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ABSTRACT

A molecular beam study of the reaction of a velocity-selected

potassium beam crossed with a thermal iodine beam is described.

Velocity analysis yielded the laboratory recoil wvelocity-angle distri-

bution of product XKI flux. The energy dependence of this f£lux

distribution was determined from measurements over a range of X wvelocities.
Computational methods have been developed which extract the

center—-of-mass (c.m.) differential reactive cross section fun¢tions

(angular and recoil energy distributions) from the laboratory data.

The c.m. differential solid angle-recoil velocity distribution

3
éljlgiﬂ£l2§ is largest at small angles 6 from the initial (c.m.)

T
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K beam direction (i.e., "forward scattering' of the XI) and low KI
c.m. velocities w' (i.e., high product internal excitation). However,
there is also significant intensity at large € and large w'. The
product angular and recoil velocity distributions are coupled {i.e.,
non-separable). There appears to be a bimodal structure in the c.m.
recoll wvelocity distributions for 6 Y 60°. An Increase in the relative
collision energy from 1.9 to 3.6 kcal/mole produces only a slight

change in the shape of the ec.m. product differential cross section
functions, accompanied by a small decrease (géO%) in the magnitude of
the reaction cross section. Measurements were zlso made on the angular

and velocity distributions of the non-reactively scattered K over the
same energy range.
Algo degeribed are
1} a reactive scattering crossed molecular beam study of
K + HBr, DBr, vielding angular and velocity distributions

of KBr product in the laboratory and c.m. systems
and
2) a gelective detector, sensitive to the degree of

internal excitation of alkali halides in molecular beams.
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I. Introduction.

A. Background
Since the pioneering reactive product angular distribution
experiment1 on K + HBr + KBr + H by Taylor and Datz in 1935,
nearly all crossed molecular beam studies of chemical reactions in
neutral species have involved alkali metalsz. This is due to the ease
with which the alkali metals can be detected by the surface ionization
technique3 and the existence of a differential detection method which
can be used to distinguish alkali atoms from alkali halide molecule54-6.
Although more general (yet less efficient) electron bombardment
(with mass analysis) detection methods are now being utilized to
extend dramatically the range of chemical systems studied7, the
problems with low detector efficiency have not yet been completely
overcome; and the "alkali age" has yet to end. Using the early
Polanyi dilute flame experiment58 as both a metric and an inspiration,
a few reserach groups have squeezed from the alkali reactions a
veritable cornucopia of information on the dynamics of reaction processes
The reactions of alkalis with halogens have received the most
experimental attention; the advantages of these systems, besides
efficient (and differential) detection, include large reactive cross
sections (100—30022) and easy reactant condensibility at liquid nitrogen
temperatures

A wide varigty of experimental techniques, discussed briefly
below, have been applied to the study of these reactions. Total
scattering cross sections as a function of energyg show complete

quenching of the "glory oscillations"l0 due to the lavrge reaction
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cross sections. Angular distributions of the non-reactive scattering
have been measured by several groups, most notably by Greene_gg_§£.11;
the scattering is found to be sharply attenuated at large angles (relative
to leass reactive systems); the rainbow maximum12 is not observed, again
due to large chemical reaction probabilities.Zb Differential surface

ionization detection” has been used to determine the reactive product

angular distributions (strongly forward-peaked in the c.m., but with

significant intemsity at all angles) by Datz and co-workers,ls’lé
Herschbach and co~workers}5u19 and others. Reactive product total

angular distributions have also been measured using an inhomogeneous
magnetic field to deflect away the paramagnetic alkali atoms before
they reach the detector;20_23 the results confirm the reactive angular
distributions obtained with differential detection.

Product KBr laboratory velocity distributions for K + Br2

have been reported at a limited number of angles by Birely and

24,25 26,27

Herschbach {for thermal beams) and by Grosser and Bernstein
(for a velocity selected K beam at three incident energies). The
results indicate low product translational energies. Estimates of
product rotational energies (also relatively small) are available

from experiments on deflection of the polar product molecules by an in-

28,29 A triple-beam experiment was

homogeneous electric field.
carried out by Moulton and Herschbach30 in which the XBr (XC)
product of a K + Br2 (ICL) reaction was crossed with a Na beam to
produce Na Br (Na C¢) + electromnically excited K. This result

demonstrated the large average vibrational excitation in the primary

alkali halide, in agreement with expectations based on the diffusion


http:probabilities.2b

31
5
The reaction K + Br2 has been studied by most of the techniques

mentioned above and the general conclusions are typical of the other

flame results of Roth and Schay foxr K + I

[y

alkali-halogen reactions: The differential solid angle reactive crossg
section is large and is forward peaked in the c.m. (but is significant
at all angles); there is severe attenuation of the large angle non-
reactive scattered intensity relative to that which would be expected
in the absence of reaction; the product internal energy distribution
is broad, but the partitioning strongly favors high vibrational ex-
citation of the KBr with little average rotational or translational
energy.

A model commonly used to correlate these properties ig the

32,33 4 which the alkali

electron jump ("harpooning') model of Magee
atom is thought tP transfer an electron to the halogen molecule at
large distances and then to hook ("harpoon") a halogen atom with a

strong coulomb potential

M+ X, M++X2 > M x +x;

the electron transfer takes place at the "crossing" of the covalent
and ionic potential surfaces, and the strong ionic attraction

gives the cbserved large product internal excitations. The large
interaction distances imply large reactive cross sections and pre-
dominantly forward scattering, in accord with the observations. A
fine review of the implications of the harpooning model for beam

experiments has been written by Herschbachza. A detailed study by



‘,

Anderson34 tfeated the effect on the harpoon model of using the commonly
invoked necessity of "overcoming the centrifugal barrier’ as the criterion
for reaction.

Some recent high energy beam studies have produced a2lkalil ions

from the reactions
M+Br, -~ M + (Br + Br)

equivalent to the first step of the electron jump mechanism
(M = K, Na, Li35; 0536).
Two important (non-beam) experiments recently accomplished are
also Qﬁrthy of attention. BrusS7 observed the quenching by iodine
vapor of the fluorescence of Na (32P} after pulsed u.v. photodissociation

of Nal and thereby determined the magnitude of the total reaction

¢ross section UR for

Na (32P) + I +  Na (25) + 2L (293/235

2

varying the wavelength of the pulse allowed a determination of

the small negative velocity dependence of OR for the above reaction.
Brodhead 55_22338 photodissociated CsI with a u.v. pulse in the
presence of 12 vapor and monitored the disappearance of the Cs

atoms by observing the transmission of Cs Tesonance light through

the féaction ﬁessel; an estimate of 180 i:25§2 was obtained for the

total reaction cross section for Cs + I, > GsI+1I (at ~ 2.4 keal/mole

energy) -



Theoretical approaches te zlkali-halogen scattering have nut
strong emphasis on attempting to match the available data. Classical
. . .39 e
Monte Carle trajectory studies have been done on a variety cf
§
potential surfaces which simulste the effect of the postulated
electron~jump mechanism; by reasonable choice of potential functlons
H
the results can be made to agree gqualitatively with much of the ex~

perimental data available. More detailed experiments should further

test the potential surfaces used in these calculations.

B. Scope of the Experiments

The main section of this thesis describes a detailed
experimental investigation by the crossed beam techniqua of the

reaction

The only previous beam data on this reaction are studies of the overail

14,18,11

angular distributions of reactive and non-reactive products
The present work included re-measurements of those angular distri-
buticns; the cause for the large disparities among the non-reactive
data of earlier workers was found.

Velocity analyses of non~reactive and reactive product
distributions have also been taken; normalizations of the reactive
product distributions at the different angles allow the determination
of laboratory reactive product pelar (velocity-angle) flux contour
map527. Reactive product contours have previously been obtained fox

L3

. 4 .
a nunber of ion-molecule reactirons O; so far the only published contour
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maps for neurral-neutral reactions are the XK + HBx, DBr4l’42

results (section III of this thesis).* Computational techniques are
also reported which extract the more fundamental center—of-mass (c.m.)
differential cross sections from the laboratory data.

The laboratory contoutr maps have been determined over a range
of relative energy; thereby,the energy dependence of the size and
shape of the c.m. reactive cross section function is studied direectly -
this represents rhe first such study for low enerpgy neurraleneutral beam

experiments.

C. Useful Numbers and Nomenclature

Figure I-1(a) indicates the approximate energetics of the

K+ I, reaction at a relative initial kinetic energy (E3of 2.67 keal/mole

(the middle energy in the energy range studied). The ground state to

ground state exothermicity of the reaction (ADO) is 40.5 kcal/moleég.

This energy is much larger than the average internal energy of the

= 1.1 kcal/mole (0.7 kecal rotational,
2 mole -
0.4 kcal/mole vibrational); it is also much larger than the E

thermal 12 beam, Eint,I
(2.67 keal/mole) or the range in E (1.87 to 3.62 keal/mole) over

which most of the experiments were carried out. The total energy

* The Herschbach group has determined the velocity-angle contour maps
for a number of crossed thermal beam reactions, all wnpublished.

See: International School of Physics "Enrico Fermi' X1.IV Course

Molecular Beams and Reaction Kimetics -~ Ch. Schlier, Ed., to be

published.



Fig. I-1 K+ I

a)

b)

9 Energetics and Kinematics

Energetics

Shown are two slices through the K-I-I potential surface
(shapes are only schematically wepresented) corresponding
to reactants and products. V(R) is the potential energy
as a function of R.

Reactants: ADO = ground state exothermicity of reaction;

Eint’ 12 is an average value; E = 2.67 kcalfmole.
Products: A typical partitioning of the total energy

I'4 ¥ .
(E )  between Elnt’ KI and E is

total translation

indicated (for ground state I (2P3/2) atom production).
Kinematics

Velocity vector diagram corresponds to average velocities

of K and I, for E = 2.67 kcal/mole. The lab. velocities
are denoted by v c.m. velocities by w. Primed symbols are
for product velocities, unprimed for reactants. Capital
letter angles (ﬁ@ ,jﬁ } are lsboratory quantities (2 axis

is perpendicular to beam plane; polar anpgle §'= 900);

—
small letters (6, ¢ ) are c.m. angles (Vre is 2z axis;

1
polar angle is ©); () and W are,xespectively, Lab, and

c.m. solid angles — not shown on diagram.



760

V(R), Kcal/mole

|

K+I, —> KI+1I (QP-:»,!‘)}

Lo

(a)

In-Plane: =0, H=g0°

(b)
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available to reactive products in the example shown is ~44.3 kcal/mole; this
energy 1s partitioned between internal excitation of the "KL (E;;E,KI) {and
perhaps also of the I) and relative tranglational energy E' of the products (an
example of partitioming is shown by the dotted line in Fig. I-1(a); the cor-
responding KI dinternal energy level is shown on the schematic KI potential
curve at the left).

The product I atom has an excited clectronic level (2P1/2) which is 21.73
keal/mole above the ground state (and hence accessible in the reaction); but the
diffusion flame results of Roth and Schaysl on K + 12 suggest that this ex-
citation is relatively small (confirmed by comparison with the present results).

Thé nomenclature to be followed in subsequent sections has bsen de-
Ilineated by Warnock and Bernstein44. A number of the important definitions
are illustrated in the "nominal” velocity vector diagram in Figure I-1(b);
this "Newton' diagram for the crossed beam reaction removes the influence
of beam velocity distributions by representing each beam by its average

- >

n ’ " . =
( nominal ) Veloc:l.ty. The wvectors VI")_, VK, VCM

of the laboratory velocities of the 12 beam, X beam, and c.m., respeactively.

represent the average values

> -
Likewise Vi and Wie are the average vector velocities of Ip and K
2
relative to the c.m., Tor a given product KI laboratory velocity vﬁI and
laboratory scattering angle GD, the corresponding velocity wﬁI and the

. . t
angle 6 velative to the c.m. can be determined”. The c.m. velocity

[

* Unfortunately there are distributions in beam velocaities that produce
a lack of uniqueness in the (G,w’) co-ordinates associated with a given
(CD , v'); this, of course, significantly complicates the job of in-—
verting from lab. data to c.m. (relative to the simple case allustrated

in Fig. I-1(b)).



of the XI (Wf ) allows a calculation of the corresponding relataive

KL
translational energy of products:
2
! 1 i
B =7 /Ll-« Vrel
KT

’ -
where /ﬁL = —== and momentum comservation

Ty iy

- i
TWy T Tpy¥ky

yialds

E o= L e A o’ 2
‘2/“" M. KT

The reaction exothermicity Q 1is defined by

the difference between final and initial relative kinetic energies

for the reactive collision. For a specified E (nominal

total

example shown in Fig. I-1(a))}, the following limits are imposed:

and ;E_E.Q <E E .

total

Most of the differential cross section functions used in this
4
thesis ave carefully defined by Warnock and Bernstcin4i; the others

are closely related and can be seen by analogy.
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II. Apparatus
A, General
The experimental apparatus was designed and built by

JH. UL Hostettler45’46

under the guidance of R. B. Bernstein; since
that time F. A, Morse, P. J. Groblicki, A. K. Biythe, A. BE. Grosser,
C. Riley, the author, and A. M. Rulis have all contributed toc a long

47-54,26,42

list of alterations {(both improvements and degradations),
L]

47-51 53

while the experimental work has evolved from elastic to inelastic

(briefly) and finally to reactive scattering.54’26’ﬁl’42

The main vacuum chamber is a Cd~Ni plated cold rolled steel welded
box (inside dimensions 14 %M x 14 " x 15"}  pumped by one 9" and
one 4" oil diffusion pump (D¢ 704 pump £iuid). The separate detector
chamber is a Ni plated brass cylinder pumped by another 4" o0il daffusion
pump; an adjustable slit for the beam to be detected, the "product" beam,
is the only opehing to the main chamber. A rotating ("'goniometer')
lid sealed by an O-ring fits into the main chamber from the top; it houses
the ovens and collimation for both beams (as well as the velocity
selector, chopper, ete). It can be rotated (manually) from the outside
while the apparatus is in operation. The two beams cross at the axas
of rotation of the (goniometer) lid and the detector is collimated to
view this point at the axis of rotaticn (called the scattering center);
hence rotating the 1lid changes the scattering angle as viewed by the
detector (note: the scattering angle C) is always in the plane

defined by the two crossed beams).
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Other general features of the apparatus include:

1)

2)

3)

&)

5)

A velocity selector (presently 14% nominal resoluiion)

on the primary (X} bean.

