o 1 (-
ET c.m.

Figure 8 the ceater-of-nass angﬁlar distributions, I(8) =
ET'), are nearly identical at all three collision energies.
We have also made an attempt to detcrmine the total reastive cross

section, for the C1 + Br, reaction at theae collision energles.
2

cu.
This was done by comparing the integrated intensity of reactive

scattering to the observed intensity of small angle elastic scatreriag
of chlorine atoms from bormine, which was normalized to the theoretical

small angle elastic scattering intensity from theoretical van der Waals

force constants.



The total cross section, in arbitrary units, is given by:

L n
o' = 2nf f ic n, (8, u) sind de du,
Q (]

where ic n (6, u) is derived from a single ("canonical™) Newton

diagram transformation of tke measured 1 (0, v) data. This “canonival”

LAB
Newton diagram was taken as the one which maximizes the quantity

2
1

distributaon functions of the two reactant beams and f(y) is the

(v,” + vzz)-i(vl)-f(v2)~f(7), where f(vl). f(vz) are the velocity

intersection angle distribution. This total cross scction is related

te the "true" total cruss section by two constants, C1 ang C,:

C, sives the ratio of detection efficlency for chlorine atoms (m = 35)
to detection efficiency for BrCl (m = 116). Cz gives the ratio of the
theoretical small angle chlorine atom elastic scattering intensitv in
absolute units to the observed elastic scattering in arbitrary laboratory
units.

The theoretical small angle elastic scattering intensity is
given by:

v

173 -1/3
1@ = o”'/3,

- .239 (c /E)
uz cos § 6

where the first factor is the c.m. to lab transformation Jacobian,

v and u are the lab and center of mass chlorine velocities, and & is
the angle between the W and v vectors. Cﬁ is the van der Waals con-
stant ~=nd E is the most probable (“canonical®) coilision energy. C6

60

was estimated to be 290 x 107~ erg cm6 using the combination rule6
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Zcuncbh

C O OS  ——
ab l(ub/un)Caa + (na/mb)cbb!

for Cb. and the Slater-Kirkwood npproxtma:.lon’

. -60 6 2 112
Cii 12.6 x 10 erg-cm ay (N1/°1)

for Caa' Cbb‘ Here na. ay, are the static dipole polarizabilities, in
31. of Cl and Br,, and Nn' Nb are the number of electrona in the outer

shells of Cl and Br,, 7 and 14 respectively. The C1 and Brz polar-

2
izahiidties, .2 RJ and 6.4 KJ respectively, were approximated from
the v.--.lucﬁ8 for HX and Hz by a(X) = a{HX} - l/Zu(ﬂz) and rx(x2 » 2a(X).

The result of this calculation at collisfon encrgicr of 6.8
keal/mole and 14,7 kcalf/mole gives nR = 1] RZ and UR - 14 Rz respectively.
These numbers are probably oniy accurate to within a factor of three due

to uncertainties attendant to the calculation of the total cross section

in this manaer,

b. Discusston
The foct that the center of mnss angular distributions of the BrCl
yroduct are essentially identical and pecaking sharply forward at
ccllision encrgies of 6.8 kcal/mole, 4.7 kcal/mole, and 17.7 kcal/mole
syems to indicate that the Cl + Brz interaction is an attractive onc,
without any apprcciable activation encrgy or barrfer. The lack of an
cnergy barrier is also iandicated by the fact that the tota) reactive

cross scction Jacs not scem ta be strongly dependent on tle collisfon
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cacrgy. The toial cross section at 14.7 kcal/mole (5-42 Rz) is nearly
the same as that at 6.8 keal/mole (4-33 Rz). If the reaction had an
appreciable barrier, a few kcal/mole, the total reactive cross sectlon
should fncrease rather sharply as the collision energy increases from
6.8 keal/mole to 14.7 kcal ‘mole, behavior similar to that observed
for the F2 + XI reactions. The magnitude of the total cross section
determined bere is not much different from that measured previously far
the Cl + Brz rcaction at even lower collision vnergy, -3.0 kcal/mole,
Here the cross section was estimated to be about 1 ;2 to 20 :\2.2'1

Thua, although “he forward peaking of the CIBr product indicates
that the dominant tnteraction between the reactants is atrractive, the
cstimated total reactive cross sections arc much smaller than hard
sphere values. This might indicate tha: although the interaction §s
attractive it is short range in nature, Or it might mean that reaction
may take place for a wide range of impact parameters, but with low
probabilicty. Such a sftuation could arise if the reaction demonstrated
a stercochemical constraint, i.e, & strong peeference far a particular
Cl=Br-Br pcometry. As discussed in reference to the FZINI reactions,
the trihalogens may have a beat geometry. Thus the forward peaking and
small cross scections may be due to a preivicnce for a bent Cl-Br-Br
geometry.

Although the center-of-mass anpular dfziribitions cad reaction cross
Aectiona scem to show lirtle or nc varistion as the collision cnerpy
is increased, the recoil anergy distributions at the three collisicon

cnergles studicd show dramatic differencos, These differonces arc
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indicative of a chanpge in the dynemics of the reaction as the collision

vhnerpy fncreases,

The sharp recoil energy distribution at the highest collision
viietgy, praking a a small fraction (14%) of the total available energy,
svems to tadicate that the reaction is approaching the spectator

stripping model. This highly simplified model assumes that the

unreactiag Br atom in Br, acts as a fully disinterested spectator of

the reaction,  When the internal energy of Br, is ignored, or is

insipgnificant, as is the case when the Br, beam is produced by super-

sonfc expansion, the spectater stripping model predicts all products

to be scattered exactly forward in the ¢.m. svstem. This model also

gives o uniaue recodl transtationsal conergy ET'. which i simply related

by a mass factor to the collision cnergy "anL:

m,. m
prow SLUBE = S By -
1 ®yr Phrct CoLL co

bot i(.uLl. = 17,7 Raclimele, LT' = 2.7 keal/mole, or 115 of the total
avatiable energy, The recoil enerpy distribution at F'COLL =-17.7

the total available energy, it is quite

e

seal/mele peaks gt 1AL of

rarrow, and is much closer Lo the spectator stripping limie than che

recafl encrpy distribatlons at lower collision encrgy.

Yor l:m” = 14.7 keal/mole the recoil encrgy distribution is less

sharp than ot the highest collisfon vnergy, and peaks at 187 of ETDT'

while th: spectator stripping model predicts a peak ar 1%, Even so,

this recoil enerpgy distributfon at 14.7 kcal/mole collision energy

more closely resembles that at 17.7 keal/moie coilition cnergy than
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that at 6.8 kcal/mole collimion energy, as might be expected from the
relative magnitudes of the collision energies. The recoil energy
distribution at the intermediate energy represents a transition from
the clearly nonstripping behavior at the lowest collision energy to
the nearly stripping limit behavior at che higheat collision energy.

The spectator stripping model assumes an impulslive collision In
which Cl and a Br combine with negligible momentum transfer to the
nonreaccing B3¢ scom of Brz. The recoll energy distribution at the
lowest collision energy clearly indicates substantial momentum
transfer. This recoil energy distribution is quite similar to the
recoil energy distribution obtained by Learetonq at a mean collisfon
energy of 5 kcal/mole.

Although the data obtained by LeBreton vere never fully analyzed,
it appears that an osculating complex model, azsuming a complex life-
time of approximately one rotational period, and randcmization of the
tozal available energy into all accessible modes of the reaction inter-~
mzdiate, will fairly accurately reproduce his observed ruscil energy
and c.m. angular distributions. However, such an osculating complex
model will probabiy not be able to give the sharply forward pesked
distribution for BrCl observed in our work. It seems possible that the
agreement betveen this csculating complex model and the messured data
achieved in the earlisr work might arise from ti.e fact that the datawere
raken using offusive beams of chlorine and bromine and no deconvolution
of the data to correct for the very large spread in initial conditions

was perfurmed. Our results would seem to indicate thaz 1f the Cl + Brz
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potential surface possesses an energy well, corresponding to a stable
Cl-Br-8r complex, it must not he more than a few kcal/mole decp.

The resulrs do however quite conclusively show that the €1 + Brz
putentinl surface is an attractive one, giving forward peaking and a
larpe fractlon of the available energy in internal degrees of freedow,
as expected for an exoergic reaction on an attractive surface with
early cnergy release. The reaction dynamics will probably not be
adequately explained by cither a simple spectator stripping model or
A simple osculating complex model, but it seems clear that as the
vollisign energy is increased the reaction changes from a three body
ta rivre ke o two body process.

It s also clear from the recoil energy distributions shown in
Figure 7 that the reacriod channels reagent translational cnergy into
pruduct internal energy with very high efficiency. At ECOLL - 6.8
kiwl/mole the average internal energy is about 7.9 kcal/mole, while
at voitision cnergies of 14.7 kcal/mole and 17.7 kecel/mole this value
increases to 16.2 keal/mole and 18.4 kcal/mole. Thus one expects
that the 8001 product will be highly vibrationally and rotationally
excilod,

It Is pessible that more than one .lectronic state is important
in the dvnamics of this reaction. The thermal dissociation chlorine
atom source produces hoth the ZPJIZ and zPl/Z (-15~23.) states of
chiorine, and the reaction dynamics of rhose two states may be somewhat
different.  Since the spin orbit splicting in chlorine is 2 kcal/mole,

these differences may only be important at low collision energies.
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0 2 .
Airey, Pacey, and l'ol.-m)'il have detected Br ( l'”j) in infrared
vhemiluminescence studies, obscrving the excited electronic state
in the H + HEr - “2 + 8r riaction. Since the spin-orbit spllttaing

in bromine s quite large, about 8 kecal/mole, we should observe o

-

bimodal recoll energy diseribution {f both the "I‘”,, and ¥

alates

yp2

rev distributions

were produced in the €1 + Br, reactlon. The receil o
do not give a clear fndication that such §x the case. Towever, if the
BrCl internal cnergy distribution were different for the two kv states,

such a4 bimodal distribution might be obscured.
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FIGURE CAPTIONS

Fig. 1. Experimental labevatery anpulav distributions of hidl
produced in the reactlion €1 + Hr_, at coellivion cocryic
of 6.8 keal/mole, 14.7 keallmole, and 17,7 keal ‘mole.

Fig, 2. Contour msp of BrCl flux density in the center-nt-rgs.
voordinate system produced In the reacticn (1 4+ E'.r‘, At
volllsion etvergy of 6.8 keal/mola,

Fig. ). Contour pap of Brol flux densite in the conter-of-maas
cvoordinate swstem produced in the reaction ¢ 4 Hr.’ At
callision enpcrgy of 14.7 keal/mole.

Fig. 4. Contour map of Bro?l {lux densiey in the center-of-mase
coordinate system produred in the reaction (1 + Br,oata
collision enaergy of 17.7 keal/mole.

Fig, 5. == Experimental laboratoery amgular distribetions or #pec!
produced in the Cl + Br, reaction at collision enerpren of
6.8 keallmole, V4.7 kcall/mely, and 17.7 kial/moli 1 O 1o L ratory
angular distributions caleculated by transiorming l(.n:.‘“‘ u)
(Figures 2-%} to the laboratory frame asing a full ranpe ot
Newton diagrams, and then summing over laboratory velosities.

Fig. 6. 0 Experimental laborazory velocity distributions of Br(l
produced in the C] + Hr;, reacrtion at a collision encergy of
14,7 keal/mole at four laboratory angles; - lahoratory
velocity distributions derived from rthe center-of-nass

praduct distribution showm in Figure 7.
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@ Product recoil cnergy distributions for the Cl + Br,
reaction ab collision cnerpies of 4.8 kcal/mole, 14.7
keal/mole, and 17.7 kcal/mole, as a function of the
fraction af the total available cnergy, obrained by angle
averaging 1. (8, Er'), see text.

O Center-of-mass anpular distributions ol Brel proeduced
in the CI + Brz reaction ar collision eacreies of 6.8

keal/mole, 14.7 kcal/mole, and 17.7 kcal/mole, cbralned

by averaging lc.m.("' ET') over recoil energe,
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V. COMPUTER PROGRAMS FOR REACTIVE SCATTERING DATA ANALYSIS

A. lntroduction
In crossed molecular beam experiments like those described in
chapters IIl and IV, one normally measures two product distributions:
an angular distribution, product intensity as a funition of scattering
angle, proportional to number density per unit anple; and a series of
time-of-flight (TOF) distributfons, product fntensity as 2 fuaction
of product fiight time, at selected scattering angles, proportional

to number density per unit ti?e per unit angle. These two distributions,
du, o (@) d NMB(G, t)

0 304t o+ are not the desired
i

represented by
representation of the results of a crossed molecular beam experiment.
In order to infer dynamical information from the experimental
results one needs to construct the doubly differential cross-section
d 1__m.(e, u)
dédi

tge product scattering angle and velocity in the cenfer-of-mass system.
d<I (6, u)
__—Ej%éﬂ—_——_ has the dimensions of product flux (particles/cmz-suc)

per unit angle per unit velocity. This quantity, which for simplicity

in the center-of-mass (c.m) system, , where 8, u are

] d ILAB{C' v)
quantity in the laboratory coordinate system, ILAB(@' v) = —doav "
by:

2
L@ v = -:-f T (00 W), [¢3)

where O, and v are the laboratory scattering angle and velocity. The
laboratory angle and velocity, © and v, are related to a c.m. angle and
velocity, 8 and u, by a simple coordinate transformation, given pgraph-

1cally by a so-called Newton diagram as shown in Figure 1. This
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transformation is obviously dependent on the initial velocities of the
two reactant beams and the angle of intersection between the two
velocity vectors. Even for an experiment employing spatiaiiy well
defined nozzle beams with marrow velocity distributions, a considerable
range of reagent velocities and intersection angles are probable, iience
the laborstory to center-of-mass transformation is not unigue. Equation

(1) should thus be written:

i . r
I ,p@ v = ;fi(vl' Voe ¥) " om0 ), (2)
i

where fi(vl’ Vs ¥), the weighting factor for the iEE Newton diagram,

is a funciion of the reactant beam velocities, vy Voo and intersection

angle, 7, and the bar in 1 {0, v) indicates that this is an averaged

LAB
(aver beam velocity and intersection angle) quantity. The functional

form of f1 is dependent on the nature of the reaction which has been

studied, but is generally

2 2,172

f1 = (v1 + v2)

'f(vl)'f(vz)-f(v), 3
where the f(vl) and f(vz) are the velocity distribution functions of
the two reactant beams and f(y) is the distribution €unction for inter-
section angle, Yy, and (vi + vg)ll2 is of course the relative velocity
of the two reactants (y = 90°), The recovery of Ic.m.(e' u) from
TLAB(B‘ v) is thus non-trival,

The construction of Ic.m.(e’ u) from the measured product angular
distribution and TOF spectra thus separates into two parts: first, the
construction of TLAB(Q' v) from these Jdistributions; and second, the

solution of cquation (2)
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The first of these two parts is relatively straightforward. The

several TOF distributions are normalized to one another so that:

2
):" Npagter ® o B @ @
-
3 dade 61 de 0t
i.e. so that the time integrated TOF spectra reproduce the angular
distribution. This normalization yields the LAB(O' :{ which is
dodt
related to ILAB(G’ v) by:
2 2
(e} a
P (e, v e cwp &A@ D
LAB "’ dodv dnde ’

where k is some proportionality constant. Since the measurced data
are not in absolute units, the factor k {s set equal to 1.

Fitting programs, like progra-. artON described later, which solve
equation (2), generally require as input ILAB(O' v) for several equally
spaced values of v, while ILAB(G' v) as cbtained above comnsists of
an array of intensities at unequally spaced velocities, rorresponding
to equally spaced values of the flight time, t. These fitting propgrams
also require "smooth" input data for iLAB(O‘ v) for efflcient operation,
while the measured data gemerally include substantial statistical
fluctuations. Thkus smoothing and interpolation of the data is needed

to obtain ILAB(Q’ v) in a usuvable form.

B. Program Flux

Although quite simple data smoothing and interpolation techniques

are generally sufficlent ro obtain iLAB(e‘ v), the volume of the data
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handled necessitates the use of computer analysis. For this reason
program FLUX has been written. FLUYX has as its principal output the
vitlues of iLAH(B‘ v) for O = @1 and for v = VO, VO + DV, VO 4 2DV,
veevy VO + (MV-1)DV. These data are presented in the printed output
as well as an punched cards in the proper format for input to the
fitting program RECON. These data are derived from the input data,
consisting of the observed TOF spectrum at angle @ = 01. &n array of
intensities (propor.ional tc number deusity), N(n), versus channel
number, n, as directly obtained from the output of a multichannel
scaler which is used to record the TOF listributinn. For this TOF
Spectrum
Y
4N pto . N(n)[ R ®
dodt 0i 1

where t = (n=-.5)'w, for n = nl. n2. ....nf and w is the time of width
of the scaler channels.

FLUX normalizes the data using equation (4) and calculates ~he
spectrum of velocities, v, v = 1/t = 1/{n-.5)-w, where 1 is the flight
path length. FLUX then calculates the I1(@, v) data from the imput
data H(n)/oi using equation (5) and equation (6). FLUX first smoothes
the 7(0, v} data by averaging over a variable number of successive
points, and then deconvolutes the smoothed i(@, v) data te remove
any instrumencal broadening inherent in the TOF apparatus.

From thesc deconvoluted f(G. v) data the values of i(O, v) for
v =V0, VO + DV, VO + 2DV, ,... VO + {NV-1)DV are determined by

interpolation. For any such value of v which is outside the range of
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velocities spanned by the input data 1(0, v) is set wqual to zero.

These interpolated 1(8, v) data are renormalized so that:

2
a® o, © an . (0)
. LAB LYY
2 1oy 5w ) 32

0 0 o)
v 01 t A 3y

i.2., so thet the interpolated Y(O, v} data reproduce the measured
angular distribution.

Also provided in the program are options ‘or plotring the
"measured" flux data, T(O, v), and the deconvoluted flux data together,
and for plotting the "measured" flux data and the interpolated data,
T(C. v), v = V0, VG + DV, ... together. Timc of flipht data for
different lab angles and even different experlments can be handled
in one program execution by simply stacking the data for differert
TOF spectra.

A listing and fample output of program FLUX and a table defining

the input variables follows.
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Program FLJX Input Variables

Variable

TITLE

MASS

THETA

NORM

pec

JCONT

QFFSET

£10N, LION

Description

heading feci all printer and plotter output.

Mass of detected particle., MASS = 0.0 stops
program executlion.

Angle at which this TOF spectrum has been
taken, reactant beams at 270° and 360°.

Normalization factor determired from the
angular distribution. Ensures that the TOF
spectra integrated over time have the same
relative magnitudes as tle angular discribution
data.
dzN @, t) 5
_LAB 7 . - .
P o, WIDTH = NORM - 107,

where WIDTH is as given below.

Magnitude of the comstsnt background to be
subtracted from the data in each channel.

Number of different TOF spectra taken at angle
THETA. Allows combining data taken in
different scans.

The time, in units of multiscaler chanmnel
widt™., by which the multiscaler zero of time
lapgs behind the true zero of time. The value
of this parameter is determined by calibration
of the TOF appa~atus. This parameter corrects
2

the ol (0, t)
—LaB - dac h t' is th
10dc’ ata, where 25 e
d NLAB(B' t)

dodt

observed flight time, to give the

where t is the true flight time. ¢ = t' +
OFFSET:WIDTH, where WIDTH is as given below.

lon energy, in electron volts, and lon flight
path, in centimeters. Needed to correct
product flight times for the time required
for the ions to traverse the length, LION,
of the detector.
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Program FLUX Input Variables (Cont'd)

Variable
DIST
DL

WIDTH

BCHAN, ECHAN

ACHAN

vo

bv

NPL1, NPL2

SIGNAL (I}, I = BCHAN,

ECHAN

Description

TOF flight path length in centimeters,
Ionizer length in centimeters,

Time width, in microseconds, of the multiscaler
channel.

Number of the fivst and last multiscaler
channels for which data are to be input.

Number of channels (always odd) over which the
data is averaged for smoothing.

First velocity, in units of 104 cm/sec, for
which punched output for RECON is desired.

Velocity interval, in units of 104 cm/sec,
for which punched output for RECOM is desired.
If DV = 0.0 no data is output on punched cards.

Number of velocities for which punched output
for RLCON is desired.

Plotter option. If NPL1 = O and NPL2 = O

no plots are generated, If WPLl # O measured
flux data (points) and deconvoluted flux data
(line) are plotted. If NPL2 # 0 the inter-
polated flux for input to RECON (line and

the measured flux (points) are plotted.

Observed TOF intensity in channel I.
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PROGRAM FLUX (INPUT¢QUTPUT s PUNCH, TAPES s INPUT o TAPES=OUTPUT 4 TAPETs£Y
LNCH. TAPE98=10L, PLOT, TAPE99=PLAOT}

DIMENSION VEL (2553, FLUXE(255 ), FLUXS {255}, FLUXC( 255) ,LABINT(255),PE
LE285) e X{9) Wi F) o XLABI 2D oYLABUI)» TITLE(5)) VP (255 ), SIGNAL(255) 4VT {25
15),PL1255)

REAL NORM; LABINT,LION,MASS,LAST oL

INTEGER BCHAN; ECHAN,ACHAN

DEFINE LABELS FOR PLOTS

ALABLLIY2LOH VELOC

XLAB(2)910HITY (10000

XLAB{3)=10H CM/5SEC)

YLAB{1)»{OH FLUX

YLAB{2)=1OHARBITAARY

YLAB(3}=LOHUNITS

CALL GAUSS(XyW)

INPUT DATA

REAO{5,100) TITLE

READIS5s 110) MASS

IF(NASS «EQe 0e0) GD TO 1111

FORMAT (6A10)

FORMAT(5F10.3}

WRITEL6+4200) TITLE

FORMAT(1HL,6A10)

READ{5,A01) THETA ,NORN,0C,ICONT
FORMAT{3F10.3: 15}

READ(Sy L10) DFFSET(EIONsLION,OIST,0L
READIS5-120) WIDTHyBLHAN,ECHAN, ACHAN
FORMAT{F10.3,315)

PEADISs111) VO,DVeNVSNPLL,NPL2
FORMAT(2F LUe 33151

CORRECT FLIGHT TIMES FOR ION TRANSIT TIME
CHTxLION/SQRT (EION/MASS ¥ %, T199/HWIDTH
ICHT=*TNT{OFFSET=CHT+SIGN{¢5yOF FSET=CHT))
BCHAN=BCHAN €1 CHY

ECHAN=ECHAN+ICHT

NCHAN=ECHAN=8CHAN+L
VFaDIST*L00 ./ ({BCHAN=,5) *WIDTH)

VI=01ST*100e7 ({ECHAN-o 51*R IDTH)

00 il [=1,NCHAN

LABINT(1)20.0

SUM=0.

1+ ZAD INTENSITIES FOR [CONT NUMBER OF TOF SPECTRA
00 22 I=1,ICONT

READ(5.999) (SIGNAL{I}. I=1;NCHAN)

00 29 [sl,NCHAN

TF{SIGNAL (T} JLT. 0.0) SIGNAL{I)=(SIGNALCI=1} ¢ SIGNAL(I+1})/2,
LABINT(I)=LABINT(I)+SIGNALCTY

SUM=SUMs SIGNALID)

CONTINUE

CUNTINUE

FORMAT(9F10,3)

SUM=SUM-DC*NCHAN

SKIP=SUM/NIRM/100000.*WIOTH

CALCULATE VELOCITIES, SUBTRACT CONSTANT BACKGRDUND FROM THE DATA.
AND CALCULATE THE FLUX FROM THE NUMBER DENSITY
0N 21 [=1,NCHAN
VEL(I)=DIST*100s /{11, 5¢BCHANI*WIOTH)
LABINT(I)=LABINT([)=NC
FLUXEC(T)LABINT{TI/VEL(T}/SKIP

FLUXC LI} =7LUXELT)

FLUXS (TIsFLUXE(T)
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23 CONTINUE
AVERAGE DATA DVER THE SELECTED NUMBER OF CHANNELS
INC=ACHAN/2
1ED=NCHAN-ACHAN
00 3) 1=1,1ED
RUN=O, \
90 35 Jre o ACHAN
RUN=RUN + FLUXE(I+J=1)
CONTINUE
ELUXS(T+INC b nRUN/F LOAT (ACHAN)
FLUXC ¢ 1+INC 12 FLUXSTT#INC]
CONTINUE
DECONVOLUTION OF FLUX DATA
ERR# 100,
1731
4G 1TeIT+)
LASTxERR
ERR=0,
D0 45 13,NCHAN-2
SUM 4520,
00 50 J=1,9
SUM 5020,
T=WIDTHA{ X(J1/2 o= 14 5+] +BCHAN)
DO 55 K=1,5
Y20.0
L=DISTeOL XK}/ 2,
V=L/T*100,
IFIV o6T, VF JOR, V oLT, VI GO TQ 55
YuYNTERP, VEL, FLUXC; VoNCHAN , 31
55 SUM SD= SUM 50 + Y¥W(K)/2.
5 SUM&G5=SUM&SESUMSORMWIJ) /20
FLUXC (1) 2SUHG5
ERRSERR* (FLUKC ([ J=FLUXS{I}10w2
IF{FLUXCU11eLTo 0ad) FLUXCUI}=FLUXS(T)
FLUXC {1 1= FLUXC{T)*FLUXS{ T3/ FLUXCLT )
CONTINUE
ERR=SQRT (NCHAN*ERR ) /SUM
IF({{LAST=ERR }/LAST ,GTo +05) <ANDs (IT LT, 5i1 60 TO 40
IFINPLL oEQ. O} GO TN 209
CALL PLOT (151,25 NCHAN, VEL+ FLUXEsXLAB,YLAB,TITLE)
CALL PLOT (1524 LyNCHAN) VEL s FLUXC» XLAByYLAB,TITLE }
CALL CCNEXT
209 WRITE(6,210)
210 FORMAT(1HO®  MASS ANGLE NORM  BACKGROUND®}
WRITE(6+2LL) MASS,THETAsNDRH,OC
211 FORMAT{3F10.3,2X,F10.3)
WRITE(6,2201
220 FORMAT(1HO®2ER0 CHANNEL OFFSET  NET OFFSET  FLIGHT PATH  IONLZE
1R LENGTHe)
WRITE(5+230) OFFSET [CHT,DIST,OL
230 FORMAT(ZX (FL0e3 ALK 35 y7X(F1003,86X1F1003)
WRITE(5+240)
240 FORMAT{1HO®CHANNEL WIDTH  FIRST CHANNEL  LAST CHANNEL  NDs CHAN
1. AVERAGED®)
BRITE(64250) WIDTH, BCHAN=1CHT» ECHAN=ICHT,ACHAN
250 FORMAT(F1003,9K5>15, 10Ky 15, 14X, 15}
WRITE(64260)
260 FORMAT { 1HO®C HANNEL VELOCITY LAB NO. DENSITY  LAB FLU
1X  SMODTHEC LAB FLUX  OECONVOLUTED LAB FLUX®)
DO 70 11 4NCHAN
70 WRITE(S270) I2BCHAN=] +VEL (1), LABINTLI),FLUXECT) FLUXSS TS, FLUXCET)
270 FORMATUIS 49X, F542410XsF1002)y TKsF 1002, 6X,F 1002, L4X4F 10, 2)

3
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IF(OV +EQs Os) GO TO 10
WRITE(6,320) V0OV

FORMAT(LHO* INPUT FOR RECON VO = #,F5.2,% OV = #,F4.2)
WRITE16,320)

FORMAT(1HO®  VELOCITY FLUX RENDRM. FLUX®)
ISTART=0

1STQP =Ny

CALCULATE EVENLY SPACED VELOCITIES AS REQUESTED
00 90 I=l NV

PE(I1%240

VT(1)eV0+FLOAT(I=1) o0V

VevT(1)

IF(ISTART .NE. 0) GO TQ 91

IF{V oLTe VI} GO TO 90

ISTART=I

IFCISTOP NE. NV) GO T9 90

IFIV oGle VF) 1STOPal-1

CONTINUE

SUP=0,0

CALCULATE THE FLUX AT THESE EQUALLY SPACED VELOCITIES
D0 B0 J¥ISTART,ISTOP

I=J-1START#L

VPLEIaVT(J)

PELJ) aYNTERP VEL s FLUXC »VT £ J] o NCHAN, 3)

IF(PELI)) 79,81,81

PE(J)=0e

PZL)=PE(J)

SUP=SUP+PELID/VTLJ}

SKIP=DV*SUP*DIST/NORM/ 1000,

WRITE180300) IVTIJ)4PELJ)PELII/SKIP, Jul,NV)
FORMAT €4X s F542¢ 7XyF 10229 8X¢F10.2)

WRAITE(7,290) THETA~270,

FOAMATL5X pFbe 1)

WRITE(7,310) {PECTI/SKIPyT=1oNV)