Another Selector46 {5%4 nominal resclittion) employed as

a velocity analyzer for the molecules leaving the
scattering center.

Surface ionization detection (Pt/W 92/8 ribbon) of alkalas
and alkali halides.

A modulator (chopper) on the secondary (mon-alkali) beam
and a lock-in amplifier for phase-sensitive detection.

Ample cryogenic (ligquid Nz) pumping of condensible species.

Photographs 1-4 and Figure II-1 aid in describing the apparatus.



Fhotograph 1. Overall View of Apparatus.

Glazs gas handling rack
Main chamber

Diffusion pumps
Electronic racks

Liquid nitrogen reservoir for condensation of residual 12.

i3



Photograph 1
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Photograph 2. Two More Views of Apparatus

1. Detector chamber.

2. Main chamber.

3. Goniometer lid.

4. Diffusion pumps.

5. Guard cylinder for counter-weight connected to goniometer 1lid
by pulleys.

6. Elbow to detector diffusion pump, containing baffle fashioned
out of alumina beads; these beads are outgassed before every
experiment using a chromel heater wire inserted through them.

7. Control knob for secondary oven beam flag.

8. Liquid N, reservoir used for I condensation.

2 o

9. Vactronic leak valves for regulation of gas flow.

%  On right side of lower photograph (difficult to see on

white background).







Photograph 3. Accessories

A: T, Alan ‘M. Rnlisg.
2. Fan-cooled, sound-insulating box for rotary pumps.
3. Chemical traps; containing soda lime
to protect rotary pumps.
4. Electronics racks.

5. Keith T. Gillen.

B: Glass gas handling rack.



Photograph 3




Photograph 4.

Lid ILifted.

A: Goniometer 1lid

Primary (K) oven.

Primary beam velocity selector.
Secondary (12) oven.

Liquid N2 reservoir.

Large O-ring for sealing goniometer lid.

Vactronic controlled-leak valve for gas admission

(external to chamber).

B: Main chamber interior.

Bearings to support goniometer lid.

Detector chamber.

Analyzer motor under this.

Light-photocell tachometry (disk is on same shaft as
velocity analyzer).

Velocity analyzer under here (see photograph 7C).
Tube for admitting 02 to detector chamber.

Gear for raising, lowering analyzer (see Photographs 7A,B).
A
Liquid nitrogen cooled trapping surfaces. Many of these

surfaces are carbonized before an experiment.

Corrosion.
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Fig. II-1 Apparatus Schematic

Dimensions along the beam directions are to scale. Limits of
goniometer rotation are GDE_—ISD and @Djﬁlﬂlo. Collimation, ¢

trapping surfaces, and other details omitted. S.C. denotes

"scattering center,"
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B. Details (circa 1969) (see also Section IVA)

l. Ovens

The primary (potassium) beam oven (Photograph 5a)
consists of two pieces of monel which are screwed together (finely
polished surfaces make gaskets unnecessary). The larger piece has
a capacity of ~ 20 mf and holds the K; the smaller piece is

S IN e of which the K beam emerges.

equipped with Laval slits
A loose nickel baffle between the two sections of the oven prevents
splashing of liquid K as the oven temperature is raised. Coiled
tungsten wires inserted through ceramic insulators provide the
heating; a set of heater wires for each section of the oven allows
one to keep the slit temperature higher than the rest of the oven in
order to prevent clogging of the slits. Three chromel-alumel
thermocouples attached (at various locations) to the oven are used
to determine the temperature.

The secondary (12) oven (~20 m{ capacity) (Photograph 5B)
is a three piece stainless steel oven equipped with multichannel Ni
(Zacharias foil) slits; in other ways it is similar to the primary
oven. An alternate 12 oven equipped with Laval slits was used
for a few of the early experiments.

For experiments with HBr a c0p§er oven was used. The HBr
(or DBr) can be introduced from outside the apparatus as a gas; in the
K + HBr work it was fed from a Vactronic Vari-Vac leak valve

through a copper line to the copper block oven, equipped with

Zacharias foil slits.
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Photograph 5. Beam Ovens.

A: Assembled primary (K) oven (Monel).
1. Main oven piece.
2SSt piece.
3. Laval slits.
4, Alignment pins.
5. 8lit heaters.

6. Main heaters.

B: Exploded secondary (Iz) oven (304 Stainless).
1. Main oven piece.
2. 'Baffle,
3. Slit piece equipped with Zacharias multichannel slits.
4, Top (slit heater) piece.
5. Lapped surfaces.
6. Specially designed tool for prying open the goniometer

1lid (specifications available upon request).

C: Secondary oven assembled in position. Several trapping

surfaces have been removed to give a view of oven and chopper.

1. Oven.

2. Beam flag (mechanically controlled through rotary O-ring
seal).

3. Bulova tuning-fork chopper (25 Hz).

4. Liquid N2 reservoir.

5. Motor for primary velocity selector.

6. Support for W primary beam monitor (near scattering

center).
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2. Velocity Selector

The primary (K) beam is velocity selected before
entering the scattering zone by a mechanical slotted-disk velocity
selector similar in design to the one described by Hostettler and
Bernstein46; using their notation the velocity selector parameters
are given in table 11~l* For reference the same information is
given for the velocity analyzer46

The selector and analyzer are each driven by an hysteresis
synchronous motor (McLean-Syntorque), powered by a variable frequency
oscillator and power amplifier (120 Watts nominal outputr). The
rotation speed of the selector is monitored by a light and photocell
combination using (ten) holes through one of the selector disks; as
the selector rotates, the pulses of light are counted by a digital
counter.

The motor bearings (Barden S38H5) and selector bearings
(Fafnir MM20EX) are lubricated with Dow-Corning DC 704 silicone

pump oil.

3. Scattering Zone

Typical values of the estimated beam intensities

entering the scattering zone are given in Table II-2. The K

* This selector was designed by A. E. Grosser.



Table II-1

Number of disks

Disk diameter

Number of slits per disk

Length of slits (radial direction)

811t 'width,

Wall thickness between slits

J

At base of slits

At top

of slits

Average value

Disk thickness, d

Average radius,

Overall length, L + d

L

Helix angle,

)

2
¥ = 21 (average)

ré
B = d/L

bex

1

(average)
%4 )

2

Resolution, R

Selector

f

16.0 cm
278
0.8 em

0.0813 cm

0.0814 cm
0.0995 cm
0.0905 cm
0.1628 cm
7.6 cm
3.16 em
3.00 cm
0.0564 rad

0.190

0.0543

0.473

0.141

Selector and Analyzer Constants

Analyzer

0.0995 em

0.0905 cm

7.6 cm
10.16 cm
10.00 cm
0.1695 rad

0.0631

0.01628

0.473

0.047




Table II-2 Typical Beam Operating Conditions

Oven Temp. (OK)

Oven Slit Temp. (OK)

v (cm/sec)

Flux into S.C. (#/sec)

Flux Distribution (#/cmzlsec)

Density (#/cm3)

K 12
620 310
710 350
8xlO4 L%l
6—12x1013 l—2x1015
5—10x1014 1-2%x107"
6-12 xlO9 S—leIOll
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beam intensities, estimated from the current received by the W
monitor (see IIB 5), are for the velocity selected beam with the
selector set near the peak in the Laval K beam distribution. The

; - : . 56
I2 intensities were calculated assuming ideal Knudsen effusion.

4. Choppers
The secondary beam, crossed perpendicular to the
primary K beam, was modulated at 25Hz in either of two ways:

a) A rotating, motor driven semicircular disk was
used for the HBr, DBr experiments and the esarly
12 experiments. Its bulk limited the goniometer
angle to less than () & 50 degrees.

b) For the later 12 experiments a very compact Bulova
(model L40 with type 4A power supply) tuning
fork chopper was used; its small size allowed
the angular range of rotation to be extended

to 101°. Photograph 5C " showd' this chopper, after

removal of some collimation and trapping surfaces.

5. K Beam Monitor
A 0.01 cm diameter tungsten wire (Photo. 6) is used as a
surface ionization detection monitor (continuous operation) for
the K beam. The K ions emitted from the W wire (biased at
-22.5 v) are collected on a nearby collector (a brass rod at -90 v);
the current is fed directly to a floated (-90 v) Keithley electro-

meter. Typical beam monitor currents for a velocity selected

]
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Photograph 6. Details of Scattering Center.

9.

10.

11.

Motor for primary selector.

Box around secondary oven.

Beam flag support.

Final secondary beam collimating slit.
Tungsten wire K beam monitor.

K+ ion collector (from W wire).
Left as an exercise for the reader.
Final primary beam collimating slit (visible only in upper
photograph).

Primary beam velocity selector.

Rear of primary beam oven.

Liquid N2 reservoir. (1 in upper photograph!)



Photograph 6



Laval K beam were 1-3 x 10_7 amps.

6. Velocity Analyzer

The product velocity analyzer is the original instru-
ment described by Hostettler and Bernstein46 (see Table II-1). The
tygon tubing coupling between the analyzer and its driving motor has
been replaced by a flexible metal coupling of '"speedometer cable'.
The motor, power supply, and tachometry are the same as for the
selector. The velocity analyzer can be raised or lowered (total vertical
motion ~ 1 cm) by a gear system operated (using rotary O-ring
seals) from outside the apparatus (see Photograph 7). Hence, in the
course of an experiment it can be lowered out of the product beam

path to determine the total product at a given apparatus angle, @ﬁ

7. Detector
The detector filament is an ~ 1.5 cm long ribbon
(.071 em x .0025 cm) of 92% Pt-8% W alloy (Sigmund-Cohn No. 479).
There are two distinct modes5 of operation for the detector:
a) a low work function mode (called "unsensitized"
or "desensitized") where K atoms are efficiently
ionized to K+ on the surface, but alkali halide
molecules have a low probability of ionization; and
b) a high work function mode (called "sensitized")
where both K atoms and KI(KBr) molecules are
ionized to K+ with nearly unit probability.
The unsensitized mode could be reached by outgassing the filament

for ~ 30 minutes at 17000K (I% 1.4 amps) 3 the filament operating



Photograph 7.

Velocity Analyzer

A: Perspective view of analyzer in original form.

13

2.

3.

Motor.
Velocity analyzer.

Gear system to raise and lower analyzer.

B: End view of same, showing details of gear system.

C: Analyzer now in position in main chamber. Note that some

cooling surfaces and collimation elements have been removed

to allow every disk of the analyzer to be seen.

i

25

Analyzer.

Analyzer entrance slit.

Nude ion gauge inside wvacuum chamber.
Light bulb.

Tachometry disk.

Photocell.
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temperature for ''unsensitized" experiments was 1330°K (I‘g 0.95).
To achieve the sensitized mode, the filament was heated to »~ 1510%k
(I ¥ 1.2) for at least 10 minutes in the presence of 02 (at a
pressure of W 2 x 10_5 Torr); then the filament temperature was
lowered to ~ 1370°K (I‘g 1.0) and the 02 pressure was reduced to
a steady value of ~ 5 x 10_7 Torr wusing a Vactronic Vari-Vac
valve to regulate the leak of oxygen to the detector chawmber. This
oxygen "'bleed” was usually sufficient to assure minimal decay in the
sensitivity of detection of alkali halide molecules.
The Kf ions produced by the filament (biased typically at
0-2 v negative) were pulled through a Pt-mesh grid (typically
40-60 v negative) to a Bendix M-306 electron multiplier (dynode
strip input end at -2100 v) whose output leads to a cathode follower.
The amplified current (25 Hz) was displayed on an oscilloscope and
was also used as the signal input for an EMC Model RIB lock in
amplifier (phase-sensitive detector). The reference for the lock-in
depends on the chopping method used:
a) With the mechanical chopper another blade on the same
shaft as the modulator interrupted a light bulb
beam to a photocell; the photocell output was the
synchronous reference.
b) With the tuning fork chopper, a signal from the driving
oscillator network was used as the reference.
The rectified lock-in output (time constant, RC = 1 gec) was fed to
a (Leeds and Northrup 10 mv) chart recorder. The usual limit of detection

for scattered beam particles (signal-to-noise ratio of approximately
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1:1 on the chart recorder) corresponded to a flux of ~ 5 x 102

particles/sec striking the filament.
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I1I. K + HBr, DBr

A. A reproduction of the note "Polar (Velocity-Angle) Flux
Contour Maps for KBr from the Crossed-Beam Reactioms K + HBr, DBr:
FEvidence for Both Forward and Backward (c.m.) Scattering, "

Clyde Riley, Keith T. Gillen, and R. B. Bernstein, J. Chem. Phys. 47,
3672 (1967) follows. It has since been moted that photographic
reduction had not been uniform for the x and y directions

(1-2% difference) on Fig. 1, leading to a very slight distortion

in the scattering contours of Fig. 1.
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Printed in U. 5. A,

. Polar (Velocity-Angle) Flux Contour Maps
: for KBr from the Crossed-Beam Reactions
. K+4-HBr, DBr: Evidence for Both Forward

and Backward {c.m.) Scatfering*

Crype Ritev, Kerra T Girien, axp R. B. BERNSTEIN
Chemistry Department, University of Wisconsit,
Modison, Wisconsin
{Received 26 July 1967)
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_~ Reprinted from TrE JourwAL o Cuemicar Puvsics, Vol. 47, No. 9, 3672-3674, 1 November 1967

We report new and detailed observations of the
velocity and angular distributions of KBr from the
crossed-beam reactions K--HBr and K~+D3Br, leading
1o a revised understanding’ of the reaction dynamics.
These experiments indicate a very broad angular dis-
tribution of KBr in the center-of-mass (cm.) system,
with substantial “forward? and “backward” contri-
butions. Thus, categorizing the differential c.m. reac-
tion cross section [dov(6) /d2] by such terms as “strip-
ping,” “rebound,” etc., is an oversimphfication.