FORMAT(8F10021

IF(NPL2 «Eds U} GO T8 10O

Nv= 1STQP-ISTART+1

CALL PLOT (#1142 NCHANy VELs FLUXEy XLABSYLAB, TITLE )
CALL PLOT{1s20LoNVoVP(PZ,XLAB,YLABLTITLEY

CALL CCNEXT

60 To 10

TF((NPLL oEQs J) oANDs (NPLZ +EQs )} STOP

CALL CCEND

sTOP

END

SUBROUTINE GAUSSIX,W)
DIMENSION X{9),W{9}
X{5)«0a0

X{&)m,a 32425
X{?)=,61337

Wis)=, L80&5
Wi91e,08126

KLI)e=X(J}
Wilimuts)
CONTINUE
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RETURN

END

FUNCTION YNTERD(XA,YAXoL,N}
ROUTINE FOR INTERPCLATI!ON NF THE FLUNX
DIMENSION XA{1),YA(L),2hi21)
COMMON/YNTCOM/1FD

DATA $G1/0.0/

IF(SGL #NE, 0.01 GO "0 12
5Gi=1.0

1FD=0

5G2=0

tysLel

TFIL otTe 22 GO TD 43

NIN=N

IFIN oLTa | oORy N 4GTe 20) GO YO 40
NPleN+]

TF{NPL=-L} 14,48,43
JEIXAIL)I-XAIL)) 16,43,18
SG2ele0

fL=lu

Iysg

GO TO 20

IL=0

TAs{lUeIL /2

IFCIABS(IU-TL} LLTa 3} GO TO 26
(E(X-XAITA}) 22,48,26

Tusla

GD TO 20

LA

GD TO 20

1F(X LEQe XA(IA)) GO TO 46
1FD=1A

TAa1A~NPL /2

1F(MOOINING 2| 4EQe O3 GO TO 30
1IFIX «GTa XACIFD)) GO TO 28
IF{562 .NE. 0.0} IA=lds]

Gn 1D 30

IF(SGZ «EQe UsQ) [amlAs)
IFCIA LLT. 1) lamy

IFIL=NIN «LTs 1A) JA=L-NIN
JAa=1a

DD 34 Jal,NP1

LAt =vatya)

JAzJAe}

18=14

DO 38 =L NIN

TlaX=XA(I8}

0D 36 J=1,NIN

JAzJelA

T2eXA(JA)~XALIR)

ZACIeL baZALT 4TI (ZAL e )=2AL1D3/IT2
Ia8=1Aet

YNTERP=ZA{NIN®])

RETURN

WAITE(6,42)

FORMAT(LH)y® ERROR AETUAN FADR YNTERP» N IS OUT OF RANGE.®)
tr0=1

YNTERP=YA(])

FETURN

YNTERQP=YA{[A)

LFData

RETURN
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END

SUBRNUTINSE PLOTCINEVINC INT oNCUPVI GNP N oY o XLAB,YLAB,"ITLE)
COMMOIN ZCCPNILZ XMIN¢XMAR o YN IN o YMAXCOXMINCCCAMIX,TCYMIN,
1 CCymax

COMMON ZCCFACT/Z FACTNR

OTVENSTION X{LEYIL1,RNUNN{GY

NATA NAODUND 74/

GATA (ROUNDEL)olsleé) 7 leeles2:5¢5. /7
FACTOR=100,

CCXMINGY, BCCAMNAXS 8, BCCYMINTL , $CCYNARLJ,5
IFINCONTLEQe2) 6D T2 1)

CALL LINEUP (XoNPoROUNDyNINUND 1 Dg s XAIN, XMAK)
CALL LINEUP(Y NP RIUND JNANIND s Lt o s ¥ T &, YMAXY
CALL CTARIDILe)” Lo EMNLBLS o ol 2y 1)

CALL CCLBL(10+:.2

CALL COLTRIL45000aT N1, TITLE 6D)

CALL COLTRU3 50aledelNLAD,?))

CALL CCLTR(eleSeeleleYLAB30)

CONTINUE

[FINCURVE .€Q.2) /D TO 2J

CALL CCPLITIX,Y NP)

G) T2 )

CALL CLPLOT (XY oHP o 5HIIIOTNy 65 L)

AETUIN

END
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C. Program Recon
One communly used method for determining Ic n (9, u) once
TLAB(B‘ v) has been coastructed consists of assuming some functional
form for 1C n (8, u) and then varying the parvameters of this
functionalicy until Ic'm.(o, u) reproduces ILAB(O’ v) by means of

2
equation (2).1" This method usually describes Ic o {0, u) by a

truncated degenerate expansion:

s

m
1 (8, u)y = 2
i=1

c.m.

a,. T_(€) U, (u) (8)
ij i i

j=1
winere the T and U functions mayv for instance be polynomials of degree
i-1 or j-l. The aij are then the parameters to be determined. Since
the number of data points is usually much greater than the number
(typically 20 to 40) of aij’ these parameters are overdetermined and
least squares techniques are used to determine them.

Problems can arise using such algebraic techniques for solving for

u). More flexibility than is provided by degenerate expansions

of typical size may be needed to accurately determine Ic m (8, u),
especially if the data are hiphly structured. This technique also
becomes difficult to use if the data do not admit separability of

1c n (6, u) into independent 4 and u dependences. Also, the actual

IC m (8, u) determined by these techniques may be sensitive to the

choice of the expansion functions.
An alternative procedure which avoids these problems is to use
iterative techniques to determine IC n (8, u). Instead of generating

a functional representation of Ic.m-(e' u)}, the measured iLAB(O’ v)
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data can be used to generate iterative succersive approximations to
l( n (8, u) using equation (2}). 1f one assumes that 1: o (6, u) is

reiated to a "monochromatic,” i.e. unaveraged, ILAB(B' v) by a single

"canonical" Newton diagram:

2
v
[ @ ¥ = ;7 Lo 6w, 9)
cquation (2) becomes:
- vz
(0 V) = ?fi v Lant@ 9,0 (10)

This “canonical" Newton diagram is the most probable Newton diagram,
that is, the Newton diagram which maximizes f‘.

One can then use various methods to provide an initial guess and
sucvessive approximations for l (0 v) using tke ILAB(O' v) data.

One such method, developed hy Siska,J uses a ratio method to penerate

surcessive approximations for ILAB(G' v), using the experimental data,

-{:ET(O, v), Lo give the initial guess:
{0) =EXPT
1/ a8 I a8 (11)
(m+1) _ (), sEXPT,=(n) ,
{LAB {LAB (I ,lLAB)' a2)
=EXPT ;
This method assumes that the ratio of I representative

of the error in I
d

LAB

The iteration is repeated until this error in

]LAB is minlmized, that is, until IEXlT/I(n) = When this best fit
lfu(p’ v) distribution i{s obtained 1 .m.(e, u) 1is generated by means
of vguation {9).
.(9. u) to be ohtained without any

This technique allows T
c.m
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assumption about the functional form of the center-of-mass d.stribution.
the urlimited frequency spectrum of the iterative solution allows
accurate fitting of highly structured data. Since the only symmetry
present in lc.m. 1s that which is present in the experimental data,

no additional svmmerry is imposed on Ic‘m'(e. u), as can be the casc
with ualgebraic techniques vsing expansion functlons which have their
OWn SVTmeTry.

As discussed in chapter III, for many reactions one wishes to
account for the vnergy dependence of the reactive cross section in the
recovery of T(‘m.(o, u). If the cross section Increases with Increasing
energy, as is usually the case, this cnergy dependence has the cffuct
of increasing the importance of the larger (i.e. higher relative
velocity) Newton diapgrams. If the cross sectlon energy dependence has
a negative slope the smaller Newton diagrams will be emphasized. In
either vas. the solution of equation (10) must account for the cnergy

dependence, hence equation (16) should really be written:
T, v = v v i evd) L, (0, vy, (13
LAB™ " T it 2 E1 27 TLABTLT 47

In this case the Newton diagram which maximizes fi'fE is used as the
“canonical” Newton diagram of equation (9). The functional form for
f. is of vourse determined by the observed energy dependence of the
reactive cross section.

Program RECON has been written to solve equation (13) for I (0, v)

LAB
wning the ratio method just described, RECON draws heavily from the
program [DORS written by Siska.b llowever, it contains several modifi-

cations and additional features which were found to he necessary in



-127-

jealing with data sets such as those for the FZ + XTI » XIF + F reactions
and the C1 + Br2 -+ CIBr + Cl reaction.
The Lnput for RECON consists of the experimental differential

cross section data, I (0, v), for up to 10 values of 0 and up to

LAB
thirty values of the velocitv, v, v = V0, VO + DV, VO + 2DV, ..., VO +
{NV=-1)DV. 1Input data describing rhe velocity distributions in each

of the reactant beams, the nominal intersection angle between the beams,
and the distriburion of intersection angles about this nominal value

are required to establish fi(vl‘ Vs y) for use in solving equation (13).
Also required as input are data on the cross section energy dependence

to establish the f_ weighting of equation (13).

E
The energy dependence data can be input in the form of a table of
vialues of the relative magnitude of the reaction cross section versus
cnergy.  Alternatively the cross section energy dependence can be
described functionally by selecting values for up to four input para-
meters, EPEAK, DZERO, POWL, POW2, which determine the functional
hehavior. This functional weighting and the weighting using a table
of values of the magnitude of the reactive cross section can be used
simultancously., The functional form used in the cross secticn energy
weighting is specified in subroutine CNEWT. In the listing of RECON
which follows, the functional form has been chosen to describe a cross
section which has zero maguitude at enmergy EZERO, rises vapidly from
E2ERO thew gradually tapers off to a maximum at energy EPEAK, and

which has a constant value for energies above LCPEAK:

WATE = 1.0 for E > EPEAK
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PoW2
EPEAK -~ E -
WATE 1.0 - (__—EPEAK - EZERO) for EZERO < E - EPCAK

WATE = 0.0 for £ = EZERO

The factor fE of equation (13) 1is given by WATE-EFAC(E) where
EFAC(E) is the cross section energy weighting as determined from the
tabular inpur ita on the cross section energy dependence, When no
funcrional energy weignting is used WATE = 1.0; when no tabular data
on the cross section energy dependence is used EFAC(E) = 1.0 for all
energies E.

The weighting, fi(vl, vy y)-fE(vl2 + vzz), used in equatien (13)

2 2.1/2

is given by f -(v1 + vy -f(vl)-f(vz)-f(y) when energy weighting

£
af the cross se 11 n is included. f(vl) and f(vz) are the velocity
distribution functions of the reactant beams and f(y) is the inter-
section angle distribution. These distributions are calculated from
input parameters describing the velocity and intersection angle
distributions. The "canonical" Hewton diagram of equation (9) is taken

2)1/2

2
as ibhat which maximizes EE-(V1 + vy -f(vl)-f(vz) f(y). When no

cross section energy dependence is used fE = 1.0 and the fi weighting

in equation (13) is given by fi = (vl2 + vZZ)S/2

cf(V1)~f(v2)-f(y). where
S is specified by a data statement in subroutine MPXD. S = 1 or 2
usually. In the case of no energy weighting the "canonical" Newton
diagram is taken as that which maximizes this fi'
When a large range of Newton diagrams makes a significant contribution

in cquation (13) the I (0, v) distributior will be considerably sharper

LAB
than the ELAB(O’ v) data. If for such a data set TLAB(O’ v) has been

measured for only thice or four values of @, an iterative techunique
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like the ratio method will sometimes not be effective in recovering
ILAH(O‘ v), since the grid of angles © may be too coarse to allow a
sufficiently narrow, ILAB(O, v) to be recovered, This is never a
problem in v-space. as the data are always available in as fine a grid
as necessary from the measured TOF spectra.

In such a case the quality of the fit obtained with RECON can
be improved by establishing more data points, i.e. TLAB(O’ v), for
additional values of ©O. RECON has a provision for this. Using
linear bivariate interpolation iLAB(O’ v) for selected values of O
is obtained from the measured 'I'LAH(E), v) data. For example, if
T has been measured for © = 10°, 20°, and 30°, RECON can calculate

LAB

ILAB at any 0, 10° < ® < 30°. These interpolated data give greater

flexibility to the I {0, v) distribution than provided by the limited

LAB
number of values of ¢ which occur in the measured data. In the example
given, 1f only three values of O are represented <ILAB(0’ v)>v =
EILAB(O' v) will be of neces- ity triangular. The addition of data

for only two other values of 0, allows a much greater range of profiles
for <ILAB(0, V)>v' This feature must of course be used with great care,
and can only be used when the angular distribution and measured velocity
distributions indicate that linear interpolation is reasonable.

At times one may wish to determine Ic.m.(a' u) for some product
species for which TLAB(G’ v) are complicatad by ionizer fragmentation
of some other species. This is the case for the IF product of
F

+ I, I+ IF + F for which the iLA"(O’ v} dataare complicated by
5

2 2

ionizer fragmentation of the IZF product of the reaction F2 + 7’2 -+
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{,F + F., In this case, it is nucessary to subtract from the ?IAB(G’ v)

data for the IF product, the contribution duc to I F, i.e. it is

ry to subtract seme fraction of b (0, v), the distribution

LAY

F, for each 9, v point. This fraction to be subtracted is

for 1

2
determined from the measured I_,F+/IF+ fragmentation ratio of IZF'

Progran RECON allows both T (0. v) and [LAB( » v} data sets to be

input and then corrects f (O, v) by subtraction of I (0. v):

_ T _ . .
T as®0s Yidconpectep © Tapt®yr vy T KT TN vy! 14)

tor the complete range of i and j, where k is the fragmentation ratio.

ON of course reproduces the input data. It prints

As output RO
cut the heam velocities, V1 and VI, intersection angle, GAMMA, and the

f(vl). f(vz), f(y) weighting factors, as well as F(Vl, v2, G), the

e fi weighting for each Newton diagram used in equation (13). THC,

the center~ol-mass angle (Oc.m. of Fig. 1), and EREL, the collision
energy in keal/mole, are also given for each lewton diagram used in
equation (13).
The principal output of course consists of the I (0, v) and
i:;(;, v} for cach iteration n. These data are headed FOLD and
EXPT

LNFOLD in the output. TLAB (0, v) is also given under the heading

EXPT. A fitting vrror defined as:

‘°”'\F 2 AF0, w-1 0, v? / i, v, 15

tv 0,v
whure N is the number of data peints is also given for each iteration n.

RECON also computes and outputs the lab angular distriburions,
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%:TLAB(O, v)-v, for the experimental data and for f{:;, for each

iteration n.

After a specified number of iterations RECON then computes the
center-of-mass velocity distribution, %:Ic.m.(e‘ u), and angular
distribution, g;lc.m.(ﬂ, u), for the I:.m.(a’ u) which has been
recovered in the fitting procedure. These distributions are headed
P(U) and P(TH) in the output. The program determines the finest
possible grid of velocities and angle:c which can be accommodated
using 20 values of u and 6.

Ic.m.(a’ u} itself is given as a contour plot generated by the
linc printer, superimposed on the canonical Newton diagram, using
characters G, 1, 2, ..., 9, A, B, .... K to indicate contour values
0-20. A contour corresponding to an integral value is drawn between
successive characters. For example, the T = 4 contour occurs at the
boundury butween the 3's and 4's. The contour map is positiuned on
the output so that the axes of the paper correspond to the reactant
beam directionswheny = 90°. The relative orientation of the beam
velocities, i.e. which axis of the paper corresponds to which beam,
is chosen so as to give maximum resolutica in the plotted contour
map. At least one beam velocity, given by a chain of arrows, is
always plotted, along with the position of the center of mass (§)
in order to indicate this orientation.

A description of the input variables, a program listing, and

sample output of program RECON foilow.
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Program RECON lnput Variables

Variable Description

IL fteading for all output.

ITMAX Number of iterations desired, n < 9.
LESCALE, ME Control variables for energy weighting the

cross section. 1f IESCALE # 0 the program
reads in NE (~ 20) values of the collision
energy and the relative magnitude of the
reactive cross section, o(E), at that energy.
This allows use of the experimentally
determined cross scection energy dependence
which is only available in tabular form.
1ESCALE = 0 eliminates this feature.

EPEAK, FEZERO, POWI, Parameters available for use in a functional
POW2 representation of the enerpy dependence of

the cross section. Such a functional repre-
sentation of ¢(E) can be nsed in piace of

tabular data or in conjunction with tabular
data. The meaning of thuse parameters is
decermined by the functional form of o(E),
chosen by the user, in subroutine CNEWT.
EPEAK<D gives no energy weighting of the
cross section in this form.

U(IE), SIGMA(IE), Arrays giving the collision encrgy, L{IE), and
[E=1, LE magnitude of the cross section at that energy,
SIGMA(IE). E in kcal/mole, SIGMA In any units.

NVB(1), NVB(2) Kumber of velocities in each beam to be used
in solving equation (13). NV5 must be odd for
a nozzle beam; even (or 1) for a velocity
selected beam.

NGAM Number of intersection angles to be used in
solving equation (13). NVBE(1) - HVB(2) - NGAM =
total number of Newton diagram transformations,
which must be less than 400, The actual number
of Newton diagrams used by the program is
somewhat less than this, as very low probability
Newton diagrams (less than .05-"probability”
of the most probable Newton diagram) are not
used.
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Program RECON Input Variables (Cont'd)

Variable
GB(1), GB(2)

GAMMA

HWIDB

VPAR(I, J),
1=1,5 J=1,2

NTHL

NV

DV

vo

Vs

vSsp

Description

Magses, in a. m. u., of the reactant particles,

Nominal value of the beam intersection angle
in degrees.

Half width, in degrees, of the interaction
angle distribution.

Parameters describing the velocity distributions
of rhe two reactant beams. I is the parameter
index, J is the beam index. VPAR(5, J) indicate
type of beam velocity distribution.

VPAR(5, J)<0 indicates a supersonic nozzle beam.
Then VPAR(i, J) is a,, VPAR(2, J) is vy, and
VPAR(3, J) = M, where a,, ¥, and M are the most
probable velocity in the nozzle, the ratio of
specific heats, and the beam Mach number,
respectively. VPAR(4, J) is not used.

VPAR(S5, J) = 0 indicates a velocity selected
beam. %PAR(1l, J)} is thepn the selected velocity,
VPAR(2, J) is B and VPAR(3, J) is y, where

B, Y are the mechanical velocity selector
parameters as defined by Hostettler and
Bernstein.” VPAR(4, J) is again not used.
VPAR(S5, J)>0 assumes a distribution fitted to
the UDIST function of Entemann.

Number of lab angles for whick fLAB(O' v) data
are to be analyzed. NTHL<10.

Number of velocities for which ILAB(Q’ v) data
are to be analyzed. NV<30.

Spacing, in units of 105 cm/sec, between
velocities in the ILAB(O’ v) data.

Smal]egtvelo:ity. in units of 104 cm/sec, for
which Ipag(@, v) data are to be input. VO
must be the same for all angles.

Lab velocity below which data are not analyzed.
VS = VO usually.

Lab velocity below which data are not to be
contour plotted, VSP:VO, Usually VSP = VO,
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Program RECON Input Variables (Cont'd)

Variable Deseription

THLCITHL) Arvay of lab anples, 0. THLL)-THL(2)<«....
ITHL = 1, KTHL <THL(NTHL) .

[NORM Control variable. [f INORM # O the current

THL{ITHL) is used Lo normalize tYn angular
distribution (Tpape( ¥= I( ALC(Cs V) ev) calculated
by RECON_to the 'u'\-pvrl'm ntal® angular distri-
bution (Tpap() = Ty pC . viev)),

€)= TLM;(") = 1.0 for ¢ = THL(ITHL).

C ALC

ISICN Control variable, ISIGX ¢ 0 means that
tahoratory data ;L.-\I{("- v) have been obtained
for the current anple THLUITHL), and that these
data will be ruad in zu RECON.  1S51GN £ 0
implies that ILAB( v) data are pot available
for the THL(ITHL) .md will thus not be rcad in,
“he program wiil “ealculate” the Jpaglc, v)
data at this THL(ITHL) by interpolation of the
Al v) data at THLOITHL-1) and THL{ITHL+1),
This allows gencration of more data than was
actually obtained, and sonctimes expedites the
accurate recovery of Ijap{, v) when the grid
of lab data is "coarse.”

PECALITTHL) 1f ISIGN = 0, TSCAL(ITEL) is» not used. It
ITRL. = 1, NTHL 1SIGN # 0, TSCAL(ITHL} is the normalization
factor for o = THL{ITHL)}, determined from

the angular distribution. 1t is cqual to
NORM-DIST where NORM, DIST arce as given in
the description of the inpur variables for
program FLUX. It vnsures that for the
-iLAB(O' v) data interpolated

Tas @ v vlo L gy

2

d™N 0, v}
LAB """ - :
04T l() = THL(ITHL)

do |o = muL(rmm) - NORM
The value of TSCAL(ITHL) used must be consistent
with the values for NORM used in program FLLIX to
obtain I;,p(@, v) at O = THL(TTHL-1) and
0 = THL{ITHLH1).

dNLAB () ‘



=135~

Program RECON Input Variables (Cont'd)

Yariable

PE(IV, ITHL)
v =1, W
ITHL = 1, NTHL

SUBFAC

PSUB(IV, ITH)

1CORT

Description

The lab data TLAB(Q- v}. These data are read i
only if 1SIGN « O for the current value of ITHL

The factor k of equation (14). If SUBFAC = 0.0
chis feature is not used.

The array of iug(e. v) which is to be subtracte
from I),3(0, v) as in equation (14). Not input
1f SUBFAC = 0.0

Control variable. ICONT = O stops program
execution. ICONT ¥ 0 indicares another data
set is to be input and program returns to
input rvoutine.
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SR 1GUR ACCINETIT L WTPAT  TABES [P T, TART 52N UTRUT)

COM TN/ARA AN PR 0

TAMM G /TSPAL TATTERL A Ny SN,

MM NS TMITSAOTHWOTL oA 1, 1T THAT N UMTY

NN ST DV MM A TR A, I 3 VP AR L FARGL CXGC Y, T STV, SINTY,
PIT 0 (w2 T (TR TN G0 7 2, PN 0y

a"‘“'c/l\’wv\.."m.w IV THL GV VS VSP
PYCTULC/VL VI T NP, Y MDD, (IS TYMP,SINTYNE
MO TR LN Y XYY
ST S T A 2Y)
Y “S'Ii(ldl

RSN VEY S RUET R ISV A PR PYA S PR NS S CURE PYS JENWNE
VA1), STUTYL o003 T (2000 e TLEAY, SUMEE 1) o SUAFFI L0}

VEMTUST L NG LI, PTIHPEIL LD W L LS TR T TSE AL 1D}
FUMNST AN O(A0u I, P00 L) PP g S VLD 2o o b THLEL DY (¥X (30,10}
LaVY 33,000, NE 1T 130, 1)

LI6TIAL e July T e D0

CAMTINT

AY RTY AT{TE THE L gr aatanpTiag,

sEaT (5, 100 IL

SEAES LOZI) (TruY

SEADLS. LI IR ITRCAL -y N G- P AR TSTT 0P WY P te?

[EIT ACAL S 470, )} A TN 4

MITANTIA,LUIS) IS0, iF Al )

TACESy L e (STSMALTIT Y, 1T =)

ERENR TR RN B BRI S ERUER IS P I L PO TS § PR T N PR L PRENSL

STAMS, e IVPARET e TE1 45
ECATTA, 1 202 A9RrR11,20,121,9)
SANCS, (I3 THL DNV VYN, VS, VSR
Rus|

fanlrTz)

M3 JAYS] L MTH,

DML AT, TEY

MOV ILJAYY )
TEAN( . aN0e) THLE I L) I M, 151
LACCJAY R THLETTHL

IE UTMEM NS, )) HRM=JAY
FELISTIAND 13414,12
ISHIFTa[SHICTv]

MIVE({ FAY Y =]

fY T2

(e BN A5 BY,1

VLTV, ITHLISFLOET{IV=1)%0Vvev)
READIS, 10051 (OE(IVLITHL) IVl hv)
LSHIFTIJAY)=]SHIFT

WRITEL6,1019) IL

WRITF 16,1006}

WRITECH,LNOT) RA{1),6BL2)
T1=tYPARTE,1)/1.28405) "% 2%GR( 1)
T2=(VPAD (1,2} / 14 2B4AS ) en22GR(2)
WRITEI6,1008) TL,T2

WRITEL6,1009F VPAR(Z, L) ) VPARC 2,2}
WRITE(6,1010) VPARI,1),vPaARL3,2)
IFIVPARIS, 1)) 110,010,102
TFIVPARIS,21) (13,114,122 ;
TF(YPac(5,2)) 11%+116,112

WRITE( &0 2011)

G2 TN 112

WAITEL6,1012)

FaraLtaayy
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GO T

Q 112
115 WOITE(6,1013)

GO Tn 112

116 WRITE(As1UL4)

112 WRITE(A,10]

WRITF(6,1316) NTHLqVV.DV.!OgyS!ySJ[_
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150 WwBtl)Mvat2)

WRIT{6,1017) [TMAK

1000 FNRNATIBAL

1001 FRAMET(ITS 5K ¢6F10a41
1002 FORYATIBFLde4)
1003 FUAMATI2TS,

luuée FORMAT(5X,
1035 FIPMAT(AF]

0.2}
Foel9215+F1042)
22

1006 FORMIT[1HO»30X, 21HAFANM THPUT PARAMETERS/ LHOs 44Xs THORIMNARY ¢ 8Xe GHSEC

1INNARY)

1397 FNRMAT(1IHY, IXg4HMASS ¢ 32X sFEe 29 LLX9 0e2)

1000 FORMATHLH
LO09 FARMAT(LIH
1219 FORMAT(IM
1011 FURMAT (IH
12Le FORMAT(IH
1313 FNOMAT {1
131+ FIGMAT(LH
LIS FRRMAT (LM

190 LANTEIPERATUNE (25K oFBig 1 TAN»FESTD
$OK SHRASNG, 23X sFbhe 2,1 3K s Fue2

$9K g 1LHMACH NUMRTF 4 2AKoF 5a 2y 12U oF5,2)

COKp L THNTSTR IBUTLUN TYPE , 19Ky 6HNNZZLE s 11Xy GHNOZZLE)
+OX, LTHPISTO TAUTION TYPE o LSX 46HNIZZLE o LOK, THVEL SEL)
.9!.\741!ST=IHUTIHN Ty BRy THVEL S ,vlllanNBllLEl
29N LTHNISTATBUTION Y¥PE1BX, THVEL SEL4 10X, THVEL SEL)
19X 23HNDe VELOCTTIES AVERWGEDyLTXyT20 L5Ks12)

1J16 FPAMAT(LIHD,® NUMAFS F (AP ANGLE3 »%413/1HUe® NUMBER OF VELOCITIFES
1 AT FACH AGLE w®e 1371470 VELICITY INCREMENT ww,F5,2/1H0,* FIRST
LVELNCI™Y wa,F5,2/1Hoy® ANALYSES CUTHFF VELOTITY =#4F5¢2/1Ha+* CONT

Laue pLAT €
1017 FLOMAT (LHD
L1713 FORMATIIHL
1223 FIRMAT(IS,

CALCUL AT NF

CALL fNEwT

UTIFE VELACITY w0 ,F5,2) o

of NIMAES NF FTEIATIONS RSQUESTED '159,12)
LIYR]]

5Xe5F1Je2413)

WY [IAGIAMS AN DARAYETERS,

CXMPar ({MP)
CY40ery{MP)
CASTyP2L STV (4P)
SIMTY¥P=SINTY(AP)
IVS={yS=vII/DV+Ia1

9100 1T20

CALLULS™F AY INTERPULATION 14¥21SITY DATE FOR THZ REQUESTED ANGLES

MTHL 2MTiHL

NYHL=MTHL =1SHTCET
DY 1Sy TTHLat4ATHL
0N 1% 1Vl Y

150 PLIVyTTiHLY)

2FE IV ITHLY

NN 120 JAYI], TH
TEOMIVI{JAYY) 121.4122,12)

122 (PLaLSHIFT
on 124 10e

124 PTIHP(L0A,
61 v 12)

121 SumeT=0,N
an 123 1D
VW=ELIATLL

(Javy
3Ny
JAYsr T{ins, JaY=LAL]

=l 4NV
DA=LI*Vev Y

TL=ANGLJAY)

CalL INT K
PTEwD (N,

-
~
o

TIVY,"L (P2
JAY ap?