Previous veloc1ty analysﬂs experiments! showed that
the locus of maxima in the KBr flux-velocity distri-
butions lay beyond the locus of velocities of the most-
probable centroids, suggesting that the KDBr was
scattered predominantly in the “forward hemisphere”
in the c.m. system (i.e., KBr preferring the incident
K direction), Doubt as to the validity of this conclusion

.arises from the recent (kinematically more favorable)

observations of Martin andiKinsey® of the angular dig-
tribution of tritium atoms from K-}TBr, Although
tritium was found at all angles,"’ its peak occuried in
the vicinity of the X direction, implying “backward”
c.m, scattering of KBr, Their results are consistent
with prior indications suggestive of a “rebound”
model*: the rainbow effect in the angular distribution
of the nonreactive scatteret K, and the moderately
small reactive ctoss section {7,230 £2).223¢ Attempting
to resolve the discordance, we investizated both
K+4-HBr and E-+D3Br by ﬁrelocity analysis {the latter
reaction providing additional kinematic sensitivity)},
using refinements in techniique to improve sensitivity
and accuracy.

The apparatus is that of 1,* modified as follows. The
“maximum angular divergehce’ of the secondary heam
was reduced from 14° to 4.6° by positioning the source
farther from the scatteringicenter (SC). The K beam
intensity was increased by utilizing “Laval slits”}$
reducing the oven-SC distance, and using 2 shorier,

higher-transmission, but lower-resolution (R=0.13)
selector.

The K beam peak intensity was set at 919 (3:5)
m/sec. The secondary beam (296°K, crossed perpen-
diculatly) was assumed Maxwellian. To minimize
deviations from ideality, low secondary eflusion raves
were used. The observations consisted of EBr intensity-
velocity distributions at various laboratory angles,
normalized with respect to the peak flux in the velocity
scan at 35°,

The results are presented (Fig. 1) in polar (velocity-
angle) XBr flux contour maps® superimposed upon the
“pominal” velocity vector triangle. The solid vertical
line (“1") represents the locus of centroids corre-
sponding to the peak K velocity combined with all
possible secondary velocities. Similarly, the two paraliel
dashed lines {*0’*) show the outer limits of the centréid
veloc1ty distribution based on the velocity cuiofis
imposed on the X beam by the (asymmetric, but nearly
triangular) selector transmission function.

Inspection of the contour maps reveals the extent
and breadth of the XBr distribution relative to cen-
troid, Intemsity at higher velocities than the high-
velocity centioid cutoll arises primaiily from “forward” |
¢ m. scattering; flux at lower velocities than the low-
velacity centroid “zero line” is predommantiy “back-
ward.” As in I, the locus of maxima (X’s) is shifted
outward from the vertical “peak-centroid” line at low
angles, but the new observations differ by crossing
over at higher angles. Another difference is that the
peak in KBr flux appeats at an angle Rs5° greater than
the most probable centroid angle, Both changes imply
more “backscattering.” As anticipated kinematically,”
the K-+DBr velocity scans are broader (FWHM
324-19) than those for HBr (273:1%),

A quantitative estimate of do.(6)/d2 and P{Hin)®
by data “inversion” awaits completion of a full con-
puter analysis (including Jacobian effects?). Preliminary
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Fic. 1. Experimental XBr polar {veloc.
ity-angle) flux contour maps for resc-
tions K--HBr and K--DBr at a nominal
imtial relative kinetic energy of 2.8,
keal/mole At a given angle, ﬂux maxima
are denoted by X. The cross-Hatched
ares near nominal centroid represents the
region of maximum ovet-all; KBr flux,
Two dashed vertical lines (0"} enclose

, the region of possible centroids; the “1"
line represents the pealk centroid locus,
The polar urves Tun, () display peak
KBr intensities. ‘
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* J. CHEM. PHYS, VOL 47, 1967

results confirm the present gualitative conclusion, indi-
cating the presence of both foiward and backward con-
tiibutions to de {8) /d0

* I'inancial support froin the U § A.E C, Division of Research,
15 gratefudly acknowledged

A E Grosser, A R, Blvibe, and R B Bernstein, J, Chem
Thys 42, 1268 (1963), herefter referred to as I

T{a} I, R Martn and J L. Kinsey, J Chem Phys 46, 4534
(1967} (b) L R MMartn, Ph D. thesis, Chenustry Depariment,
MIT, (1966)

3{a) D R Herschbach, Advan, Chem. Phys 10, 319 (196G},
{b) £ F. Greene, A L. Moursund, and J. Ress, «bid. 135 (1966),
(v} I} Bueck, I& I, Greene, and J. Ross, J Chem Phys 37,
2495 (1962}, (d) ] R. Amey, B, I'. Greene, K Kodera, G P
Reuh, and J. Ross, 1did. 46, 3287 (1967).
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¢Secalse (a) A R Blythe, A E Grosser, and R. B FBoaslom,
J Chem Phys 41, 1917 (1964); (b) A % Grosser and X H
Bernstdin, hid 43, 1110 (1965)

*{a} T. Hundhausen and IL Paaly, Z Natarlorschung 20s,
625 (1965} 1 (b) M C. Moulton and 2 R Iferschibach, J Chen
Phys 44, 3010 (1966),

#Such maps are desenbed by T Warnock, R B Bernstoin,
and A E Grosser, ] Chem Thys 46, 1685 (1967). In aur T 1,
the “evwumental points” are ebtmined by interpclating wmenth
“hest-ni™ curves of the viloaly scans, averaging replicnle
CXPRIICLLS

TTrom Eqs (1), (2) of I, for conditions of the “nominal”
triungle, if 0=0, w'rp, =58 my/sec (DBr) »s 41 m/fsec (HLO, of
3= Cuun« Lsing KBe theomochemical data from L, Brewer and B
Hrackett, Chem Rev ¢, 125 (1961)7, these values re, resaec-
tively, 83 and 64 m/fsec
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B. A reproduction of the paper, "Reactive Scatrtering of X
by HBr, DBr in Crossed Molecular Beams: Angular and Velocity
Distributions of KBr in Laboratory and c.m. Systems," Keith T.
Gillen, GClyde Riley, and R. B. Bernstein, J. Chem. Phys. 50, 4019
(1969), follows.

Please note the following erratum on page 4025:

The modified (E8S) density distribution is
2

2 2 -
1) o8 Vet 2y exp [~V let ) ~eF ]

.
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Reactive Scattering of K by HBr, DBr in Crossed Molecular Beams: Angular and Velocity
Distributions of XBr in Laboratory and c.m. Systems*

~ {.

Kzrrr T, Greew, Crype Ruty,} avp R. B. Bemnsrem

Chemsisiry Depariment and Theorelical Chemistry Institule, University of Wisconsin, Madison, Wisconsin 53705
1%

i

£ (Received 18 Nov{eml:er 1968)

Measurements of the velocity and angular distribution of KBr formed in reactive collisions between
crossed molecular beams of velocity-selected K and thermai HBr(DB1) at a collision energy of 2 8 keal/mole
‘are described The results have been subjected to 2 computer snalysis to extract information about the
center-of-inass {cm.} distributions. For both isotopic systems, the ¢ m, recosl energy distributions are
.broad, and are similar in shape, The c.m, angular distributions are alse brond, ¥ Br shows relatively groater
wide-angle scatterng than DBr, The total reactive cross section for K-+H38r 15 40% inrger than that for
K+DBr Measurements of the angulnr distribution of nonrenctively scattered X agree well with the results

of Airey ¢/ al, in the region of the rainbow angle

INTRODUCTION

In 1955 Taylor and Datz at the Oak Ridge National
Laboratory pioneered the use of crossed molecular
beams to study a chemical reaction, examining the
bimolecular reaction K4-HBr—KBr+H.! This system
has received considerable experimental attention sub-
sequently, Various aspeéts have been investigated by
molecular beam method§ in at least five other labora-
tories (Bonn University; Brown University, Harvard
University, Massachuseits Institute of Technology,
and the University of Wisconsin) 2

Due to unfavorable kinematic factors it has been
difficuit to extraci from the laboratory measurements of
the reactively scattered KBr the more fundamental
quantities in the center-of-mass (c.m.} system, e.g.,
the differential reactive scattering cross sections.

A better technique for obtaining the over-all shape
of the c.m. angular distribution of reactive products is
the method of Martin and Kinsey? They studied
E+TBr—EBr+T, detécting the tritium atoms. In
contrast to the case of detection of product KBr, the
Iaboratory angular distribution of the hght tritium
atom should closely mirfor the c.m. distribution. They
found T scattered at all angles, but with a peak in the
direction of the incident X beam, implying preferential
backward cm. scattering of KBr. Since this result
disagreed with the concli.:xsions deduced from the early

* Supported by the Natiopal Science Foundation, Grant GP-
7409; the National Aeronautics and Space Administration, Grant
NGL-50-002-001; and the ¥.§ Atomic Energy Commission,
Division of Research

{ Present address. Che:
Alabama, Huntswille, Ala.

YE. H Taylor and 8§ Daty, J. Chem Phys. 23, 1711 (1955).

* For literature coverage, in addition to references cited in
subscquent footnotes, see (a) D. R. Herschbach, in #alecular
Beans, g Ress, Ed. (Intershience Publishers, Inc , New York
1966), Chap, 9, . 319, (b) E E. Greeng, A L Moursund, and

. Ross, shid., Chap. 4, p. 135; (¢} R. B. DBernsten and J, T,

uckerman, in Inlermoieculoy Forces, ] O Hirschielder, Ed,
{(Interscience Publishers, Inc., New York, 1967}, Chap. §, p.
389, (d}EJ. P Toennies, in Chemische Elemeniar prozesse, . Hart-
mann, Ed, (Springer-Verlag, Berlin, 1968), ]}:1 157,

* (a) L. R Martin and J. I, Kinsey, J. Chem. Phys. 46, 4534
(1967). (b) L. R. Maztin, Ph.D. thesis, Chemistry Dept., Massa-
chuseits Institute of Technology, 1966.

: try Department, University of

KBr velocity analysis of this laboratory,! an exten-
sive and improved reinvestigation of the reaction was
ndertaken. The principal experimental results have
been published,® in the {orm of polar (velocity-angie)
flux contour maps of KBr from the reactions K4 HBr
and K-++DBr. Inspection of these maps suggests a very
broad angular distribution of KBr in the ¢.m. system.
: This paper presents an claboration of the experi-
mental methods and results of Ref. 5, as well as further
bservations of nonreactive scattering in these systems.
lso reported is a detalied computer analysis of the
reactive scattering data in an attempt to extract the
“best” c.m. functions (ie., those c.m. funciions which
yield calculated scattering that is most consistent with
the experimental data), The main results are semi-
quantitative estimates of the shapes of the c.m. angular
distributions {which appear to differ for the two isotopic
siystems)‘ and of the c.m. translational energy distri-
bution of the products, deduced in the “uncoupled”
dpproximation. The ratio of the total reactive cross
sections for the two isotopic systems has also beea
estimated; that for HBr is 1.4::0.2 times that for DBr;
this ratio agrees with one obtained from the reaction
cross sections estimated by Airey ef of.8

¥

EXPERIMENTAL
{
i The apparatus is a modification® of one previously
described.#” The primary Laval® K beam is velocity
] p |

selected® (resolution, B=14.49, the full width at half.

maximum, FWHM, for an “ideal” transmission. tri-

—————— \
1 ;
" *A E, Grosser, A R Blythe, and R, B. Bernstein, J. Chem.
Phys, 42, 1268 (1965) .

8 C, Riley, K T, Gillen, and R B. Bemstein, J. Chem, Phys,
47, 3672 (1967}.

¢I.R. Airey, E F, Greene, K. Koderg, G, P, Reck, and J. Ross,
J. Chem, Phys 46, 3287 (1967).

? See, e.g, A, R, Blythe, A. B, Grosser; and R. B. Bernstein,
J. Chem Phys 41, 1917 (1964).
;3 (a} E. Hundhausen and H Pauly, Z. Naturforsch, 20a, 625
(1965), {b) M. C Moulton and D. B Herschbach, J. Chem
Phys. 44, 3010 (1966} ; the slits were of the Moulton-Herschbach

ign. '
| H, U, Hostettler and R. B, Bernstein, Rev. Sci, Instr. 31, 872
(1960).
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Taurr 1. Apparatus geomeiry (el dimensions in centimeters). . ’

Primary Secondary

beam beam . Primary  Sccondury
5 ., 0015 0 147 s 0.60 0.64 :
o 0.40 0.152 e 0.60 0.64
o1  0.076 152 ' 17 0 60 .64
a o 0,127(0,254) [ o' .80
d 8.07 . & .69
La 1, 1.0 0.6 -

. ha 55 3.7

- ¥ 8.6 4.4 Muxuimum angular divesgence nf
b zgg serondary beam (3a plane) = ::2.3°
i .

ey

f-——grearar-vrty =

rrery —

* The wider nnalyzer entrance slit was ueed for the so catled “nngle sonna,! In an nttemnt to minkmlee the uncartahity by correeting for the "viewing

factor.'™

angle)!’; an estimate of its distribution Is given in
Appendix A. The secondary beam (296°K, crossed
perpendicularly) effuses through a Zacharias foil shit
and is mechanically modulated (25 Hz) for phase sen-
sitive detection. A second velocity selector (R=4.79)
is used to analyze the velocity of the scattered products
coming from the scattering center (s c.) to the detector.
The detector 15 a Pt~W alloy which, in the “sensitized
mode”, detects both K and KB: by surface ionization™;
the K* ions are accelerated into an electron multiplier,
followed by a cathode follower, a “lock-in” amplifier
(25 Hz), and chart recorder, The labhoralory detection
angle is varied by rofatingithe beam production system
around the sc. Typical vacua duting operation with
HBr are 1X1075, 4XX10-%, 7X10-7 torr {uncerrected
ion gauge readings) in the isolated chamber for the
HBr source, the main scattering chamber, and the
isolated detector chamber, respectively. HBr gas
(Matheson Company, stated purity >99.8%) and
DBr gas {Stohler Isotope Company, stated isotopic
purity 99% D) were used without purification. Com-
parision experiments with a synthetic DBr {chemcally
purified) gave results indi§tinguishable from those for
the commercial DBr,

Table I lists the important apparatus dimensions,
The symbols s, c1, ¢rr, @, and d are, respectively, the full
widths of the oven slit, collimator slit I, collimator slit
II, analyzer entrance sht,{and detector; Z,, is the dis-
tance betaveen points ¢ and j { refers to the scattering
center}. Primed symbols refer to the vertical dimen-
sions (fuil heights). :

+

1 This selector is cobrser in rédolution than that used m Ref 4,
it represents the only degradation from the first veloaity analysis
expenment. There are many smprovements in the present experi-
mental arrangement, however, including lower angular divergence
in the secondary heam, improved signal-to-nome ratios, mere
reproducible data, isotopic substitution (DBr), and much im-
broved data analysis techniques; the present experiments as
reporied (in abbreviated form in Ref.'5) definitely supersede
the earlier resuits of Ref, 4.

* For details, sec T. R Touw and J. W, Trischks, T, Appl. Phys.
34, 3635 (1963) and Footnote 3 of Ref 4. It was found that a
very smalt “leak” of oxygen inte.the detector chamber 13 sufficient
to insure that there is no decay in the detection efficiency for
KBr, once the “sensitized” modg has been obtmned,

[ v

* ‘ RESULTS

A single relative veloaty distribution was used for
all' the experiments, with the peak in the velociti~
selected X beam fiux set at 908=£5 m/sec? and with
the secondary beam oven held at 2964-3°K. The pri-
mary results are velocity analysis scans of KBr flux
disiributions 2t varlous apparatus angles, 8,. Figure {
shows seven such scans for E--HBr (corrected in the
usual way? for the velocity-dependent transmission bf
the analyzer); the curves are seen to have very similar
shdpes, with FWHM=2719, for all curves. Figure
2 shows eight such scans for K4-DBr; the shapes and
widths are again very uniform (FWHM=3Z£19%),
but wider than those for ¥Br.® Figure 3 shows replicate
experiments for X-+HBr at €,=30° and for X+ DBr
at f,=25°% an indication of reproducibility. The flux
peaks at the various angles are compared in Fig. 4,
where the ratio of peak intensities is plotted vs 8,
thdse data can be combined with the velocity analysis
scans to generate the polar (velocity-angle) fiux con-
touir maps of Ref. 5. ‘

Angular distributions of the total flux of ¥ (unsensi-
tized filament) and of the sum of X and KBr (sensitizad
filament) are shown in Fig. 5. For both 1eactions, the
curves have been normalized in the low-angle reinbow
region (where there is only negligible KBr coniribu-
tion to the observed flux in the sensitized mode). The
fact that replicate experiments (sensitized mode) do
not agree precisely in intensity for reactive (farge-angie)
scattering is 2 consequence of slight day-to-day vaii-
atibn in the relative sensitivity of the filament to
K ¥s EBr. This also precludes using these data to ob-
tain the relative reactive intensities for the two 1sotopes.
However, other supplementaty experiments were done
eontiguously (under conditions of constant sensitivity);
they showed that the peak intensity of KBr (at §./235°)
fiom the HBx reaction was twice as great (2.00:£0.05)
as that for DBr. This 1s shown in the reactive KBr dis-
tribution of Fig. 6, where the points are obtained from
—_—

Ndte, elso, that this 13 an impioved estimale which supersedas

‘%The density peak, however, 1 at 90545 m/zec (see Fig. 17") .
thelvalve of 919 m/sec used 1 Ref. 5,
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displacements of 0.5. Smooth curves have =
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Fig. 5 by subtraction and normalization. The difleren-
tial scattering cross section at angles smaller than the
rainbow angle & (essentially due to wnowureactively
scattered X)) was assumed to be substgntially the same
for the two isotopic systems, in accord with Ref. 6.
The data were normalized to the same intensity at the
respective rammbow maxima -

The solid curves of Ig. ¢ are oblained from the
data of Fig. 4, as follows. The KBr {tux peak intensity
at each 6, was multiphed by the FWHM (in mcters
per second) of the velocity scam at that angle; assum-
ing that all velocity scans from K+HBr (DBr) arc of
a fauly umiorm shape, this product should be nearly
proportional to the total XBr flux at that angle. The
good agreement with the data points confirms the
assumption.

Figure 7 shows the angular distribution of the non-
reactively scattered X on the more familiar semilog
plot of (sind,}£(8,) vs 0.

300 350 400 450 300 550

Viae {m/sec)

Frgure 8 presents o recuced plot (as recommended
by Smith et al)® of the intensity of nonveactively
scattered K 1 the com system. The conversion from
laboratory to c.n. assumes a swngle {(nominal} veloaity
vector triangle and uses the transformation equations
of Morse and Bernstein® Also shown are the miost
comparable experiments of Airey ef ¢l (same beam
configuration, slighlly lowcr energy). The agreement
is satisfactory in the ramnbow region The results, n
terms of the reduced rambow angle paramete®®
J=0.E, are presented in Table IT.

The maximsg i Fig 8 are shightly better resolved in
the data of Ref. 6, this is probably due o the higher

BF T Smuth, R, P Marchi, and X G Dednick, Phys Rev
150, 79 (1966).

BT A, Morse and R, B Bemstan, 7. Chem Phys, 37, 2012

1962}.
( a8 T}xc reduced ranbow angle 13 that angle at whien the m-
tensity has fallen to 44% of uts peak value on a plot ol sinfam K
I{6sm,) ¥8 £0o m; D. Beck, J. Chem Phys 37, 2884 (1962).
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KBr FLUX {orbitrory umis)

o5~

! i i 1

T T

K+ DBr

Fic 2. E+DBr Sumlar to
Fig, 1 for 8,=15{3;50°.

250 300 E 400

Vie. (m/sec)

resolution primary beam veloaity selector used in that
work.® However, the present experiments indicated
lower values of the relative intensity of nonreactively
scattered K i the high-angle region This mcrease m
the wide-anple “dropofi” of the elastic scattering
implies a somewhat larger probability of reaction for
collisions of low impact parameter?® In the study
of Ref. 6, however, other experiments were done in the
out-of-plane configuration (thought to be muore re-
hable) ; here the wide-angle dropoff was much greater
than for their in plane data. It appears that the in-plane

18R B Bernsten and R D. Levine, J Chem. Phys, 49, 3872
(1968)

550

results of Ref. 6 ¢ontained a significant spurious hack-
ground signal, which was largely eliminated 1n their
out-of-plane expenments * The reachion probabiities
reported for their out-of-plane configuration were ap-
proximately the samne as those which have been de-
duced from the present (m-plane) results (analyzed
using Ref. 16). The present data show at wide angles
(ie, b m 250°) 2 nearly constant ratio, 1.72:0 3, for
the nonreactive scattering of K by DBr compared o

I Any estimate of reaction probabihty based on the reduced
level of nonreacuve scattenng at wide angles s probably a lower
limt, since much of the high-angle nonreactve mgnal may be
due to scattering by the background not fully ehminated.
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Fic 6 Total XBr flux (no velooty aralys's} as a funchio.. of
8. The varous symbols are expenmental points dertved from
the data of Fig § (after appropniate subtraction of the X fux}.
The solid curves are denved from g 4. the KBr flux peak at
each angle was multiphed by the FWHM of that pezl, under
the assumptian that all velocity seans from K4-HBr or DEr)
are of “sumilar” shape The ordinate scale 15 arbiirary, but the
ratio of the two curves 15 presented accraately (based on supple-
mentary direct comparison cxperiments)
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Fic 7. Semilog plot of the angular distrdbution of the flux of
1onreactively scattered K, {sinf;)/{#,) The curves have been
separated by an arbitrary vertical displacement.

r

HBr. (However, this ratio should be considered only
as a lower limit, due to the possibility of some incom-

pletely ehminated residual background which would

tend to reduce the apparent ratio.)

ANALYSIS OF REACTIVE SCATTERING DATA

Tx:m difficulties, one fundamental to the reaction
studied, and one experimental, have caused significant
problems in analyzing the data:

(1) The reaction K-~+HBr (DBr) is a particularly
difficult one from the viewpoint of extracting the c.m.
differential reactive cross sections and excitation func-
tions from the KBr laboratory scattering data. This is
caused by the unfavorable kinematics associated with
the large mass ratio of KBr to H(D); i.c., the light
H(D) atom takes away most of the c.m, recoil velocity,
so the velocity vector of the heavy KBr is confined close
to the centroid velocity. Thus very small uncertainties
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:in the laboratory distributions can lead to a large loss
of infermation in the c.m. .

{2) The most troublesome experimental uncertainty
is associated with the lack of direct knowledge of the
velocity distribution of the secondary beam. Indirect

.evidence sugpested that under certain conditions non-
ideal flow conditions could seriously affect the reselts,
_ Preliminary expeiiments, cairied out at high scrondary
beam flow rates [R26 om® (STP)/min], yickled a dis-
tribution of XBr product which was sensitive (o second-
ary beam flow, and centered at somewhat greater
laboratory angles than the results presented in this
"paper. This indicated abnormal secondary beam effu-
sion with velocity distzibutions peaked significantly
higher than for ideal Knudsen fiow, To minimize de-
viations from ideality, before the reported experiments,
_ the flow was reduced by stages to a final value of,2/0.5
. cm¥(STP) /min, beyond which the results seemed es-
ysentially invariant to fow. Here ideal effusive flux
i (with 2 Maxwellian velocity distribution) could be
assumed with ressonable confidence as a first approvi-
mation in the data analysis. However, the possibility of
some meodification could not be ruled out.

A computer simulation which attempted to tepro-
,duce the experimental polar (velocity-argle) flux
contour maps for reactive product was made using the

' methods described by Warnock and Bernstein® The
c.m. differential reactive cross section (Po/Pudw) was
assumed factorizable (the “uncoupled” approximation}:

(Po/ddw) o Pw) Plw), (8]

" where P(w} is the probability density (distribution)
function for scattering into a given element of solid
angle in the com., P(w) is the probability distribution
of flux as a function of velocity in the c.mn [ w is the

, c.m. angle (8, ¢}, and w is the c.m. velocity of the re-

" active product, XBr. The reaction cross section was

, also assumed to have 2 negligible dependence on in-

, Cident energy over the fairly narrow energy range en-

. compassed by the velozity distmbutions in the two

beams, -
Initial computations assumed a Maxzwell-Boltzmann

(M-B) velocity distribution for the secondary heam,

the “best-fit” (ie., most consistent fit to the data)

i cm. functions deduced gave an excellent representa-

. tion of all of the velocity scans (e.g., Figs, 1-3), but

i the predicted shapes of the peak ratio curves (Fig. 4)

Tapre I1, Reduced minbow angle parameter,*

J=¢.E (radan-kiocalorie/mole). -
. K-+HBr E-+DBr
Airey ¢t al.¥ 1.10, 1.0~
Present resufts 1 08, 1.064

! (1;36%‘5 T. Warnock and R. B Bernstein, J. Chem. Phys. 49, 1878
1 .

I "#E A, Entemann and D R, Herschbach, Discussions Fareday
1 Soc, 44, 289 (1967). Their U {s} is the present P{w); therw
, P+(E") 18 here termed P(E).



"REACTIVE SCATTERING OF K BY HB=r

were too broad, as secn in Fig. 9. Attempts to narrow
this peak ratio curve by varying the c.m. cross section
functions were unsuccessfil since they generally de-
stroyed the good fits to the individual velocity scans.?
Noting from Fig. 1 of Ref, § that the individual angular
maxima lie on an almost vertical line {where the second-
ary beam defines the vertical), it appears that the diffi-
culty may be associated with the assumption of ideal
M-B flow. A narrowing of the secondary beam distribu-
tion suggests itself as the cause for the narrowing of the
experimental peak ratic curve. This conclusion is made
plausible by the preliminary (unreported) experiments
done at higher secondary beam effusion rates, experi-
ments with definitely nonideal flow.

The simplest model which has been introduced to
allow for modification of the M-B flow condition is
that of Estermann, Simpson, and Stern® (ESS). It
attempts in a simple way to account for preferential
scattering of low velocity beam molecules by “cloud”
formation in front of the source slit® The modified
(ESS) density distribution is

I(0) = (#/a) expl— (1#/e) e,

where a= (2£T/m)"2, I is given in Fig. 14 of Ref, 21,
and ¢ is a constant that determines the magnitude of
the attenuation, The constant ¢=2 was chosen because
it eould account nicely for the observed narrowing of
the peak ratio curve. The ESS density distribution
(c=2) is compared to the M-B ideal case in Fig. 10.
The velocity of the peak in the ESS density curve,
denoted by o', is 11%, greater than e, the velocity of
the mazximum in the M~-B density function.