SIMPTRSIPT DT 7YY
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SKIOuNVESUMPT/TSCELIIAVIZT1))e
SUMSEF I JLY I =SIIMPT /5K O
0N 125 InA=L v
125 PT. MPITNA,JAYI3ETENP{TINL, JAVI/SKIP
120 €aMTTMNE
MTHL=MTHL

LY

C FRan ARRAY ('F gACKGY YWD TWTENSITIES TN BE SURTOACTED

READLS, 1) )2) SuBEAC
TE(SUBFAC oEQe 0af) =01 TO 5
P 6665 TTHLELNTHL
£6an{5,1325) (OSURLIVITIVeLINV)
D 4000 Ivel,Nv
PELTIVITHL =BT (1Yo 1THL }=PCUR{TV)RSUBFAC
6235 CNTINUT
6666 COMTINUT
NPTSe )
SUMe )

w

[+ CALTULATE VELOINTTY COMPOMENTS
< CALCULAT® ANGUL A« DISTRRUTIIN AY SUMMATION WER VL
C WEIGHT DATA ACATPDING T) STASTICAL UNCEPTAINTY

0 & ITHLel, M YHL
MOVITEMWE( 1T HL Y
SUMDS =), N
SUMPZF=)e ) B
THLOTTHL )= ANGITTHL)
TaTHLOITHLY# 12174533
CT=COS(T}
STaSINITY
DY 3 1ystvS,My
VLEIVLITHL ) B LNAT L y~1 }¥DYeVD
VEUIV ITHLESVL TV ITHL JeCT
VYLV ITHLDaVLI TV 1 THL )oST
OE{ IV ITHLISPTENO{ IV, ITHL)
IF{PE{IVeITHL ) oLEe Qad) PEC(LIV,ITHLI*040001
SITV,ITHLISPI(IV, ITHL)
WEISHTCIV. ITHL =502 T{PECIV ITHLIOVLI IV ITHL })
TR (MUVITE 46,43
6 NPTSaNPTSe]
SUMPE ESUMPES #OE [TV ITHLI/VL LIV, ITHL)
SUMPS aSUMPL#PEL TV p ITHLI®HF IGRHT TV, 1THL)
3 CNTINUE
L TRNIVET) 4744
7 SUMES{ITHL D aSUMPLE
SUMa SUMSSLPZ
4 CONTINUE
DIVFACSSUMES {NIRY)

_ESTARLISH LEMITS FOR EXTRAPOLATION AND CONTOUR MAP

I Xata)

1TLO=0

1THI 0

TR ITHLONTHLIGLEs THC) [THIs]

IF(THLIL) oGFe THC) ITLNal
i 1001Tsi L B
7777 CALL ALIMIT{IDAIT,1THE,1TLD)

1NAITe0 ) .

EAR=040

00 2% ITHLs1,NTHL . . .
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MAVITeMIVELITHL )
SUMBF 20,0

DO 20 1¥=IVS NV
_Fe0,0 .

VFLOCITY AVEARGING LUIP,

1% e
_LAB aa> CM_==> LAB TRANSEORMATION,

LN LY
,
'

N0 15 1JKsl,NBREN .

TFUITIIINY (NEq ) GU T LS

UXLOYXE IV, TTHLI=CXIT JK)

UYLaVY (1V 4 ITnL J=CYITIXK o
CASTVE FJND=UYLESINTYRTIKY

NTVE TJK)SUVLOCOSTVIT IR ™

YXTal)XPC TS TYMPoUY S INT VIO +CXMP

YY1 aUNESINTYMP4YSCASTYNP LY NP

VIeSQATIVXIeVNIsVYTIeVY)

TIaATAN2(VYT,VXT) /047174933

_CALL INTEXT(VI,TI,PT

FaferaBGl LUK ) o VL LLVs ETRLIZV babaopt

CONTTNYE

PF{IV,ITHL JaF

SUMPFeSUMPFRFE/VLI IV ITHL)

TFIMOVIT) 20,22,20

22 ZRP@ERACIIPLALIVEITHLY =F)ourIGHT(IV,ITHL) ) *s2

29 CONT Wiz

23 SUMFE(ITHL ) =SUMPF

28 CONTIMIF

ERO 8100 0*SOFTINPTS9SRR)/3UM
WRITEC6s1718) LT,ERR
118 FORMAT{IHD,#ITIRATION VIMBER we,12,9 CARCA 8, F7,2)

w

et

CORPECT LAST GULSS 1Y PATLA ¥ETHAD,

ano

0N 230 ITH sl ATHL

DO 250 IV=l,y

EF(PELIVAITHL) otTe laJdF=93) G T0 250

PUIV ITHL IOV, ITHLISPE(IV. ITHL )ZPFL TV ITHL Y
250 COMTINUE

€
€ ATPUT BT3INLTS,
[4

5200 NPGanTHL/ Y
TFUIANPG LLTa ©™HL) NPGINPAe]
DN 57 [PaL,NPn
NTleteaqio=ijay
NT2aMININTLS2 MTHL)
WPITE U5 0930 (THLEIITHLY ¢ 1THLSNTL,NT2)
WRITZ(As LUILD
R 45 V=1V Ny
55 WPITE(6sL 3221 (VLEIV ITHLD o PELIVLITHL Y 4 PFEIVITHL WP LIV ITHL 2 ITHL
LT LN
50 CANTINUT . "
WalTI (641029} NPTS
1229 FURMAT(LHITLD,® DATA POINTSH)
TLOAN FARMATEEIHOLAR ANGLE 115X, Faely 18X )
1931 € 1944 T{ LHipg 3E3XNBHV. LT X4H: XPTOXGHFOLNSXAMUNFOLCHX § )
1232 FAPMAT (30 3XeF 5,20 2F 104 202XeF 1042)3X1)
WEITLLH, 1350
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B #65 T7HLutpuTHL
61 WEETEEEL1930) THLITTHL Y, SUa. SCTTHLIZOTVRRC o SHMEF T T FHL )/ SUMFF [ NPY
1
A8 CINTING,
O3S FIPRAT NN, IHXBLAA MG EY NISTRISUTT NG/ LoX R THET IO AX 8 NP TO, B X
Lp®CaLlny
1020 SURPHETIIN 1 Xs€10e1,2%sFY Jo ¥4 2XeF1 2al)
27 1T="1¢1
JEAET oLTe ITVAX) SO T4 7077

ad AR VELTTITY DSTR 10T ViSe

COMPYT S MY BGE £M NI

XYz

wEITTLE, 10340
1N 2 FORMAT{2HOUNFL DT IN £TACS SFCTT0)
DIV TO 1THLEL G RTHL
NN 7 1VaLVSH UV
TO PUIVAITAL B wP PV, [T AR EEYX IV ITHL I=CXMP ) 024 {VYL IV ITHL )= YMP ) s o)
LIZVLItY, I THL ) we
FALL C20S .
IVSalVSP=Vin 2 avel,l
TFLICSNILE JFQe D) Gy T1 %0
WRET {6,109}
wRFTEES,LIDD)
N7 L2 I€al,%°
WOIT LA L12D) “HIF)SIGMALERN
1200 ZONTTME
a9 ELCMAT LMD ,® LRSS SFOTICH 45 X FUCT P9 CF CPLLISTON DNLiGY=)
11J) FARPMET(IM (= [ F3IRY SYguLe)
LULO FARMAT(ZFI,2} .
1159 TFUZPTAK 4506 2e )} R T L1302
W TTU6 L2E T TP
L210 FAIMAT [LHO,® <P3.
WOTTToe 22N PR
122) FOIMATLIHI N 17580 2 8,81 4,7)
AATTE(6, 02300 241, 0 W2
123y FYIIMAT(LH)® PIul = ®4F3ele® P42 = #,F3u )

o B Flug?)

G CrNTWe PaT OF (F065 SELTIAN,
[

LNA2 AFTFLAL)E))
1060 FUIMAT{LIHG)
CELL CWITOWe
WAITEL6,1ITI)
1ATH ENAMATIIHRY
*FANIS. LYY 17937
IFCICDMT JHEL J) 6D TN 999
bk 1
END
SURRANT IMF CHFAT
4
[4 FALFAYLATES NTHTOV JIAGHAYS &nD THE IR W 1GHTS
4
COMMIN/ SSCALE/TESCALE W S IGMA
£NVMMAN/ME WTANZNVA NG A GAMME JHW IR VPAR 4 FARBG CXoCY o CISTY, SINTY,
LITDINGRID MO, THC yE0EAK ¢ 22BNy P TRy 22
CAMMINZPTCTURS/V Ly V2, XUP, CY NP, C ISTUUP ( SINTVMP
NIMENSTIN ¢ 1200,51GMa(2))
PIMENSION FABGI4N0}sCXI500),TV(400)4,COSTVI470),SINTY{400)1TOI400)
DIVENSTIN VAL, 21, FBI2:042)»GAMIS) TGS VIEL (4IT}
DINZNSIIN MVA[2),VPAR [5,20443020,AL(2),GBL2)
GleGAl L]
G2aGRI)
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G=GLeC2
GBFACTGL*G23,001195/6
SHEGAM/ 261

Eppiz 0

AL FL AT (K= hH I RHATNB/ FNH
FC(xi=le
TF(HATNRa NFeOe) “G{KIele=ABS{GAMIKI=-GAMMA}/HWIDB

Mvls A
TFIVOBr[SoLD) 205154210
I0 FupH=AMAXD(MVL/21)
ne 12 Ts1.NV1 .
VRLT L I=VPAR (R, L) *FLOATLE /SR
12 FR{T,LI=UNTSTIVRII,L) VPAS (T, L))
61 T 33
GMA=VPAL {3y LimvEao (]
NV=1,~VPAR{3,L)
A)(11=11,¢VPAP(2,L10/GM8
ALIE}E=11,4¢VDAD(2,0))/GYY
B2 ==V /GMA
AL(2)=(1e=VPARI2,L ) }H/GMY
NY=2o/INVAFLOATCIVEELY)
HH=L o /NIt La
ov=ny/A01 1)
NN LT T=14NVL
Rl g¢FL VAT{1=NH] &NV
VALT L D=wPAR (L L)k
1=
TF{4eGTels) 1122
L7 ERLT,ALI=A00 T ebLLTLI/R
GY TR W0
20 ALRaVPAI(L,LI/SO9T(1e ¢{VPAI(24L)=10)72:9VPLK (I L )%%2)
VF3SORTIVPAR(Z(L /2. 1%VPAR{3,4L)
VPK={VFeSORT{VFes343,0 112,
ENARMEIXP [ (VPK=VI ) 442} /yPKex2
DV=3.33022/FLIATINVI¢]L)
NHENVE/2¢ 1
on 22 1=1,nv1
P=VPK?FLT\£T(X-N“)‘DV
VAT L) =aLL*S o
22 FR(TL1=FNORAERES 20SAP (= (VF=Q ) 0B2)
30 CNTINUE
FM0x(,
NV1=MVI(L)
_ NVZaNVEL2)
10K=0
DO 4 K=lyNGAM -
GUK=GAM{K) 40174533
CGREASIEMK)
SGaSINIGMK)
DD 4 I=1,NvL
VIaVATT, 1Y
... DN 4 dxlyNy2
VoayAt(Je2)
. TJKafJKY1
T UNPEL(IORI STVIveZevaRe2=2, SVIRYIL6Y T T
v-sonT(anL(!anx

o

AT

€  ENFRGY WETGHYING OF C&05F SECTTON = TWANGE TO SECETT Yhl F
C  FORM YOU DESIRE

(3]

UNCTTONAL
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WATEwi .0
1

S— 1
‘9998 EASI’ - lEPEAK-ECOtLI
9999, 9999, 29

995 LI ECOLLSEIERD) 9957 L397,5998

99T MATEQG . - I
63 Y0 9999 )

9993_HATE®le0~(EASY/ {EPEAK=

9Pl
9999 FABGLIIK)VSFBI(T, LIFBEJ,2)8FGIKISEFACIECOLL TOWATE

9996 CX(IJK)®(GLOVIOGROVRRCGN/G .
CY{TJIR)G20V2856/G

.. COSTVLLJKD=EVI=YReCGYY . ..

SINTYL LUK bav2/VeSG

I _JF_(_FHP.GT.FABG]_IJ__]) G0.YQ & e - e

FMPeFABG(1JK)
e ML
IMPat
. LU S
4 COMPTINUE
NGRIDwNY]SNV2ENGAM
1JK=0
e MRSVBUIMBLLY e et e
V2aVB(JIMP,2)
CIEL]1SSCALE) 7500,6009,7530
6000 [FLEPEAK) 7500, 70007500
7000 _CALL MPNO(YB,F8y LMPy JMP, VI, V2 )
MPuNGRID¢1
L CXIMPIIGLeY /6
CY{MP}=G2ov2/G
CASTVIMB) =V1/V.
SINTVIMP)mv2/Y
7500 VsSQRTIVI*a24y2ex2)
NH=Q
~§UMaD, _ e —em e e e
F'IPI0.0S.FHP
DN 65 TJIK=NGRED
ITAC K=
TFEFARGIT JKILLEGFMP) 6O TO 65
1T 1) =0
NHsNH#L

Su
65 CUNTINUF
DD 67 TJIK=1,NGPID
TFLITOC(IJK}oNEa) GO T 67
FABGL TUK I 2FABGITUK}/SUN
.67 CONTINUE
WRITE (6, LUDOT
13K=)
NN 8 Kel,NGAM
DO 3 T=L!NVL
On 8 J=1,NV2

FOCEIKTGNELOY GN'TH 8 7 7
THC®ATANLCYE TIKH/CX{TIKD D/ 3174532
FREL=GFAC ®YAELIT.4K)

WRITECS) Lutl) VAIT 1) ,FBITs01,VBLIr2bs FR(JI9211GANIK}oFGIK),FABGIYY

1K) ¢ THC, EREL
A CONTINUE . i -
THCATANLCY[MPIZCX(MP) /00174533
ERELaGFAC sysy
WRITE(6,1002) V14V2,THL,EEELeNY

1099 FORMAT(LHOSOX2ZHVL TXEHFL VLI ARZHVZ TXSHF (V214X SHGAMMASX4HF (G) IXLOHF(V]
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l.vz.s)exsurucexsuens;n
1001 _Fr 10 +2F10a21

1002 snuun Uo7 A0K,IFT00Z7% TCANONICALTH
_ _L/1HO9XIS+* NEWTON OSAGRAMS®)

RETURN

CEND
FUNCTION EFACCECOLLY

DETERMINES ENERGY VElGHTING OF CROSS SECTION FAOM TABLE DF

EXPFRIMENTAL VALUES

_COMMON/ESCALEZTESCALENE,E,SIGMA e

OIMENSTAN E(20),5T6MAC20)

IF{TIESCALE JNEo O) 61 10 2

EFACw 1.4

RETURN -

0D 10 Je=1,Ne

IF(E(IE) .GT. ECOLL} GO TO 20

10 CONTINUE

20 1EL=IF _

IFL{IEL.EQ. L) GO T3 30

_Ic0=1F=1

ot

T CRAC=(§16AATTEN =S TOMACTED 1/ TE (TETI-ET TFITI#TECALL~E(TEDT)

1 ¢ SIGMA(TEOD)
GO T 40
30 BFAC=0LN
40 CFTHRN
END o
FUNCTION URIST(U.PLR)
PARAMETRIC FIKM FNF VELACITY DISTRIBUTIINS

DIMANSION PAR (L)
RzyfPARCL)
IF{R.GTals) G TO 20
A=0AR(2)

R=PAQ (3)

ALR=ALNOGIA)
UDIST=CXPAR{ALR+ [ Le~FXP {BOALR ) }/R) )
PETUSN
A=PARLG)
8=PAa (5}
Gt Th 19
END

<

2

o

SUNRCUTINE MPND[VAFRyTodsV14V2)
FINDS CANJNICAL NEWTON DIAGRAM
VL4 V2 APE FOUN) WHICH MAXTAINE VESRSENTWNY

DIMENSION vni20,2),FRI2072)
DIMENSTUN AL2),AC2)4CC21VE2)INVIZ),FL21,D(242)
araL N
NETA S/1./
1P TaFDelai%e S0 EQe 1T Git TH &
D0l L=1,2
vq
1F(LaFQu2) M=
THaVR(MD, L)~ VAT, L)
A(LY=(ER{M+1sL )= z.-ra(u.L)oﬁnlﬂ-l.t)iljz.tﬁgqg) .
ALY = (FRCAR LY D =ERTA LYY/ R-A LY L2 SS0RTM, LY o) - 7 7
CALISFA{M,L)=VE{M,L PA{E(LIEVB{M,L)+R(L))
1 oviL1=vai4, Ly
2 Vazy(Lhas2ey(2)ne?
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D1 Y Lagy 2

T LLIVAL IR (R TLDeV{LD*YEL )
N2Hu2ent L)

i L} eNINeVIL )

2w/

F{Ld=ViLbevReD/S

OfLpLIat o ¢l2.mV LI SVESIL P,/ =3 %0200/ %
LLETIN

DEL MYz oviNpa2ss

NY & Lel,2

Majel

OVILI=(FERI=I {2 = (210000 eI D7D Rl DOD{2,MI=DNE24LI*DIL, N))
viLtsvil )= Wit}

TELABSIDVIZ) 1afTala " =3 Ville Y3e285(MVI2)1aGTaleS=38VI21) G TO 2
viavill

V2 vizi

RETHRY

VievR{t, 1}

V2a¥303,2)

QF *yRn

RLD]

FUHMRJUTING ALIMITUINDIT,ITHILITE 1)

FIMPS LIWITS € EXTOAR)LATION  IN SURRNUTINE INTIXT
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CNMA PIIPTLTF E/VL V2 4L XML CYNP L LASTYAP o SINTYHP

COMHANSSE SOV, FVX VY

DIMENSTW P= l1).10!."(30.[0)-vx(30.lo)'VY(30v|0ivVLl!0-l0|.THLllol
Ny 10 Kel,2

de e[~ 1P [NTHL=1}

Jlagei=2e(vr=t)

DITHETHLCJL ) =THLTJ)

17 1UNT=)

SUMItT=), 0
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DHHEPEIV, 154001V, )

TRIN2"3911 L E. Na) 6™ T2 6

NraABSIRL IV, JYSPITH/OENTY)

SUMDI TaSUMNTTenT

17 VINT = ]C WINTe}

CWNTIN _

IELICTUNT oF Qe O] d917:3{6,9489)

FIAMAT{IHI 9 ERRYL [N LIMITING ANGLES SOUTINFe)

DT=SyMNTY 71007

IFtx=-2) 7,8,8

nTLeNT

60 T7 10 . . .
nTHer T

COANT YN )Z

TELINMNTY 2003000207
1E0ITHEY 11,2112

03 13 K=1,2
1oIvSelk=110("V=1VS}
UKLoVXL] o NTHL 1=CXMP
UYLeVY ([ ¢ NTHL }=CYMP
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THATANZ LUY JUX}

U2n{UXSUXSUYSUY)
USwSORT(U2)
1F(K=1) 15,15,1%

6270 13 _
THNAX = TH
cowrINeE
OITo ITHAAX-THNIN) 720,

60 1220 e e e e
Ny 18 Xmle2 [
InlySetKelin(yy=[VS)
UXL=VXLT o LI=~CXMP

UYLaVY{Te L)=CYNP

UKsUXLeC JSTVNP’WL'SIN"V'“'

uzsuxtuxouv-uv
THeATANZIUY yUX)
USeSQRT(U2)
TFIR=11 19919421
THuAK=TH

G) 170 18
THMINeTH
CONTINUE
DITe(6028319THH] He THUAX) 7200
G 1O 29

THAIMu~3, 14159

UL Hede 2

NIv=ne314159

G 10 40

JRITHTANTHLOTITL)

UATHe 1000«

NN 3G 1alVS,Hv

T UeSQRTIIVILT ¢ J)=CXIPI 92T VY] )T YPIee2)

33
n
40
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TFLU=UNINY 33,30,30

tMIN Y

CONTINWE

1J41Xa0,0
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Jola(L=L}S[NTHL=L}
UeSQRYTIVRIT o JI=CXUP Jue24(YY([,J)=CYHP o802}
ISIU=UMAN) 23423429

YMAX =l

CONT INDT
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RUUs(UAAX=UMT ) /20

QETYIN
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EF 1 "-TMI. K1) 845645
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J= IWINTNL-IQ'AKO(I'J.'

C1E4t . e e e =
Je=)

Tislel

Jinge}

€ LINSAR BIVARIATE INTERPOLATIIN

OV IVI=VLIT,J) /DY
Or-qrt-THL(J))I(THL(Jl)-THLIJ)l
obinsgv

oun=qT

1IFLILM 62 T 30

IF1IH]) GO TO 38

TFIILAY G3 ™) 20

IFCINE) GO TY 25

PLOP (1,0 34QVO (P Tig J1=Pi1ed1)
P2aPLi T, JLISQVE(PITL J1I=PLT, 4000
PI=P1eOTe {P2=PY}

PFTURN
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25
26
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IER0, AND NECREASE AS Vee2 BEAK Ved
YEQILD, ReJHT ) PImAMTNLLPL,PL)

PIPAMEXL(JgsPT)}

PETIAK

PLAPIT SIS IVI/VL (L ,d) hue2

PP (TaJLI®IVI/ZVLAT Il bY 02

PTaPL4QTe (P21}

6N O 19

IFIQTeGTaeS) G TO 27

PIaPCIL 3 )e{1,=CVIRIPITod)=PlTLed}DeOTOIPITNLI1I=PITL D)
6N TO 19
Pl-;!lI.JIIOGI.-QVI‘(PII.Jll-P(ll.Jl'lvll.-OTl'(°l!l.J)-P(ll-Jlll
Gr 19 1)

PINP(1¢J1oQVeIPLTL, J1=PETedt)

PLEPLOTL,=(THL(JI=TT}/DTL)

IF{ILD) GO 77 20

1F(INI) 6N 1Y 2%

IF(OVeRiT,e51 K7 TD 25

PIe0LSOTH BT 4J11=P( 1,430

[ARCRE

FLSPITeJL14QUOLPITLILI-PLT,SL0)
PUSOLE{L, (T I=THL(J13H/NTH)

IECILYY GJ TN 20

LE(INT) GO Ta 28

IFEOVLGT .50 67 T 27

TIe(P(T,01=P({],J1))

Syle Jurite CANTAYR

PIINTER PLOT FTO CGTISS SirTho,

(MMGN/AE R AY/PE,D
CANMIWIOTCTURE/VL W V247 NUP LYNF L NSTYHP , S INT VP
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CMANNZINVIVE g THL 9 HIV [ Vg VI o T L 9 IVS, V5, VEP

MM ES I VEIVE VY

DIMTNST IV Flade LUL VT 300 L1VAVY (300 130 o VLE30, 171y THLI LD oPEL 304 LUt
DIMTNST IV (HA7(210,23TLL29)

DATA CIt4/ LHO o 1ML o LHZ ¢ LH3y Lhdy U315, I4b o LHT o LHB, 1HG ¢ LHA ¢ LHR y LHC , LHD
LEM g 107 g 3Ry EHIT LRT o 1135 LUK ZpBURNKZLH 79T W/1He 74 CH/LHE 7 4 INE/ 1 Hey
AFITS {8, 207)
PAXa 04
[ARLS THM
VI4INZ0.9
VYNAXEI,
VYMIFaE )g)
IFIVL=-VZ) 13,123,412
12 YYYAXsye
61 T 19
13 VXMAXaVL
16 D1 1 3=k pNTHIL
1) TaTVSyY
IF{PMAX=PTEsJ}) Le242
L PY2XaP(I,J)
2 TFQVXMaX=VX(T,J}) 30644
3 VXMAXBVX(TyJ)
4 TFEVXMII=VKET )} 99645
5 VXAIN=VN(T,4J)
o TF{VYMAIX=VYiT,))) 70849
T VYMAXPVY{T,J)
AOIFCUYAL =YL 1)) 10e100 )
a9 VYMENayYLT,J)
Ly riTINg:
AMa 2. 708X
DY L1 J=iW0iTHL
P LL TafVSemy
I PUTJd=ANER(T )
VXTI LI (N U VM IND
LAALGERCIST NG PR P S A L]
VXMAXB AL XL{VKHZX 4L KMP )
VYMAX=AAAXD (VY AR KT TP )
VXMAXZVXMAX ¢4 1
VYAXaVYMAN »,
VXATNZVXM =g |
VYT aVYP =g |
OVA=VXMAX ~VXIIN
VY =YYMLX=VYAIH

<
c DETEEMINE WHICH NPIANTATEDY IF PRINTES PLIT GIVFS GREATEST AESOLUTION
¢ .

TR(IVX=NVY) 22,2L021
22 WXIDVA/LLY.
SEALLeNVX 310,
HRITECG, 130) SLAL S
OVY AOVX/ 45
TeVyax/ My
VYMAX=T VY
TV xufn70vX
_VXalNalenvx
KHAX (VYR AX=Vy ATV ANUT #11
AY T %
T AU HNWROWNZLLSY T T T T
SCALSanVY *in,
wRITE {6 150) SCALE
IWXRDVY/ab
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TavyaRR/INVY

vYJYAXaTenyy

1avXqIN/DVX

FLILISERIV

KMAY (VXA X~V AL LI/ DV 4LaL
DYz, 5+ VY
fixm ), 58IVX

TE{3VK 4GTe VYL GO
Y 3) Kel gKMAK
VIV YaaX=FL AT (R ) ¥DVY
07 25 L=le220
VXTaVXMINeEL AT (L =L P RDVX
IFQARSIVYIY LT DY La4n,
LX oGFa V1) 6)Y TO 17
[FUAUSIVRI) olTo DX o&NDe VYD oLTs V2 #8MDe
1% 5% ¥2) G TD 14

T4 50

VXI LLT. VI g@AND,

VI=SRATIYXI=VAT+VYIayY I}
IFIVL oLlT, VSP R, V1
TIaATAN2(VYD VX1 Z70s21745233
IFITI ot Te THLOL} »0=s
CatL [MTEXTIVILZTI1,PT)
ILET 3}

PRTIL) =CHA" { TP+ )

GO T 2

PRTIL)=ALAIK

G0 T 20
PRATILI=INT
ca Ty 2)
cAT(L)=lY
CANTINUE
HPITECAy12)
CANTINYS
GN TN 31
O B3 K=l KMAX
VX[ sYXSAX=FLVAT (K=} *NVX
or 79 L=L,t2)
VY I=yY4INeFLDAT (=1 ) =DVY
TIF(ABS(VY]) oLTa
IX ofits V1) G TD
TFCARSIYXTY oLT,
1X «GFa V21 67 TO &6
TFLABS(CXMP~VKT) oLTe DX AND,
VIsSORT{VXTIsVXIevYIwvYl)

iPPTEL) 4L 51,1200

67

DX JAWD, VYT oLT, V2 LAND,.

T «6Te THLINTHLI) 60

VYXI 4GEa 0« oAND, VXMA

VY1 oGP Os oAND, YYMA

JEIARS[CXIP=VXT} oLTa DX'yARD, £BS{CYNP~VY]) -ﬁi- DY) GO T LA

AGTs VLINV, DL GO TN 1S

LEAN ¥

DY oAMND, VKT obTe V1 o&NCa YAV oGEs Us oANDs VXN

VYD +GEax 0o «ANDe YYMA

ABSIEYMPVYI) oLTe DY) GO TO 68

IFIV] oLTs VSP «IRa V1 oGTa YLINY/ DY GO TO 68

T1mATANZIVY], VKT 17042174533
EECTT AT, THLILY JOK, TI .67,
CALL INTEXT(VI,TI,PII

iPepP]

PRTAL ISCHAS (TR e1)

G0 T0 70

PR T{L} AL ANK

60 Tn 79

PRTILI=TWY

60 T 70

PRTLLI=NE _

60 Yo 70

PRT(L)=CH

CONT INUE

WRITE(6,100) (PRT(L}(Lsly120}

THLINTHLE) GO Ta 65
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80 CONTINUE
300 WRITE(6sLOL) VXNIN,V.
ETURN .