Using this ESS secondary bearn distribution a new
set of “best” c.m. distribution functions was deduced.
"The functions found were @lmost identical to the ones
derived assuming a M-B Secondary velocity distribu-
tion. The reproductions of the velocity scans of Figs. 1-3
were as good as before, but the peak ratio curves now
fit much better for both HBr and DBr reactions (see
Fig. 9). This verified the strong correlation between
the shape of the pezk ratio curve and the secoadary
beam velocity distribution’and strongly implied non-
ideal secondary beam flow ¢onditions.

Figure 11 shows the déduced “best” c.m. angular
distribution§ for the two ‘reactions. The c,m. recoil
energy distributions, expressed in P(w) and P(E")
form,? are shown in Fig. 12, The curve in the upper
part of the figure gives the best estimate of the transla-

* In the present analysis it has.been considered more important
to fit the individual velocity stans than the peak ratios. This
is because the peak ratio curve is intrinsically subject to more
systematic error, associated with the possibly diffierent scattenng
volume “seen’” at every angle. The analyzer entrance sht was
opened to 0.254 cm (see Table I) for the peak ratio experiments
in an attempt to minimize the cotfection for this “viewing factor "¢

#T Hstermanm, O. C. Simpson, and O Stern, Phys, Rev, 71,
238 (1947) . !

#See also R § Freund and W. Klemperer, J. Chem. Phys
47, 2897 (1967). ,

¥ Although F is velocity dependent, it is fally constant for
v, increasing rapidly at lower velocities,

¢

AND DBr 4025
Ny i H L 1 -l 1] 1} L] -
- @ / '
T
ﬂAn
o a
>3
os A
a F.y
' e & CpJf e Vs
g 2 % ¢
] ;
og- g s @ %
A% i
= Py A
= a K+HBr
pn s %
5 r B a . 6,4 *
ig ﬂ:aﬁhéaaﬂ & -
= S 8834 b @wg !
‘-ﬁ o T 13 ) ] ] [] ] ()
¥ Lo .
é % 1
B,
2 % a
" 0
o a
é o, w+Der
i a
a, & .
& i
» D: : b}
Q5+ ? a
A
£ 3 ,
: % P * A
Sotman0an®? b
: 8 @ g 5 o 8
' 0 ¥ T 1] F ¥ T H 3 ‘
! 4] 10 20 30 40

3
. E 6, (Kcal mole'x radian) :
Fi¢ 8. Reduced plot (Smith ef a? }1* of the flux of nonreactively
scattered K in the center-of-mass (¢ m} system. The conversion
from lahoratory to c.om. was done using the “nominal velocity
vector triangle” (as illustrated in the insert, where | wy = w: |).
Laboratory velocities are denoted by ¢'s; c m velocities by w's,
The triangles (A) represent the data of Airey ef ol (yx=878
m/sec, Tan:=250°K, Tpp,=254°K}, the squares ([1) are the
gresent date (vie=9%08 m/sec, Tap.,pp,=296°K). All data have
Keennnormalized te & peak of umty. Upper: E-+HBr; Lowser:
+D3Br,

tional energy distribution of flux P(E’} in the cm.
system (the same for both isotopic systems); the lower
curves give the corresponding iranslational velocity
distributions of flux P(w) in the c.m. system. [Note
thejr relationship: P(w) «<wP(E’).] The collision exo-
thermicity @ is defined as usual® by Q=E'—E, whee
E dnd F are, respectively, the relative trauslational
| ‘1

t [l
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KBr PEAK RATIOS {Arbitrary Unils)

0 L 1 i ] ! | i
20 30 40 50
LABORATCORY ANGLE Oq(DEG)
Fre, ¢ Expenmental XBr flux “peak ratio curves” compared
with best-fit computed results for M~B secondary beam {A)

and for ESS sccondary beam ([0); all curves arbitranly normal-
ized to umty at peak,

colhsion cnergy before and after collision. Shown on
Fig. 12 are the pomts for Q=0 and Q= Onax (all avail-
able energy going into franslation) for the case of the
most probable initial collision energy.® Table IIT lists
numernical vales,

The shaded zones in Figs 11 and 12 represent the

INTENSITY (Arbitrary Units)
Q
(T

[+]

200 400 600

VELOGITY (m/sec)

Fic 10. Density distnbution functions used to represent HBr
beam (296°K). Sobd curve (peak at o) M-B, dashed curve
(peak at «'): ESS function. Both curves normahzed to unuty at

peak,

* See Footnote 17 of Ref. 18 for further details -
® Usc 15 made of KBr thermodynemyc data of L. Brewer and
E. Brackett, Chem. Rev. 61, 425 {1961).
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limuts for smooth, low-resolution functional forms that
give reasonable fits to the data [many different com.
binations of functicnal forms were tried for P(w) and
P(ze), including vanous siaple angular distributions
which attempted to simulate the strong prefevence for
“backward” ¢ scattening of the XBr xepo.icti .
KATBr]3 The “best” cm. functions (Figs 1! and 12)

are summarnzed in Teble IV,
Fall

Q

(o]}

T
M.

o
W
O
oot
<

O 20
Gopldeg) -

Fre. 11, Deduced ¢ m angular distnbution functions Pl e
##a (0, = ) /d%. The heavy solid bines are the distmibutions which
gwve the “best” representation of the data, and the shaded arwas
encompass limits for “reasonable fits” to the data. All curves
arbitranly normatized to umty at zero degrees
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A set of curves of XBr flux vs velocity, computed by
using the “best” c.m. functions and the assumed ESS
velocity distribution for the secondary beam, 1s com-
pared 1 g, 13 (K4-HBr) and Fig, 14 (K4-DBr) to
the set of experimental velocity scans (the Feaperi-
mental” curves are smoothed, best representations of
the data). Here, both the computed points (10-m/sec
intervals) and the smoothed eaperimental curves are
normalized (for both reactions) relative to the maxi-
mum in the flux at 6,=35° (using Fig. 9). Fig. 13 pre-
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sents polar {velocity—angle) X Br flux contour maps® 6.7
as another representation of Figs. 13 and 14; sohd con-
tours are experimental, dashed contours are calcutated
from the prefeired cm functions, The ‘“nominal”
velocity vector triangles drawn [uz=908 m/sec,
v(HBr, DBr)=¢«"] comrespond to the velocity of the
maximum in the flux distribution of the primary beam
and the velocities of the (assumed) ESS density maxima
of the secondary beams.®

The computed fits to the evperimental contour maps
(Fig 15) are reasonable considering the kinematic
difiicultres and the problems with the nomdeal second-
ary beam Not fitted within the estimated experimental
error bounds were the “peak ratio” data for HBr,
Since there is such a strong link between the secondary
beam velocity distribution and the peak ratio curve,
the uncertainty m the secondary beam {low conditions
precludes further attempts at adjusting and improving
the fit to the HBr peak ratio data; as mentioned, such
adjustments improve the fit, but do not appreciably
change the “best” cm functions

Also shown m Fig. 15 are “Cartesian” flux contour
map representations of the experimental data, ob-
tained by dividing the polar flux intensily by v* [ Note
that 1/7% is part of the Jacobian (lab—cm.) factor
w12 ] This removes the influence of the relative posi-
tion of the origin in laboratory velocity (v) space upon
the size of the laboratory volume element {(in » space).
(Note: A volume element increases proportional to ¢*
in the polar coordinate system, not so in the Cartesian
reference frame.) Hence such a Cartesian flux contour

Tanze III. XBrrecoul veloaty for several cases.

E=2 8keal/mole. .
Q (keal/mole)  w (m/sec)
X-4-HBr 0 41
42 (=an) )
K+DBr 0 58
3.1 (=Qmu:) 83

#T. T Warnock, R B, Bernstemn, and A, E. Grosser, J. Chem
Phys 46, 1685 (1967)

¥ See alsor (a) Z Herman, J Kerstetter, T Rose, and R.
Wolfgang, Discussions Fardday Soc. 44, 123 (1967); (b) W R.
Gentry, E A Gislason, Y. Lee, B H. Mahan, and C. Tsao, thd.
44, 137 (1967) .

28 The ““most prebable triangle” (most prohable collision event)
corresponds to the maximzation of o4 (v}da(v), where 4,(0) Is
the density distnbution of beam 4, and o, 18 the relative veloaty
When onc beam {e g , beam 1) 1s much faster than the other, then
7=y and the guantily to maximize 1s vidy (1) d2 (v} But wi(v) =
Si{2), where f.?zr) 15 1he flux distnbution of heam 1 Tfonce, 1n
us ean, the mast probable triangly correaponds appreximately
to the velocity of the density maxunium m heam 2 and the velocity
of the flux maximum 1n beam 1. ‘These considerations have been
clhgsé:éassed also by J. B Brrely, Pk D, thesis, Harvard Unversity,
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Fic 12 Upper Deduced cm flu- distrioution funcoon F{17}.
The solid curve represents the function giving the *brot™ repro-
duction of the date both for HBr and {for DBr, the s1.ded area
encompasses hmts for ‘‘reasonable fits” to the data (=0 =ad
0=0.: (for each system) refer to the “nommal® collimon tondi-
tions {1 =908 m/sec, m=a’) (Curves are normalized fo umaty
at peak), Lower cm fux distuibution functions P (w) for HBr
a'uf DBr corresponding precisely to the sohd P{E’} curve
(upper), arbitranly normalzed to unity at peak n P(w)

map provides 2 better visuahzation of the scattering
relative to centroid.® Inspection of the Cartesian maps
of Fig. 13 reveals the broad but somewhat “backward”
scattering of KBr from the HBr reaction, and the tend-
ency for “forward” scattering for the DBr system

The observed absolute intensity ratio of scatiered
EBr irom HBr and DB1 (us shown m Fig. 6) has been
used with the “best” c.an. functions to deduce a ralio
for the total 1eactive cross seclions of the two systems.,
The procedure was as Iollows. The em  funclions
were normalized to the same total integral [f,=
IS T P{w) P(w) dwd*w] for the two systems [ correspond-
ing to (temporauly assumed) identical magnitudes
for the total reactive cross sections). These functions
were used to compute scattering maps 1 the labora-
toy system. The ratio of total KBr fiux at 6.=35° for
the two isotopic reactions was then computed. This
ratio was compared to the experimental ratio in Fig 6,
and the integrals 7, adjusted so as to recover the ex-
perimental ratio of laboratory flux. The total reaction
cross section thus evaluated is

o (K-FTIBr) fom(KA-DBr) =1.4:£0.2,

®(a) W. R Gentry, & A, Gislason, B ¥ Mahan, and C. Teao,
J. Chem, Phys. 49, 3058 (1968), (b) R Woligang and R, J Crass

{(prm ate communreation).
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T

Tanre IV, Preferved (“best fit”) ¢ m distribution functions, not normahzed. E' (hilocalories per mole),
@ (meters pet second), ¢ {(degreemcm ).

E4-HBr K+4+-DBr
P)[=P(0)] 1-+(0/180) 1--}(g/180)
P{E) E' 2 exp(—0.325E") (same as K-HBr)
Plaw) (/42 6)* exp[— (w/42.6)*] {w/60)* exp[~ (=/060)*]

* Thry functional form 1s used by W B Miller, 8 A Safron and D R Herschbach, Discuasions Faraday Soc 44, 108 (1067) Sec also Ref, 19
They (appear to) use this as a density function rather than as & flux function, henee their corresponding flux funcuon wauld be multiplied by @ {sce

Ref 19)
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o
F16, 44. K++D3Br. Similar to Fig. 13, 100

iBr RELATIVE FLUX {Arblirary Units)

+

This number may be compared with the (less precise)
ratio of the estimates of total reactive cross sections
(based on the optical model analysis of the wide-angle
nonreactive scattering) , reported by Alrey ef alf:
o"(K+HBr) =359 A? and o"(K+DBr) =268 A3,
which gives the ratio 1.3, with considerable uncer-
tainty, t

COMMENTS ON THE REACTIVE
SCATTERING RESULTS

The c.m, angular and recoil energy distribution func-
tions are broad. Fundamental kinematic restrictions
and an uncertainty in the secondary beam velocity

VELOCITY KBr {msser)

distribution seem to preclude the possibility of extract-
ing fine details of the distribution functions P(w) and
Pw) (for example, any coupling between the two
distributions). Nevertheless, a “low-resolution,” un-
coupled [i.e., Eq. (1)] set of functions can be found
which reproduces the main features of the data. The
choice of functions, fortunately, is nearly independent
of assumptions as to the secondary beam distribution.
The recoil energy distribution function P(E’) (Fig; 12)
is similar for both the HBr and DBr reactions and
indicates a large range of product internal excitation
energies, The angular distribution (Fig. 11) is more
forward for K+4DBr than for K+4HBr; this trend is
not consistent (at least in a trivial sense) ‘with the pre-
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erergy of 2 § keal/mole The solid contours are the expenmental data ¥ The dashed contours are the computed curves At a given angle,
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display peak XBr intensittes (cf. Fig ) Right. XBr Cartesian flux contour maps of expenimental data, derived from polar maps by
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to the nominal triangle with &’ and vx as at left,

dominantly backward scattering of KBr from the K,
Cs+TBr expeniments of Martin and Kinsey.? The
larger total reactive scattering cross section for the
K-+HBr system compared with X+D3Br agrees with
the deductions of Airey e al.® from their phenomenologi-
cal analysis of the nonreactive scattering. This result is
however, not in accord with the usual correlation

found® to apply for 2 number of other chemical systems,
namely, that 2 reaction with more “forward” scattering
usually has a larger total reactive cross section,

THEORETICAL CONSIDERATIONS

The present paper will not attempt to review or clabo-
rate on the varlous theoretical treatments which have
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been applied to the reactive scattering of salkalis by
hydrogen halides.® Indeed, it seems premature to draw
any serious conclusions from these treatments in view
of the rapid development of new theoretical-computa-
tional methods for dealing with the reactive scattering
problem,”

Much of the attention in the literature has been de-
voted to the purely phenomenological description of the
scattering® via the optical model, which is intended Lo
account in o simple way for the elastic scattering in
potentially reactive systems. As mentioned earlier,
the present study essentially confirms the nonreactive
data on K+-IIBr (DBr) of Airey ¢f al® and the main
features of their analysis. Their datia and the present
results suggest an opacity function P(b) with limit-
ing values (i.e, for very small impact parameters)
P(0) 0.9 and 0.8 for HBr and DB, respectively. Their
results indicate that the shape of the function can be
fairly well appioximated by a “rounded” step function
characterized by a threshold impact parameter bine
gogrgsponding to a “critical” E-Br separation of about

However, as pointed out in Ref. 32(k), because of
shape-sensitivity considerations it is very difficult to
deduce a unique opacity function even from very re-
liable data. An even more serious limitation on the
optical model interpretation was brought out in Ref.
32(b), where it was shown that the existence of a deep
attractive well at small E-Br separations, super-
imposed on the usual van der Waals (vdW) well at
large distances, would also lead to suppression of the
wide-angle scattering. This result was obtained using
a two-body central force model, involving only a semi-
classical analysis of the pure elastic scattering, i.e., no

# See, for example. () N. C. Blais and D. R. Bunker, J. Chem
Fhys 39,315 E1963); (b} P Pechukas, J. C. Light, and C,Rankin,
sbid. 44, 194 {1966); (c) J. Lin and j, C, Light, sbid 43, 2545
{1966); (d) R. E. Olson and C. R Mueller, in Ph.D. thesis of
R. E. Olson, Purdue University, 1367; (¢) R, T, Suplinskas and
J. Ross, J Chem. Phys. 47, 321 (1967); (f} J. C. Light, Discus-
sions Faraday Soc. 44, 14 (1967} ; {g) B. C. Eu, J. H, Huntington,
and J. Ross (to be published). Also* J. H. Huntington, Ph.D
thesis, Brown University, 1968,

3 See, for example: (8) M, Karplus, R N. Porter, and R D.
Sharma, J. Chem. Phys 43, 3259 (1965}; (b) P. J. Kuntz, E M,
Nemeth, J. C Polanyi, S. I. Rosner, and C E. Young, bid.
44, 1168 (1966): (¢) L. M. Raff and M. Karplus, ibd 44, 1212
(1966), (d) R. A. Marcus, itud, 45, 2630 (1966); 46, 959 (1967),
Discussions Faraday Soc, 44,'7 (1967); (¢) M Karplus and
K. T. Tang, bid. 44, 56 (1967); {f) M. 5. Child, ib:d 44, 68
(1967); (g} E. E. Nikitin, Chem. Phys. Lett I, 266 (1967).

4 See, for example. (2) D. Beck, E, F. Greene, and J. Ross
J. Chem. Phys. 37, 2895 (1962); (b) D. R. Herschbach an
G H Kwei, m Afonnc Collision Processes, M R C. McDowell,
Ed. (North-Holland Publ. Co., Amsterdam, 1964}, p. 972; (¢
E Hundhausen and H. Pauly, Z. Physik, 187, 305 &965); {d
R. B, Bemstein, in Molecular Beams, J. Ross, Ed,, {Interscience
Publishers, N.Y., 1966}, Chap. 3, p. 75; (e) E. F. Greene, A. L,
Moursund, and J. Ross, Ref, 2({b); (£} D. R. Herschbach, Rei.
2(a), (g) J. L. Rosenfeld and J, Ross, ] Chem Phys. 44, 188
(1966); (b) H Y. Sun and J. Ross, ikid 46, 3306 (1967); (1)
B C.Eu andc{. Ross, Discussions Faraday Soc, 44, 39 (1967);
(i} C. Nyeland and J. Ross, J. Chem, Phys, 49, 843 {1968); (k)
R. B. Bernstein and R. D. Levine, Ref. 16; (1} R. D. Levine,
Quantum Mechanics of Molecular Rale Processes (Oxford Uni-
veruty Press, to be published) ; (m) D. A, Michs, J. Chem. Phys.
(to be published).
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chemical reaction per se was necessarily intreduced by
the deep “‘chemical” well. In many respects the differ-
entinl elastic scattering expected from the t..-well
potential resembles that from the vdW well alone; the
usual analysis would give an rn characteristic of the
shallow outer well, The effects of the deep inner well
might be wrongly interpreted as due to chemicel re-
action, with significant apparent opacity for 5<b&.
['where 5,(6,) is the rainbow impact parameter for the
vdW well ],

Thus cne must be cautious about prediction of the
reactive scattering behavior frem the nonreactive
scatlering data via nn optical analysie. However, ns
pomted out in Ref., 33, the simple odel appeards reason-
ablysuccesslul for a number of alkah-halogen cuompound
systems (especially for K+ CHal),®® in that observed
total reactive cross sections ave fairly well predicted by
suitable integration over the opacity function P())
derived from the nonreactive data.

Among the many treatments™ of the reactive scatter-
ing per se, one of the more promising appears to be
that of Eu, Huntington, and Koss.®% They have pre-
sented a simple formulation based on the Butles-
Toboeman direct interaction theory and applied it to
the calculation of orientation-averaged differential
reaction cross sections. They treated a numb. of
systems, including those of interest here. A form for
the potential energy surface was chosen which contaias
g step function to represent “bond switching,” oc-
curring at a critical M-X separation (chosen to be
3.6 A for X+BrH). For a collision energy of 15
keal/mole, and consideting a fixed Q=1 keal/mole,
they calculated the angular distribution for several
values of the rotational angular momentum value ! for
the KBr product ranging from 100-112, with /=104
“preferred” from an analysis™ of the elastic scattering.
The resulting angular distributions were broad and
somewhat “backward” weighted, but a change of 8% in
I sufficed to bring the maximum from the backward to
the forward direction. Unfortunately their model does
not predict § or ! distributions for isotopic reactione.
Thus it is not fully predictive in character, hut it may
well be helpful in correlating the grosser features of the
results for reactions of related systems. At present theie
appears to be no ab dnilio, theoretical prediction of the
differential scattering cross sections and internal ex-
citation function for the systems K-+H3Br, DBr to com-
pare with the present observations. '
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APPENDIX A: CALIBRATION OF VELOCITY
SELECTOR AND VELOCITY ANALYZER

The velocity analyzer was calibrated using a direct,
low-temperature potassium bearr under Knudsen
effusive conditions. The experimental curves of intensity
vs analyzer rotational speed are compared to a cal-
culated Maxwell-Boltzmann (M-B) distribution at
the K oven temperature. Figure 16 shows a typical
result comparing the experimentally determined flux
eatering the analyzer with an ideal M-B flux distribu-
tion, I« expl— (m?/2kT)}. The excellent &t con-
firms the ideal effusive flow conditions; in this way,
absolute velocities can be determined to within 0.6%
at the peak of the analyzer transmission triangle. (Of
course, the analyzer, has an appreciable tiansmission
width, i.e., FWHM=4.7%.)

The velpcity selector was calibrafed similatly; but
thete is an added difficulty to be noted. Being of lower
resolution, the selector has a transmission “triangle™®
(shown in Fig. 17) which exhibits a significant bias to
high velocities (i.e,, there is a somewhat greater flux
transmitted at velocities preater than the velocity of
the peak in the transmission curve than there is at lower
velocities), The shift in the K beam calibration curve
caused by this bias must, therefore, be accounted for
in achieving a correct mafch to an ideal M—B form. The
best estimate of the actual distribuiion of K transmitted
by the velocity selector is given in Fig. 17, here the re-
duced velocity v* is defined to be v/908 (meters per
second). The spreading from the nearly triangular
“ideal” function is caused by angular divergence in
the potassium beam, due to the well-known dependence
of transmission velocity on the angle relative to the
selector axis.*# The angular spread in the K beam was

- determined experimentally by scanning near 8,=0°.
The change in the selector transmission as a function

GILLEN, RILEY, AND BERNSTEIN

of angle through the selector was determined by sean~
ning and comparing the selector transmission witt “Te
veloeity analyzer transmission for various angular
settings (e.g., 6.=0.0°, +0.5°, —0.5%) of the X beam,
Orne such scan is shown in Fig. 17 along with & com-
putational simulation. This type of comparison scan
indicates the relative consistency of calibration of the
selector and analyzer; they agree to better than 1%
in velocity, The velocity of the flux peal: of the selector
transmission at 908 m/sec, however, is known to

« 0.6%, The estimated density distribution transmitied

(solid curve, Fig. 17, whizh supersedes the 0, “1,”
“0" lines of Ref, 5, that were based on the “ideal”
transmission triangle) is appreciably broader (18.89%
FWHM) than that expected for the “ideal” triangle
(144%).
1t is also important to note that the Laval potassium

beam has a significantly narrowed velocity distribu-
tionfs; if, therefore, the selector is set to transmit a
velocity range well below the region of peak intensity
of the Laval curve, then the steep variation of flux vs
velocity incident upon the selector will cause an en-
hancement of the high velocity portion of the density
transmission function. This supgested operating the
selector near the peak of the Laval curve, where this
effect was small and readily accounted for in the nli-
brations, and also where the transmitied intensity was
nearly a maximum,

APPENDIX B: COMMENT ON ELASTIC
VELOCITY ANALYSIS

In Ref. 4, velocity anaiyses of the nonreactively
scattered (“elastic”} K were made at 5° laboratory
intervals from 8,=5° to 40° At all buf one of the
anples the positions of the peaks of these scans were
within ~1% of the velociiies predicted for elastic
scattering using the nominal vector triangle (Fig, 4 of
Ref. 4). The exception was at 8,=25° where three
separate experiments gave peaks in the intensity of the
scattered K at a velocity some §% lower than that _

LI 1 T L

Fre. 16 Calibration of ¢ thermal K
beam with the high-resolution velocity
snalyzer. The calculated, ideal M-B-
curve is shown superimpesed upon the
experimental points.
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T 17. Density distribution m the X
beam s reduced velocity o*=u/903
{m/sec} The dot—dash curve (- ———)
is the near-triangular ideal selector trans-
mussion  functien, assuming neghable
angular divergence in the beam The
soltd curve is the best estimate of the
actual beam distnibution, talang account
of angle spread The points are the experi-
mental density disinbution through the
low.resqluiion selector as scen by the
high-resolution analyzer, and the dashed
curve 15 4 computed curve ntended
as a theoretical simulation of these
observations ’
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piedicted. This anomaly can now be explained on the
basis of the steep slope of the angular distribution at the
edpge of the rainbow and the significant range m incident
relative energy. The selector used in the earlier experi-
ments had a veloaity FWHM of 4 7%, and hence an
energy FWHM of ~9%,: the secondary beam causes
an even greater spread in the energy range for colli-
sions Since the rainhow “edge” shows an inverse re-
lationship between incident energy and angle (hence the
use of the reduced variable 6, ., in Fig 8),9 it follows
that al o giver angle the elastic scattering will show a
strong energy dependence (greatest in yegions of large
logarithmic derivative of the elastic scattering curve),
The size of the effect is enough to explain the observed
5% peak shift, and also accounts for significantly
greater shifts in elastic scattering results found (but
not reported) in the course of the present study with
a selector of lower resolution

APPENDIX C: CCMMENT ON IMPROVING THE
COMPUTER ANALYSIS

Velocities for the XBr flux contours in this study
are secure to better than 19, (see Appendix A); thus,
these data are extremely accurate relative to other
reported velocity analysis results, yet the kinematic
difficulties still prevent the use of much detasl m the
c.m functional fits Were it not for the fact that the
E+4-HBr system is kinematically very unfavorable,
many of the assumptions used in the analysis could
have been removed by taking advantage of improve-
ments in data analysis and computational techniques

REDUCED VELOCITY

now being used both at Wisconsin®® and at Harvard ¥
TFor this system, however, the kinematic difficulties
preclude even the obvious extension tu 1clutively nore
complex [but still *‘uncoupled,” as in Egq (1)1 em
functions For example, based on knowledge of the
TBr results? a sharp backward c.m. peak in the angular
distribution can be added to a fairly isotropic angular
distnbution, and, as long as the sharp peak does not
become too intense, one can obtam a fawrly good fit to
the HBr data. This method of “educated guessing” 1s
too subjective and cannot, of course, be apphed pen-
erally,

A better extension of the analysis would involve no
assumption of functional form and no guessing of tnal
functions The computer should be free to find a seneval
best representation, for mstance, by minmuzing @ least
squares fit to the data using general functional forms
(e g., orthogonal polynomals, or histogiams) for the
cm angular and recoll energy distubutions These
extensions have been made® and a least-squares poly-
normal analysis of the K-+HBr (DBr) system has even
been carried out in the general case™ in which the
angular and energy functions are allowed to be coupled.
The method, unfoitunately, 15 better than the data
warrant, the results are dependent on assumptions as
to the (unknown) secondary beam distnibution, and
are perhaps of questionable value The application of
thesc methods to kinematicaily more favorable re-
active systems is in progress®*¢

# K. T Gilten and R. B. Bernstemn (unpublished work)
® P, Siska and D. R, Herschbach {prvate communication).
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C. After-Thoughts

There are a couple of reasons to suspect that the use of
the modified (ESS) velocity distribution for the secondary beam was
unnecessary, and that an assumption of a simple Maxwellian velocity
distribution was reasonable. TFirst, the necessary narrowing of the
calculated angular distribution in Fig. 9 (p.4026) can be accomplished
without losing the good fit to the velocity distributions if one
generalizes to a '"coupled" (angle-velocity) c.m. distribution
functi0n57.