LAX/BFLQ.3) - N _ -
150 FORMAT{IH ,13H DONE 'INCH® v 151 X 10000 EM/SEC/LHDI
200 FORMAT{IHL» DIFFEIENTIAL "“355 SECTIDN')

END

SURROUTINE CHCS

AVERAGED VELLCITY DlSTR!HUT!JN ANLY FOR RANGE OF CeMe VELOCITY AND
ANGLE SPACE EXPLORED BY EAPERIMENTAL DATA

oeann 0o

COMMONZARRAY/PE,P )
COMMON/LLMITS/0TH,OTL DIy DET o THMI M UMIN
COMMINZANDVL o THL oNV 4DV, VI g NTHL 4 1VS 4 V5 4 VSP

COMMANZPICTURE/VLE oV2 eCXMP jCYMPCOSTVMP o SINTYMF
COMMON/RESILVE/YX (VY

DIMENSTON PU120),PT1200 0490, iN}PE130,T6T , THL { 100 ,VX (30,100 ,¥¥(30
Lo LU, VLE3D,19)

N3 21 Tus=1.20
PT(IU)=0e
BUtTUd=),
THeTHMIN=DIT
03 W [T=le23
THeTH401T
SeSTNETHY
CxCASITHE
A =Nt
NN 29 Tisl,29
HEDTURT]
UXatjhr
1Y =)*§
VXT3UXS.) STYMPeIIY €STNT VD eCX AP
VY Ia=UXaSTATVHPSUYRENSTVIP S L YUP
VI =SOAT (VX [aeoavy [aa7)
IEIVE oLTa ¥S o124 VI 46T VLIAV,1)) GO TR 25
TI=ATAN2(VYI,VX1)/.00795329
IF(TI alTe THI{L) o2 T1 46T THLINTHL)N 50 TO 29
CALL THTERTIVL,TI,PT)
PT(ITIapPT(IT)eo]
PULTUY=PI LT +0T
29 CNTINUR
30 CHITINLE
PTHaL a0
PUd=1.)
nY 50 tiysle20
TE(PTA=OT (LU} 15,904
33 8T4=0T(1y) . A
30 IFEPUM=PUIT1)) 45430, 50
45 PUH=PHTUY
&) TN
e ML=
fHaTHuf =BIT ~
ATl 1IN

2

.
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uysUenty
THeTH+DIT
PTNSPTITU) /PTH
PUN=PULTUI/PUM Lo R e e
WRITE(6,101) UpPULIU},OUN,TH/0a0174533,PTLIU)4PTN

&9 CONTIMUE . X

LU FIRMATUIHD » 14X, %VFLICTITY DISTRIARUTION® , 21X SANGULAR DISTRIBUTIONS/
VLOXTHIAXGHP L) 5 XGHNIIM LAX2HT HIX SHPE TH) EX&HNDRM)

LML FIRMATI20 LOX4F10s 322X 4Flde20FL0e30}
RETUH
END
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€L & BRZ = LOPERCENT CL27AR = 3504
BEAN INPUT PARANETERS

- PRINARY SECONDARY
nass 160,00
TEMPERATURE 382.6
GAMMA 1440
MACH NUMBER o3
DESTRISUTION TYPE HOZILE

NO. VELOCITIES AWERAGED

WUNBER OF LAB ANGLES = 4
NUMBER OF VELOLITIES AT EACH ANGLE » 14
VELOCITY INCAENENT o 50
FIRST YELOCITY » 3.00
ANALYSES CUTOFF VELOCITY = 3400
COWTOUR PLOT CUTOFF VELOCITY = 3400
WUMBER OF ITERATIONS WEQUESTED IS 8
Fevil, €61 FIVLV2,6)

27 +50 +0085

50.
50

58.01 4.91



12455 Leuwd
12,99 122
1+ T3 o712
1473 72
14,73 o712
15a4¢ «27
L4 46 27
1hedt 27
13,40
3

ITEVATIAN Ny3ZR = 0 ERRDG =

LAR ANGLE

VEL

Ti6e43
[

5

378.15
240419
950 149:33

LAB ANGLE

VEL EXPT
«37
140,08
404,81
522.27
52995
X4 7

4
423222
355436
282,63
229.87
147.6%

9T.72

58.57

Wl

NI
Aany

TON UIAGR 3MS

12+

“10Ts.30
1068411
996423
875.22

T16eB2
544255

400

FXLO
35.55
143,13
307.869
whdehl
497,52
493,78
454,23
418,97
376440

56 GATA PIINTS

LA Z9GULAR NISTF ISUTION
THETA 1Y it

1Ja0 abt?
H Len00
30 962
4Je 587
TTERATION WUMHER = | FRAMR =

5332

UNFOLD
=00
137,09

23041

EXPT

2040

FoLo
9,50
12451
258411
539,44
830407
1064479
1204220
1247022
1204415
1090.06
92347

725492

532432
35916

FOLD

UNFOLD
«U0

33
208.40
557,44
BbéssB
101731
1053314
905.14
657494
A87.40
207.73
88438
2357
«02

UNFOLOD

8
6e58 CCANONICAL).

EXPT
«00
%36
190438
T56a 64
1032,58
1057452
926a78
748495
570,89
393,38
252.03

UNFOLD
00

132489
%018
=00

bt 4Y

EXPT £0LD UNFOLD



LAB ANGLE

VEL

LE

ITERTION WL

LAB ANGLE

VEL

15,72
27204

4000
F2LD

2112
231407
10,72
93a44
58,55

DATA POINTS

v

5
3

78.15

475,38

SNEELD vEL
3 2.30
«0o .50
00 400

5145 %30

187,02 5.00

308,71 5450

452416 8429

$23.67 6250

489,20 7.00

415,38 TaSa

233.7¢ B+ 00

107,57 825

52437 9,04
22.61 %S0

UKFILD vEL
00

117,06

Se3.08

508,43

531

wEle65

381457

279,91

180,92

103,48

S8e03
29,87
12,62

00

L4B ANSULAR DISTRIBUTION
HETa EXPT caLc

729

00
2909
517

13 504
-

-89
231,96
S4B 37
Be7a k0
1040.78
1126414
1062, 50
890429
be9,84
#3271
2504 22
112,01
»00

X

250422

foLD

I BY

UNFOLD
32

<9
182434
52119
200465
9294 11
974,99
818,76
557, 68
290,31
139,53
48,83
9.89
00

UKFOLD

UNEOLD
0

«00
173,27
506,49
To4e18
887,08
967,79
811430
526499
269249
112,91
35e T4

EXeT

299,08
183.32
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209-87
147,69
er.72
5857
no

22088 B4a 1B
147403 5Ja5)
95472 26281
42,68 12,19
3e.al «00

b DATA PDINTS

ITERATION NUNBER = ¢ EPROR =

LAB ANGLE

VEL

J.00
3e50
4430

5.53

8.00
0

3
9.3
P30

LAB ANGLE

37615

296419
149,33

LAB ANGULAP BSTP JBUTION
THETA T CaLC

£xp
867 «892
1.920 1.000
w42 »941
567 *559

b.18
10.0

«0n

56 DATA PIINTS

T

L48 ANGULAR DISTFIouT{W
HETA =XPT caLe

10.2
2ved

657 339
1222 1.03)
»9n2 941

58T 50k

VEL

ExPT

2040

£0LD
4021
Sunb9
236036
530030
6

ar,
1053.38
1080, 02
1237220
922456

FOL0

UNFOLD
:01
L6k

UHFOLD

VEL

EXPT

FOLD

UNFOLD
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UNFOLDED CH CROSS SECTION

VELNCITY DISTRIAUTION
u

- 665
«985
le 304
1.623
le 943
24262
2.582
24 901
3. 221
3¢ 540
3s 860
4e179
1e 495
4e 818
Se 138
Se 457
54 777
te 096
betlb
e 735

P(U)

[
119,15
308671
57495
934401
1230+ 86
12784 66
1529, 85
15164 68
1526 47
16064 39
158384 62
14294 95
150155
899 89
725493
59536
539, 22
220s41
145491

NORM
[/}
«074
2192
«358
«581
- 766
920
2952
944
+950
1.000
« 989
«B890
«810
#5620
o452
«371
#317
«137
«091

ANGULAR OISTRIBUTION

TH

~824 00
~752490
-68.976
=620 462
~554948
~49.434
~424920
~36e406
~29.892
=23, 378
=l6e864
-13.359
~34 837
20677
94191
134 705
224219
28,733
354247
4le741

P(TH)
1]
¢

1.60
2al4
2062
3.39
S4e 36
152487
326.97
652432
1115.98
1951 .60
3234457
3312419
2607.55
1875.17
1300,98
896.47
5484 60
204468

NORM
0

0
-000
« 001
«001
031
2016
v 046
» 099
o197
«337
=589
«977

1.000
<787
«5656
«393
«271
al66
<0862

=951~
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D. Program Kelvin

Information on the velocity distributions of the two reactant
beams is required to carry out the iterative deconvolution of TLAB(B' v)
to obtain Ic_m‘(ﬂ, u). In order to reduce the requisite amount of
data to be input to program RECON, the velocity distribution of a
nozzle beam is characterized parametrically by v, M, and LI the
ratio of specific heats, the beam Mach number, and the most probable
velocity in the nozzle source. As can be seen from equation (&) of
ch- ter II, these paramaters uniquely define a nozzle beam vzlocity
d. -.bution. These parameters are obtained by fitting v, M, and ay
to the observed time-of-flight spectrut of each reactant beam, measured
as explained in chapter II. This fitting procedure is carried out by
program KELVIN.

The input for KELVIN consists mainly of an array, N(n), of
intensities (proportional to rumber density), versus channel number, n,
as directly obtained from the output of a multichannel scaler which is
used to record the TOF distribution. Since the flight time t is given
by t = {(n-.5)'w, where w is the time width of the scaler channel, the
input data are implicitly a function of time,

Values for y, which 1s assumed well known, and for M, which is an
initial guess, are input, while an initial guess for o is generated by
the program itself. These parameters are used to calculate a TOF
spectrum averaged over the finite bandpass function of the TOF apparatus.
This calculated distribution is compared with the observed TOF spectrum
and corrections to e, and M are generated. This procedure is iterated

until the agreement between calculated and observed spectra is optimized.
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KELVIN will perform rudimentary smoothing of the fnput data by
averaging over a varizble number of successive channels, Haowever,
this usually proves unnecessary due to the high quality of the TOF
spectra commonly obtained. Provision is also made for subtracting from
the input data any constant, i.e. €light time independent, background
whick may be presgent.

The major output of course are the optimized values of u° and M,
MOST PROBABLE VELOCITY and MACH NUMBER in the output. The program also
prints aut the fnput data, N(n), headed RAW DATA or OBSERVED, as well
as the injut data minus the constant background, headed NORMALIZED,
and the input data smoothed over a number of successive channels, headed
SHOOTHED.  The best fit calculated TOF data, headed CALCULATED, and the
bust fit TOF datz with all instrumental averaging removed, headed
DECONVCLUTED, are also output. This last TOF distribution is of course
the physically significant one.

Also given as output is the source "temperature", For a nozzle
heam of a pure gas this is the actual physically measurable nozzle
remperature. YFor a "seeded" beam it {s the temperature at which the
nozzle would have to be operated to give this velocity distribution if
the beam were a pure one consisting solely of the species whose TOF
spectrum was iaput,

Several different TOF spectra can be fit inm a single run of the
program by simply stacking deta fer different spectra.

A description of the input variables, a listing, and a sample

output of KELVIR follow.
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Program KELVIN Input Variables

Variable
TITLE

MASS

TEMP

GAM
CHAN
LMID
DL

BCHAN, LCHAN

ACHAN

EION, LION

OFFSET

nc

[{}4

Description
Heading for all output.

Mass of particle, in a. m. u., whose TOF
spectrum this is. MASS = 0.0 stops program
execution.

Estimated source "temperature" as explained
in program description. This is for user
reference only, it is not used for computation.

The ratio of specific heats, y.

The multiscaler channel width, in microseconds.
The TOF flight path length, in centimeters.

The ionizer length, in centimeters.

The number of the first and last multiscaler
channels for which TOF data are to be input.

The number of channels (always odd) over which
the input data are to be averaged for smoothing.

The ion energy, in electron volts, and ion
flight length in centimeters. Needed to correct
flight times for the time required for the ions
to traverse the length, LION, of the detector.

The time, in units of wmultiscaler channel width,
by which the multiscaler zero of time lags
behind the true zero of tim:. The value of

this parameter is determined by calibration of
the TOF apparatus. This parameter corrects the
N(n) = N(t') input data, vhere t' is the
observed flight time, to give the N(t) data,
where t is the true flight time. t =¢' +
OFFSET-CHAN.

Magnitude of the constant (i.e. flight time
invariant) background which is to be subtracted
from the TOF data.

The rotational speed of the TOF wheel in cycles
per sccond.
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Program KELVIN Iaput Variables (Cont'd)

Variable
DIA
SHUTTER

DETECT

EXPT(T), I

= BCHAN,
ECHAN

Description

The TOF wheel diameter in centimeters.
The slot width of the TOF wheel in millimeters.

The diameter of the detector aperture in
nillimeters.

Th~ observed TOF intensity in channel I,
N(n}).
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PROGRAN KELVIN(INPUT,OUTPUT,TAPESS INPUT » TAPESSQUTPUT)

COMMON/PAR/CHAN) LMID: DL yRe Sy GAMy BCHAN, ECHAN: NCHAN

COMMDN/WHEEL / SHUT TER 4 DETECT

DIMENSION EXPTU255),EXPTIL255).EXPTNI255) ¢ SIGCALL255) 4
CSIGCAL(255), SIGCA2(255) ¢SIGCAI(255),51GCA4 12550, TITLEL20),WMACH{ 1O
€)yWALPHAC L0 » SIGDEC (255) 4 WEIGHT(255)

REAL MASS ¢MACHsLMID,L,LION,NID

INTEGER BCHANy ECHANy ACHAN,8C,EC

CALL GAUSS

INPUT DATA

1003 READ{5,102) TITLE
102 FORMAT(20A4%)

ZERO OUT THE ARRAYS

CALL ZERD(EXPTyEXPTI,EXPTN}

READ{S,100) MASS:TEMP ,GAM; CHAN¢LMID, DL s BCHAN, ECHANy ACHAN
100 FORMAT(6FLU.5+314)

1F(HASS .E0. 0.0) SToP

BCsBCHAN

EC=ECHAN
130 READ(S5,100) EION,LION,OFFSET,DC

CORRECT FLIGHT TIMES FOR THE JON TRANSIT TIME

CHY=LION/SQRTIEION/MASS19.71987CHAN
ICHT INT(OFF SET-CHT¢SIGN( .S, OFFSET-CHTI}}
BCHAN2BCHAN+ICHT
ECHAN=ECHAN®1CHT
NCHAN= ECHAN=-BCHAN+L
150 READIS5,103) MACH
103 FORMATIF10.3.15)
READ(5 ¢ LOOIHZ 4D IASHUTTERSDETECT
AEAD(S5,101) (EXPTILID, I=BCHAN,ECHAN}
101 FORMAT{8F10.1}
140 WRITE(64204) TITLE
204 FORMAT(LHL,120A4)

OUTPUT DATA

WRITE(6y200) MASS,TEMPoGAM
200 FORMAT(#0 MASS =9,F7.3,%; TEKP =8,FT,1,%: GAMMA =%,F4,2)
WRITE{ 652010 CHANyBCoEC,LMID,DL
201 FORMAT(®  CHANNEL WIDTH =#,F&.1,% MICROSECONDS: BEGINNING CHANNEL
1 s#,13,¢, ENDING CHANNEL »%,13,#; FLIGHT LENGTH =%4F5.2,% CM; 10NI
L1ZER LENGTH 28.F5.2:% CH.*)
MR.TECSs 1040 EFONILIONSCHT ,OFFSET
104 FORMAT (3X(®fON ENERGY= #yF4.192Xs*EVi ION PATH LENGTH= ®,F&.l.*
1 CHy JON FLIGHT TIME OFFSET= #,F3,1.,* CHANNEL(S)» ZERO CHANNEL OF
2FSET = 8,F4.1,® CHANNEL(S)*)
WRITE(6,211 )HZoD1As SHUTTER JOETECT
211 FORMAT (e WHEEL FREO. =9,F4,0)® HIi WHEEL OIAMETER =9,F4.1,% CM:
L1SLOT WIDTH = #,F4.2,® MM: DETECTOR APERTURE =®4F4.2,8 MN®)
MRITE(64202) MACH
202 FORMAT{®  TRIAL MACH NUMBER =*,fF4.1}
IFIT=10
SHUTTER=SHUTTER/ (31 .4159¢01AHZ )/ (CHAN®1.0E~06)
ODETECT=DETECT/(31. 4159*DIA®HZ) /(CHANSL .0E-06)
IFIDETECT .LT. SHUTTER) GO TO 210
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SAVER=DETECT
DETECTeSHUTTER
SHUTTERsSAVER