Secondly, test calculations have since been made on agsumed
c.m. distributions which show that the nominal relative velocity
vector (collision axis) around which there is an approximate symmetry
in the c.m. system is the ome defined by the average velocity in
both beams (rather than the most probable velocities, vmp)' For
HBr (DBr) under the standardized experimental condations of the

iz
paper v = (% %:‘*T—) = 279 (277) m/sec. The Cartesian flux mapséoe

of Fig. 15 allow a test of this symmetry conditionsg; if v of

the secondary beam is used (instead of vmp) to define the collision
axis, the symmetry is satisfied approximately for HBr, but not very
well for DBr (see Figure III-1). Perhaps the experimental "peak
ratio curves' (Fig. 4 of paper IIIB) for K + DBr were done at
slightly too high a flow, causing a small deviation from ideal M-B
conditions (but smaller than the ESS model used); yet the X + HBr

experiments appear to have a reasonably ideal secondary beam

velocity distribution. It must be noted once again that the assumption
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Fig, IIT-1 X + HBr, DBr Cartesian Flux Distributions

Enlarged view of cartesian data f£lux maps of Fig. 15 of
Ref, 42 (section III B). The "nominal" relarive velocity vector
hag been shifted slightly to correspond to the average (rather

than most probable) velocity in both beams (assuming a Maxwellian

velocity distribution for the secondary beam).
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(used in the paper) of non-ideal flgw for the secondary beam hardly
influences the final best uncoupled c.m. distribution found (Figs. 11,12);
this assumption was only used in an attempt to get a better fit of rhe
computations to the experimental data. Coupling of the angle and

velocity distributions may be a better approach to improving the march

to the data.
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Iv. K+ 12

A. Apparatus Modifications for K + I, Experiments

2

Table IV-1 lists some important apparatus dimensions for the
K + 12 experiments; it 1s the analogue of Table I in Chapter IIT (p. 402C).
The full heights are all unchanged and are therefore not listed in
Table IV-l; the dimensions which have changed since the X -+ HBr, DBr
work are underlinmed in the table. All widchs are "full-widths".
Witk the mechanical modulator the angular range possible in

K

L]

the laboratory was only from (:)mao° to 49.5° (where 0°
beam direction; 90° = 12 beam direction); using the tuning Fork

chopper, (E)lab = 101° was obtained; a simultaneous slighr altera-

tion of the chopper support and the last collimation slit for the Iz
beam (as noted in Table IV-1) allowed the possibilicy of reaching

@ = -15°.

The collimating slits were generally wider than for K + HBr, DBr;
in this way intensity was increased with only a small sacrifice in reso-
1ution: The lower resolution is unimportant here since the kinemstics
of the K + I2 system are so favorable; this decreases the laboratory
resolution requirements necessary for obtaining meaningful c.m. results.
Figures IV-1,2,3,4 show the slit geometries and beam profiles. The
ideal limit of the umbra is marked by line "u"; the extent of the penumbra
is denoted by line "p"; "h" is the half-intensity line. Note that in
every case the vertic;i énd horizontal scales are not the same. As in

the earlier work, all meaningful angular distriburtions were done with

a wider analyzer entrance slit in order to eliminate the possibility
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Table IV-1 K + 12 Apparatus Geometry

(all dimensions in cm)i

Primary Beam (K) Secondary Beam (12)
s 0.015 0.076(0.015)""
cy 0.40 0.51(0.254)
Cr1 0.127 0.152 All heights same as
a 0.127(0.51) ™" for K + HBr, DBr;
d 0.071 See Chapter III B,
2 1.0 0.6 Table I.
scy
fecry 5.5 (3.7y, 3.4
Est 8.6 4.4
Qta 3.7 Maximum Angular Divergence of
Qtd 25.3 Secondary Beam (in-plane) =
(£ 1.8), 2,10
(i) When two numbers are given, the one in parenrhesis denotes the

less common comnfigutation. The underlined numbers are the only
changes from the K + HBr, DBr experiments.

(ii) Angular normalizations and total angulaxy distributions used a
wider analyzer entrance slit in order to view the entire scattering
zone at all angles and eliminate any viewing factors.

(iii) The 'new" support piece for the tuning fork chopper had a
collimating slit slightly closer to the I, oven than the old
piece used with the mechanical modulator.

(iv) A few early experiments used a set of Laval slits on the T
beam oven with results hardly distinguishable from the experiments
which used Zacharias foil slits.
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Figg. IV ~ 1,2,3,4 S8lit Geometry

Details of the slit collimarion for cthe two beams (subscript 1,

K; subscripr 2, 12) and for the detector. All dimensions in cm. In

all figures the vertical and horizontal scales are different.

S: oven slitc

¥ ecollimator slic

a: analygzer entrance slit
d: detector

8.C.: scattering centcer

u: ideal beam umbra limit
h: ideal beam "half intensity" Primes refer to beam heights
BE ideal beam penumbra limit

Alternate positions of slits are indicated with dashed outlines

referring to the alternative arrangement, less frequently employved.

Figure
Figure
Figure

Figure

IV -1 K beam and detector widths.
IV-2 K beam and detector heighrs.
Iv-3 12 beam width.

Iv-4 I2 beam height.
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that the scattering volume viewed was dependent upon the apparatus
angie. Velocity analyses (unreported) with the wider analyzer slit
had slightly broadened velocity distributions relative to the ones
reported here (section IV-C). This is due to the larger angular
range through the analyzer, which causes a broadening in the velocity
distribution transmitted at a given rotation speed. (The dependence
of the transmission on the angle through the analyzer can be calculated
using the general transmission equation (A-1) of Appendix A.)

i lodine, unlike HBr, has too low a vapor pressure to be intro-
duced convehiently as a gas; hence a reservoir interior td the
apparatus had to be used. The differential pumping of the secondary
beam chamber was also eliminated and replaced with more cryogenic surfaces
near the beam oven.

The tungsten wire beam monitor for the K beam was installed
specifically for the purpose of monitoring the variation in the K
flux entering the scattering zone during the course of studies of the
dependence of scattering on the relative incident kinetic energy, E;
however, even in experiments done at a constant 'f, the W wire -
proved to be a valuable monitor of beam stability.

The last modification to be noted, both unplanned énd unpleasant,
was a gradual thinning of the disk and widening of the slots of the
selector disk closest to the K oven. This was caused by the large
amount of K deposited on this disk during the course of the Laval K
beam experiments, followed by hydrolysis and attack upon the aluminum
during cleanup of the appara;us. At the end of the I ' experiments

2

(three years after the first Laval K beam with HBr) the slots on
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this disk were n~ 20% wider than their original dimension. This

leads to a slightly wider velocity distribution transmitted through ’
the selector; it is not at present serious and has been accounted for
in the beam calibrations of Appendix A; but eventually this disk will

have to be replaced.
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Iv. K+ 12

B. Experimental Procedure

Before each experiment the bearings for the selector and amnalyzer
motors were cleaned with benzene, lubricated with pump oill (Dow-Corning 704),
and if necessary, discarded and replaced; these bearings caused the pre-
mature end of a large number of experiments; the selector and analyzer bearings,
in contrast, lasted almeost indefinitely.

The night before an experiment the two ovens were loaded. The
primary oven was first f£illed with benzene; pieces of K were cut under
benzene and placed in the oven, which was then screwed shut (lapped sur-—
faces, no gasket) and inserted into the apparatus. With the two ovens in
place (typical loads: ~ 14 grams of K , ~ 45g of Iz), the machine was
pumped down overnight (to ca. 25}L) with the roughing pumps.

Early the next morning the diffusion pumps were turned on and
the potassium oven was gradually heated to beam conditions (typical
conditions: oven ~ 6200K, slic ~ 7100K, reached after ~ 7 hours of
heating: ~ 140 watts of power required to maintain temperature at
operating conditions). Meanwhile, as soon as the liquid nitrogen
traps could be filled, the outgassing of the Pt-W detector was comnenced
(usually for 3~4 hodrs at temperatures up to 1700°k). At 1700°K
the positive ion emission froﬁ the filament is typically 10—12 amps;
the A.C. noise produced on the chart is equivalent to ~ 10"15 amps
at 25Hz, ten times the equivalent noise at the sensitized operating
conditions. While bringing the K oven up to its operating temperature,

the selector was rotated at a slow speed (~2000rpm) to insure uniform
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deposition of K on the first selector disk; the selector was not
allowed to come to a complete stop for the duration of the experiment (to
avoid the possibility of umbalancing it).

While the K oven temperature was stabilizing rhe 12 oven was
rapidly brought up to beam conditions (oven Ar3100K, slitrV3500K;<2O
watts power to maintain conditions). If the plans called for no
"unsensitized" experiments, the oxygen filament "sensitizarion"
procedure was followed (see II B7)and a small O2 leak established
(the early outgassing is sufficient to cause an unsensitized filament).

The analyzer was lowered ocut of the beam path, the goniometer
‘set to a convenient apparatus angle (e.g., () = 420.0°), the selector
was brought up to operating speed (e.g., 15000 rpm) and the signal:
noise ratio displaved on the chart recorder. This ratio was maximized
by adjusting lock-in phase, filament bias, grid voltage, and electron
multiplier voltage.

The experimental angular distributions and KI angular normaliza-
tions were all done with frequent checks of a reference angle to monitor
and adjust for changes in flow conditions; all signals were taken
relative to a zero defined by placing a beam flag in fromnt of the 12 oven.

The great majority of the velocity‘analyses were done as ""translational
gpectra” (see IV C.2). Beam flag zeros were not used, gsince a few
supplementary velocity anmalyses taken "point-by-point" agreed exceedingly
well with the coxresponding spectra whether electronic or beam flag
zeroes were used. Other verification came from the results of a number
of ghost "spectra" taken with the beam flag blocking the 12 beam (in

principle, no modulated alkali signal); these "'spectra' were identical
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in shape to the corresponding '‘unblocked' spectya, but of much lever
intensity (the remaining signal was undoubtedly from 12 that guccessfully
bypassed the beam obstacle, reaching the modulator by deceitful and

devious routes).

During the course of an experiment the chamber pressures and oven
temperatures were periodically recorded. In sensitized experiments,
occasional total angular distributions were done as a monitor for any
decay in sensitivity to XI. Increases in the 0, leak rate sometimes

2

successfully counteracted losses in sensitization; otherwise the

normal sensitization procedure was repeated after a fast outgassing (-~ 10 minutes)
of the filament at 1.4 amps. The detector chamber pressure was usually
5-10 x 10b7 Torr with an 02 leak for sensitization; unsensitized, the

pressure was o~ 1-3 x 10—7; the main chamber pressure during an 12
experiment was typically Zx]ifﬁ {uncorrected ion gauge).

At the end of an experiment, calibrations of the direct K beam
(e.g.,Laval beam characterizations, angular profiles) were done; the
Pt/W filament was biased at -22.5v; the grid was set at -90v to collect
the K+ iong (with the electron multiplier turned off) which were
-then fad direclly to a Kelthley clectrometer. The current f[rom the
peak of a velocity selected K beam was ~ 2 x 10~7 amps. These cali-

brations were always done at the end of an experiment, since deposition

from an intense K beam caused a large increase in filament noise;

3
.

direct beam must not be allowed to strike the filament during the course
of a scattering experiment. When turning the goniometer through 0°

(the X beam dirvection) the analyzor waa always in the blocking poaition,
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At the end of an experiment, che 12 oven was heated to ~ SOOOK
to remove any remaining 12, the rotary pumps were valved shut as
soon as the diffusion pumps cooled sufficiently, and one large, easily
removable liquid nitrogen trap was kept filled for ~ 12 hours (using
an ICC Cryogenics Inc. Model 100L L, Cryotrol). Most of the 12
distilled over to this trap, which could be removed while still cold
after opening the apparatus to dry nitrogen. The K oven was removed
along with many of the K-covered trapping surfaces. Potassium was

destroyed with copious amounts of t-putyl alcohol and ethanol,

followed by HZO' Occasionally,alcohol fires were avoided.
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. K+ I2

C. Data

%
2

categories: total angular distributions, velocity analyses, angular

The experimental data for K + I fit dnto five general
normalizations at a specific product velocity, incident energy dependence
experiments, and K beam characterizations. The K beam characterization
work is detailed in Appendix A; all scattering results are presented

in this section.

1. Total angular distributions

Figures IV-5,6,7 show the primary data'at three
different relative initial kinetic energies*# E for the total
angular distributions (analyzer lowered out of the beam) of the
detected scattered signals. The "unsensitized' curves (U) and
"sensitized" curves (5) can be normalized at low angles where
essentially all of the scattering is due to elastically scattered XK.
The sensitized filament detects both X and KI with high
efficiency; but as will be noted later, the "unsensiitized" filament
detects an appreciable (and variable) fraction of the reactively
scattered KI; at large angles this yields a much larger (U) signal

intensity than that due to K alone. An alternative method of scaling

of the pairs of 8 and U curves is to use the velocity analysis data

* A. M. Rulis (p. 18) ably assisted in the execution of these experiments.
%% The nominal energy E is calculated from a relative velocity

based on the average velocity in the K beam flux distribution and

the average wvelocity in the 12 beam density distribution. See

Footnote 28 in Reference 42 and Section III C.
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Figs. IV-5,6,7 X + I, Laboratory Angular Distributions

Angular distributions of scattered flux in the laboratoxry at
three different values of E. Open symbols: sensitized filament;
closed symbols: unsensitized filament. The three data sets are
consistently scaled to each other (for the same incident K bhean

flux); but the overall normalization is arbitfary.

Figure IV-5 E = 1.87 keal/mole
Figure IV-6 2.67

Figure IV-7 3.62
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{Sec. IV $2) to find the relative amounts of K and KI at a
specified laboratory angle and adjust the angular distribucions to be
consistent with that finding; the velocity analyses at @ = 10°
have been used to normalize the curves in this way.

Additional small angle data have been obtained in this same
energy range. By monitoring the K beam intensity at the wvarious
energies, it has been possible to ;ormalize the distriburions at
different E to each other. This has been donme in Figures IV-5,6,7.
Much of the low-angle data is not shown here but will appear in a
later section after a transformation to the c.m. Most of the angular
distribution measurements (Sec. IV C 3 also) were done with a large
analyzer entrance slit which ;iewed the entire scattering center and
eliminated the necessity of correcting for an angle-dependent viewing
factor; a couple of the total angular distribution curves were obtained

with a smaller slit and had to be so corrected.