SUBTRALT CONSTANT BACKGRDUND FROM THE DATA

LY Y.}

210 00 1004 I=BCHAN,ECHAN
EXPTNLII=EXPTI(I}1-0C
EXPT(II=EXPTNCI)
WEIGHTLI}»SQRTCEXPTL(I))

100¢ CONTINUE

4

AVERAGE OATA OVER THE SELECTEQ NUMBER OF CHANNELS

o0

INCSACHAN/2
TEO=ECHAN-ACHAN
00 1006 I=BCHAN, IED
AUN=0.0
00 1007 J=19ACHAN
AUN=RUNSEXPTNL] +J-1)
1007 CONTINUE
EXPT(I+INCISRUN/FLOAT{ACHAN)
1006 CONTINUE
WRITE(6s216)
214 FORMAT {1HO+ 6X) *CHANNEL® ¢3Xy "RAW OATA® , 3Xo®*NORMALT ZED* ¢3 Xy * SMDOTHED
i%)

DO 1008 I=BCHANECHAN

WRITE(64215) 1<EXPTILL),EXPTNII),EXPT(I)
1008 CONTINUE
215 FORMATILH 29Xs1353XsF10.2+2XsF10a2+2XsF10.2)

c

[+ GENERATE ESTIMATE OF ALPHA

4
CALL BIGUEXPT,MAX2)
VsLMID/(CHAN®MAX2#%,01)
Tale1958MASSOVER2/ (17, 5-7. 54GAK)
ALPHA= 12848 . S*SQRT (T/MASS)

FITTING ROUTINE

anan

CALL VELD(MACH)ALPHA¢ SIGCAL)
CALL FIT(SIGCAL.EXPT)

1012 DO 1000 JCYC=LyLIFIT
DALPHA=, L J*ALPHA
DMACH=0. L *NACH
CALL VELOUMACH, ALPHA ¢DALPHA,S16CAL)
CALL FIT(SIGCAL.EXPT)
CALL YELO(MACH, ALPHA-DALPHA»SIGCAZ)
CALL FITU(SIGCAZ,EXPT)
CALL VELO{MACH#DMACH ) ALPHA¢+SIGCA3)
CALL FIT(SIGCA3EXPT)
CALL VELG{MACH=OMACH, ALPHA, SIGCAS)
CALL FIT(SIGCA4.EXPT)

SUMY=>D .
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SUMYY=0.
SNTRM=0.0
DO 100} Is8CHAN, ECHAN
OFOA=(SIGCALLI)-SIGCA2{ 1)/ (2.*DALPHA)
OFDN=s{SIGCA3{1)-SIGCA4C 1)) /12.8DMACH)
DFDAA=GSTGCALUL J¢SIGCAZ(II-2.9SIGCALET ) )/ I DALPHASDALPHA)
DFOMMu{SIGCA3{E ) +SIGCA4UT)=2.%SIGCALL{T )}/ (DHACH®DHACH)
WESWEIGHY (1)
TERM=EXPTV(X)-SIGCAL(I)
GA=GA+TERMSDF DA®HE
GM=GM+T ERMSDFDM*WE
AAA=AAA+DFDACDFCASWE
AMM=ANM: DFOM*DF DM wE
AAM= AAM+ DFDASDFDM*WE
SUM2=SUM2 ¢TERMSDFDAAS KE
SUMA=SUM 4+ TERMEDFDMMe WE
SUMY=SUMY+SIGCAL LT )*KE
SUMYYaSUMYY+SIGCALLT ) *SIGCALUII*WE
SMTRM=SMTRM+ TERM*WE
1001 SUM=SUM¢TERM*TERM*WESWE
SIGMA=SQRT{ ( SUM~SMTRMESMTRM/NCHAN 7 (NCHAN=1 ) } 7SUNMY
DENOM= AAA® AMM~AAMTAAM

ADJUST PARAMETERS AS NECESSARY

ao0n

DALPHA= {GA®ANN-GM*AAM )/ DENDH
DMACH=(GM*AAA~GA® AAH) /DENOM

IFLABS(DMACH) .GT. 2.0) DMACH2SIGN{2.0,0MACH}
YALPHA{JCYC) sALPHA

#HACHLJCYC ) =MACH

ALPHA=ALPHA+DALPHA

MACH=MACH*DMACH

CALL VELO{MACH,ALPHA,SIGCAL}

CALL FITISIGCAL+EXPT)

STOP FITTING IF PARAMETERS OPTIMIZED

[2 X132l

[F(LABS(ONACH) oLE. 0.02)} .AND. [ABS(DALPHA} JLE. {(0.0Ll*ALPHA}I)
1 60 10 1002
1000 CONT INUE

4
[4 CALCULATE THE DECONVOLUTED TDF DISTRIBUYION
[
3

002 R=SQRT{1.+(GAM-1.0)/2 ,4MACHSHMACH)
STMACH*SARTGAM/ 2.1 /R
DT =ALPHA®CHAN®1.0E-06
00 1009 {=BCHANECHAN
T2{1-0.5)1%DT
vaLMIO/T
SIGDEC{ I )=V#43 /THEXP{~R&R& (V-5 )**2)

1009 CONVINUE
CALL BIGI(SIGDEC +MAX3)
CALL BIG(SIGCAL ¢MAXL)
SCALEaSEGCAL{MAXL}/SIGDECIMAX3)
DO 1010 I=BCHANsECHAN
SIGDECU I }=SIGDEC( [)*SCALE

1010 CONVINUE

[

[ DEYERHINE THE PEAK VELOCITY

PPK=0.
CHPaMAX3-2.5
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DO 1200 I=1,4%0
ValNIO/Z{ (CHP*.1%[)e0T)
PxVee3/TeEXP (~ROR®(V-5)0e2)
iF{P LT, PPK) GO TD 1200
PPK=p
1CPK»1
1200 CONTINUE
CPR={CHP*,1¥1CPN)
VPK=LMIO/ (CPKIDT}*ALPHA
TENP={ALPHA/12848.5 1% %2 ¥MASS
WRI1TE(6.205)
C
[ DUTPUT DATA
[
DO 1005 1=BCHAN,ECHAN
1005 WRITE(6,206) J+EXPT(I)»SIGCAL(I).SIGOECEI)
205 FORMAT{LHO, 6X)*CHANNEL™ 45X y #*0BSERVED* s 6X»#CALCULATED® ) 4X 4 $OECUNVOLUTED®)
1UTED®}
206 FORMATISX,16¢3(5X,FLO.2})
WRITE(6,207)
WRITE(6,208) (WMACH{I)y Ix=14JCVC-1)
WRITE(65219) (WALPHALIL)1=1,4JCYC-1)
WRITE{6,213) JCYC MACH
213 FORMAT(1HO,I4,® ITERATIONS WERE NEEDEO, THE FINAL MACH NUMBER =#,F
15.2)
WRITE(6,217) TEMP, ALPHA
217 FOHUMAT{1HQ,® CORRECTED TEMPERATURE= *,F7.l,% MOST PROBABLE VELD
1ICITy= %,F9.2)
WRITE(6,216) S1GMA
216 FQORMAT (%0 STANDARD DEVEIATION = #,EL0.3)
WRITE(6,209) VPK4(PK
209 FORMAT{*0 PEAK VELOCITY = #,F9,2,% CM/SEC, AT CHANNEL ®%,F5,1)
207 FORMAT(®0 INTERMEDIATE MACH NUMBERS/ /7 INTERMEOIATE ALPHAS®)
208 FORMATULH 10X 5{TXF5.2))
219 FORNATCLH ¢10%:513X,F9.2))
GD TO 1003

END
SUBROUTINE VELOUMACH) ALPHA. SIGCAL )

CALCULATES THE TOF SPECTRA AVERAGED OVER IQUNIZER LENGTH AND SHUTTER
FUNCTION

onon

COMMON/PAR/ CHAN,LMIO¢ DL ¢Ry S9GAMBCHAN¢ECHAN ) NCHAN
COMMDN/WHEEL #SHUTTER . DETECT

COMMON/WE /X {51 r W9}

OIMENSIDN SIGCAL{255)

REAL MASS¢MACH(LMID,L

INTEGER BCHAN(ECHAN

RaSQRT (1. +4GAM=14 )72, *HACH*MACH)

SEMACH* SQRT{GAM/2.) /R

OT=ALPHA®CHAN®L.0E-Q6

182 BCHAN-1

1E=ECHAN-1

RAD=DETVECT/2.

TOGO=SHUTT ER#DETECT

00 2 [=IB,1E

SUM2020.0

00 3 M=1,9

THYNE sHe TOGO/ 104

THYMEP=TOGO~-THYNE

WAIT=1.0

IF(THVYME LT, DETECT} WAIT={ACAS{{RAO=THYNE}/RAD)+{(THYME-RAD)/RAD®
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ISINCACOS L(RAD-THYME}/RAD} }D/3.1%159
JFITHYMEP .LT. DETECT} WAITs{ACOS({RAD-THYMEP )/RAD)+{ THYNEP-RAD)/R
LAD®SIN{ACOS( (RAD~THYMEP }/RAD) ) }/3.14159
00 3 J=1,9
TaDTe{ [¢ THYME~TOGO/2. + J/1V.)
SUMLO=0. 0
00 4 K=1.9
L=LMID*DLOXiK} /2,
vaL/T
P=yesd/TEEXP{~RORF{V-5)%82)

4 SUMLOASUMLO+PSN(K) /2.

3 SUMZ0=SUM20+ SUM10*WATT
SIGCAL(I¢1)aSUN2D

2 CONTINUE
RETURN
END
SUBROUTINE FIV{SIGCAL,EXPT)

SCALES THE CALCULATED AND OBSERVED TOF SPECTRA

COMMON/P AR/ CHAN LM LD+ DL sRs S sGAH BCHAN o ECHAN ¢ NCHAN
INTEGER BCHAN, ECHAN
DINENSION SIGLALI255) ,EXPT(255)
CALL BIGISIGCAL 4NNAX1)
CALL BIGIEXPT,NNAX2}
SCALE=EXPT(NMAX2) /SIGCAL (NMAKL }
DO 40 12BCHAN,FCHAN
SIGCAL{ L¥=SIGCALIT)¢SCALE
40 CONTINUE
RETURN

END
SUBROUTINE B1G(SIGCAL ¢MAK)
FINDS THE MAXIMUM IN A TOF SPECTRUM

CONMON/PAR/CHANGLMID, DL R ¢S ¢ GAM,BCHAN ; ECHAN¢ NCHAN
INTEGER BLHAN, ECHAN
DIMENSION SIGCAL{255)
NAX =0
SIGHAX=0.0
D0 1 I=BCHAN,ECHAN
IF ISIGCALEL) LV, SIGMAX) GO TO )
SIGMAX=SEGCALIL)
HAX= [
1 CONTINUE
LF(MAX .EQ. O) WRITE {64255
255 FORMAT{#0 NO HAXIMUM FOUND®}
TURN

END

SUBROUT INE GAUSS
COMMON/WE 7X{2) +W(3)
X(5i=0.0

X(6 )= 32425
X(T)=.61337
X{8)=, 83803
X(%)=,96816
H(5)=,33024
Hlo)e,31235
WiTI= 26061
W(8) =, 18065
Wigl=.08120

00 L I=1,4
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Jal0-1

AL b==X1J}
Wil =wid)
CONTINUE
RETURN

END

SUBRGUTINE ZERODIEXPTLEXPTI+EXPTN)

DIMENS ION EXPT{25514EXPTI(255),EXP IN(255)
DO L i=},255

EXPTLI)=0.0

EXPYI(1)=0.0

EXPTN([)=0.0

RETURN

END



TT-05 BRININE MOLECULE TO

MASS =160.000: TEWP a

CHANNEL WIDTH =10.0 AICROSECUNDS: BEGIPINING CHANNEL » 40+ ENDING CHANNEL * 5|

10N ENERMY=  T75.0 €V

F
350,05 GAMMA =1.4

LON PATH LENGTH®

FLIGHT LENGTh =17.3u CAi IONIZER LENGTH = 2.50 Ch,
24,0 CM, IDN FLIGHT TIME OFFSET= 2.5 CHANNELIS), ZERO CHANMEL OFFSET = 3,9 CHANMELIS)

WHEEL FREWL. #400. MZ: WHEEL DIAMETER 17,6 CM: SLQT WIDTH = 3,90 HM; DETECTOR APERTURE =3.uD MM

TRIAL AACH NUKGER = 4.0
CHANNEL Ras DaTa
4

NORMAL S 2EQ SMOOTHEO

1 596,00 596,00
. 862.00 882,00
«3 1253 .0 1253200
44 704,00 1704200
45 2087.90 207,00
~6 2499200 2499200
¢ 222,00  2722.00
8 2913.00 2913030
9 28684 .00 2884,00
50 2916200 2916200
51 2554200 2556,00
52 2283000  2253.00
$3 2005.00  2003.00
54 1659.00 1659.00
55 1360.00 1350,00
8 1148.00 114800
57 909, 909 10! 909,00
58 682,00 482.00 662000
59 53400 534,00 34,00
CHANNEL  OBSEAVED CALCULATED  DECONVOLUTED
ol 594,00 550434 00434 RS
.2 802,00 873.76 57061 &
3 125300 1267.96 983,27 @
** 1704,00 1699.46 1422,02 ]
.5 2087.00 2122.59 1920.01
+5 2499.00 2480299 2373.90
o7 2722.00 215766 21570
8 2913200 203255 2500.89
.9 2864,00 2916200 2916200
s0 2915,00 2607.80 2770044
51 2556.00 2601 16 2524292
52 2253.00 2326117 2200449
53 2005,00 201447 1848217
54 1659.00 1694226 1502.44
55 1380.00 1387.61 iles.7s
56 1148.00 1109245 913,97
37 909.00 807,99 oua.39
58 682,00 565,52 508 .46
59 534,00 501299 369.20
IWTERAEDIATE MACH MUMBERS/ 7 INTERMEDIATE ALPHAS
. 8.90 9,28 9.12 9.27
918
18368.07  .9624.36  1B955.30  19227.49  19139.3s
19170.21

7 ITERATIDNS WERE WEEDED, THE FINAL MACH N 1BER = 9.39

CORRECTED TEMPERATURER
STANDARD DEVIATION =

355.9 MOST PROBESLE VELOCITY= 19163.27

+128E~02
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PEAK VELOCITY &  35670.10 CM/SEC, AT CHANNEL 48.3
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Figure 1.

Newton diagram giving laboratory to center-of

-mass coordinate transformation.
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