2. Velocity Analyses

The "translational spectrum' method was developed
to handle the large number of velocity analyses anticipated in the
K+ 12 experiments. The analyzer is turned at a high rotation
speed (typically > 18000 rpm) which corresponds to a transmitted
beam velocity (v' > 1100 m/sec) at or near the thermodynamic limie
for reactively scattered KI (which also is at or near and sometimes
beyond the stress limit of the analyzer motor bearings); it is then
allowed, at reduced power, to coast gradually to a stop while the

sigpnal intensity and rotatiom speed are dynamically recorded. A
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reference intensity taken before and after the spectrum allows one to
correct for variations in beam intensities (usually {107 during the
spectrum), Fig. IV-8 shows chart recordings of three "typical" sensitized
spectra taken at E = 2.6} kcal/mole. The time for one complete
velocity gnalysis (0-1100 m/sec) using this techaique is usually less
than 15 minutes (reference-spectrum-reference). In analyzing the
chart recordings, lines which smocth out the filament noise59 are
drawn through the spectrum and then the intensity is recorded for
nearly uniformly spaced rotation speeds {(sometimes certain regions of
the spectrum are emphasized by scanning the region slower, by scanning
the region more than once, or by closer spacing of the points chosen).
Each intensity is then divided by the corresponding wvelocity to account
for the usual velocity-dependent transmission of the analyzer (see
,Appendix A), yielding Ehe velocity distribution of laboratory product
flux at thé particular apparatus angle. All of the ¥ 4+ 12 velocity
analysis flux distribution data (each spectrum normalized arbitrarily
to unity at its peak) are shown in Figures IV-9 to IV-16; there are
up to six spectra at a particular experimental condition. Large
symbols represent expanded scales for data of low relative intensity.
The spectra at large () are of lowest quality because the signal
levels are the smallest (see 3. Angular Normalizations).

Nearly all of these velocity analyses were done as spectra;
three excegtions, all sensitized and at E = 2.67 kcal/mole

(& at 20?49.50, Bl at 350), were done ''point-by-point”. This involved
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Fig. TV-8 Chart Recordings of Experimental Velocity Analyses.
Shown are three velocity analysis spectra for the K+I2
experiments, all at E = 2.67 keal/mole. TFor the lower two (@ = 250,
@ = 300) the detector was fully serigitized to KI. TFor the upper one
(@ = 250) the detector was 70% sensitive to KI (see section IV D2),
Variations in beam intensity during the course of a spectrum were
accounted for by checking the intensity at a reference velocity
before and after recording the spectrum; limear interpolation of
these reference signals (and the corresponding velocity on the
spectrum itself) served as a monitor for correction (REF.). Arrows
mark the start of the spectra; several velocities are indicated for
each spectrum. The zero line is marked by Z. The time required
‘ for the velocity analyzer to coast to a stop (at reduced power) was
approximately seven minutes. The noise is from the detector and

does not represent any resolved fine-structure in the curves (compare

the two spectra at @ = 25.00) .
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Figs. IV-9,10 K + I, Velocity Analyses, E = 1.87 kcal/mole

2

Velocity analysis data at 1.87 kcal/mole grouped by angle and
filament condition (sensitized or unsensitized). Plotted is laboratory
flux (chart intensity divided by velocity, to account for velocity-
.bandw1dth of analyzer: Avayv”) wvs. velocity; multiple sets of experi-
ments at the game conditions are indicated by different sywbols for
the data points. Each curve is scaled to approximately unity at the
peak. Some of the data sets have regions of low relative intensity
which have been expanded for better wviewwng. The expanded regions are
plotted with the same type,but larger, symbols. An arrow on each data
set indicates the "nominal" velocaity of elastically scattered K,
calculated assuming a single welocity (the peak in the velocity

distribution) for the XK and the 12 beams.



84

1o ' L] -
- ® . 20,0 0€6. 7|
L SENS .
[+] T
o
 F o ]
° o
o~ °o%un J
I c‘ u°°“° & o
@ N
= o 13
. a N
< ' B
v S W TR AT T R T U SN .0 7 S N
[T s -~ VO et 7
L. 5] -l . ° .
ge e 15,0 DEGs o 4 20,0 0EG,
" 8 e SENS L wisens
b [
b ® . [+] B -l . o e -
os- 0© 8 1 o o 1
L 2]
o o " R .
09 o
L i 8 4 " B i
L (5] o
° 2]
] sce® K 8 i B no 1
< [:)
ol D=0y o o g ?‘*"’nn?‘ae.:' L o boclona® 1%0p% 4t o . Bgpa .,
! o - 10 C] -
=] e ® ° i %o
[y . L Q -
.~ o e -5.0DEG. | £ ° e, ° 25.0 EC.
e o SENS 4 2L ° o SENS “
E L o 0 @
o . g ¢ .
) a
o 08%. ° e e 1 o ° -
[7] 0
=21 - - © 4
:g ] 7] 5 o
Bl : 10 '
= ° B e [
Ely o & 1T [ ° I
o Looltadeonnel i N Y L8 e : P 1 o i 1 ' E X F 1m0, il 1
Jor 09%y, *F q o nﬂ -
=L [-15] ° I &8 "y :
& o , 5.0 GEG. g oo 3040 0E6G, ]
L SENS 4 R o” o SENS A
L3 o »
]
| ° 8 1 . ® §no° ] ]
©° L] o <
oS . 4 o oo o <
- e o o - = -t
[2] 2] ) e
R o 8 - - ° 4
B © @
- g© © -] -1 - © .0 -
&B 9 1 i * BE
ol—boeconannsmetf 1. Bl 4 I Babey [) SR S TN RV S S DO S SN 3 - -V N |
10~ en°9g L L ©o 4
° % [ .
3 o 10.0 DEG. ] ° g 30.0 DEG. ]
5 oo ses 4 | UNSENS
s ©
= 9 -l b= © -
° © ¢ .
o o 4 o3 E
i B [5] | ] o ° |
0
R ° 8 e o L ° e o i
o © ° o
.. o 8 e . L ° Sa0f 23 b
p00C00 B - B_0
P N R T . R T 'cm‘\?' L T T ST SN N S S S
o 400 - 500, 1200 0 400 v'{mssec) &00 1200



85

1o ° 9
- * . 50,0 DEse |
- ® GEH3 o
v @
- f oba
s A
O oooo
o o OG:O , .
. Sp
b ‘DB by
a -
)
i ]
o 0% [SRTIRR D 1 0 W | (N SO |
Lo o 15 .
e . o e - N h -
o 40,0 D26 ® £0.0 BECa
. . ® sMs | L BSNE
© ae °
- ' o ' - = .
© Yy
o ®oo6y, 41 ase , 4
L ° 8 - °g
1 ¥r ve 3
i sa 1 3L * e .
° Ba g ° oo
3 %o " g " no ]
Q
° [N W T 1 vty o, Pee o S AR TR . o WO Rt wdi AR W
1]
S © - H o "
=l ° 5 R ‘e
Z ° %o oot 1 & o 70,0 DEG. T
E.- ol wsens | b s
L]
<= [~] ' e
Py [:] - b= L+ -
g o o® e.,
as- o = 4 ool ¢ ° N
° °
, €. ] ®e®
§- o o P o - o oen o ot
@l o . o e o N
0g ®
- o ] o o ° 1
o [ N T MRS 20 S WL N W S o boed [V T W B S SO WOy
) 0 L
! v * 1 - N
1o+ - " -
u“oo H \
- ° . 45,5 08B, T - ° . 0.0 DEG. "]
R . SENS 4 L o SENS J
- ' - b b o
[ -] -]
. 0,0 i ©
o5 L 4 ag- °s ~
° ° ®
L © i R
. o 4
. o 00
o °° 8o - 2 & 1
o u
. )
L . °8, - . ° 4.
T S WL S i T R 89Pa UET S RN PR o a b 1
) W0 yimfeee  BR TR0 [ W00 y{mime) B0 5



86

Figs. IV-11,12,13,14 K + I, Velocity Analyses, E = 2.67 keal/mole

2

Similar to IV-9,10

Fig. IV-11

1)

2)

3

&)

Note: Sewveral errata on the expanded scale data,
as follows:
-15° sENS
The expanded scale squares (El) plot two
different spectra, only one of which corresponds
fo the small squares (unexpanded).
-5° SENS
The expanded scale circles (€}) plot two
different spectra, as for the squares above.
+5° SENS
Please note that the small squares (B) and
large circles ( € ) should be interchanged.
+10° SENS
Both the expanded scale circles ( ED Y and
the expanded scale squares (§]) plot two different

spectra, similar to 1) and 2) above.
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Figs. IV-15,16 K-E-]Zz

Similar to IV-9,10

Velocity Analyses, B = 3.62 keal/mole
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taking data by integrating the intensity at a specified analyzer rotation
speed for >30 sec, then changing to another rotational wvelocity; with
occasional checks of a reference velocity, the entire 'Scan' takes 30

to 50 minutes and is operationally much more demanding than a spectrum.
A compavison of the three 'Scand with the corresponding spectra in

Figs. 1V-12,13 shows that they are essentially indistinguishable (using
a metric established by comparing other pairs of spectra corresponding
to supposedly identical comditions). The major worry is not small
differences but rather the possibility of a bias in the spectra caused
by some systematic delay in reading the rotation speed associated with
a given intensity; this appears not to be the case in these three
spectrum—scan comparisons, and most other spectra were taken at even

slower rates.

3. Angular Normalizations
To develop a laboratory (velocity-angle) contour

map of product flux,éo’41

the warious velocity analyses are properly
scaled using an angular distribution measurement for the KI at a
specified laboratory velocity. The velocity chosen for this normalization
should be low enough that there is no "contamination' by possible

elastic K; ideally, it should also be near the maximum in the KI
intensity at each angle. The velocity analysis normalizations for

the three different energies are shown in Fig. IV-17; all were done

with a wide analyzer entrance slit which eliminated the possibility

of any angular variation in the size of the scattering center viewed.
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Fig. IV-17 XI Angular Normalizations (Laboratory)

Angular normalizations of the KI laboratory flux intensity
for the three different relative energies. At each E} the warious
experimental points (replicate experiments are denoted by different
symbols) indicate the angular distribution of KI flux at a
specified laboratory wvelocity. Smooth curves, each normalized to

unity at the peak, have been passed through each data set.

Upper: E = 1.87 keal/mole, VJKI = 362 m/sec
Middle: 2.67 362

Lower: 3.62 471
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4. Tneident Energy Dependence Experiments

For an eventual estimacion of the energy dépendence of
the magnitude of the total reactive cross section, some data were taken
which measured the dependence on incident energy of the scattered KI
at a specified laboratory velocity and angle (chosen to be near rhe
peak in the laboratory KI intensity contour map): simultaneous
measurements (with the W filament monitor) of the K beam flux as
a function of K velocity were also necessary. The ratios of the
scattered flux (at @ﬁ v’} to the total K beam flux for three
experiments (each normalized to unity at E = 2.67 kcal/mole) are

shown in Figure IV-18.
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Fig, TV-18 Energy Dependence Data |

This figure plots the ratio of KL ‘laboratory flux intensity

at a spécified ( (B , v') to the total ‘beam flux of K .as a function
of the relative énergy. These data allow normalization of the
laboratery flux confour ﬁapé at different E. '

The triangles are considéred the most reliable data; the
squares are preliminary data and are the least reliable. All three

data sets are}afbitrarily normalized to unity at 2.67 kcaiﬁnole.

An estimated "best" line has been passed through the data.
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Iv.
V. K+ 12

D. Comments on Detector Idiosyncracies and Methods of

Processing of Raw Data

1. In Figures IV-9 to IV-1l5 it is quite evident that
the flux-veloeity curves obtained with the Pt/if detector in the

unsensitized mode, i.e., the "unsensitized" velocity analyses,
>

show significant intemsity at low laboratory velociries (100-600 m/sec).
These broad peaks in the flux vs. velocity distributions cannot be
caused by elastically scattered K due to the velocity limits imposed
on the K beam by the selector. Inelastic scattering of K is

hardly a reasonable explanation for a number of reasons:

a) ‘The relative incident kinetic enerpgy is too small
to excite electronic transitions.

b) Rotational energy levels of I, are much too close
together and the intensity at low velocities would
have to imply a very implausible penchant Zfor
very large multi-quantum jumps.

¢} Vibrational spacings in 12 (0.61 keal/mole)
are also too close. At E = 2.67 kcal/mole, the
low velocity peaks would cérrespond to Av = 4
transitions.

d) The (low velocity) intensity peaks do not change
position as E is varied (in contrast to the
observed (and expected) shift in the high wvelocity

elastic peak intensity position as a function of E).
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Any inelastic excitation mechanism proposed would,
;herefore, imply a remarkable change with E
in the preferred transition. The Av = 4
transition mentioned in (¢) for E = 2.67 keal/mole
would be energetically unattainable at E=1.87 keal/mole;
likewise at E = 3.62 keal/mole, the excitation would
have to represent 5 or 6 quanta of vibrational energy.
Such efficient conversion of translacicnal to vibra-
tional energv in non-reactive collisions is unreasonable.
Tt is thus clear that the intensity found at low valocities in

the unsensitized veloecity analyses is due to some Ffractional (residusl)

detection of the reactively scattered KI. First, the general

shapes and positions of all the low velocity peaks are quite similar

to the reactively scattered KI distributions measured (with the

sensitized Pt/W filament) at the same conditions of .E and {:}.

Also, the intensities of the low-velocity unsensitized peaks are

all ~ 5-15% of the comparable sensitized intensities. In addition,

experiments on K + I, with a pure Pt f£ilament (which does not

2
detect alkali halides) yield non-reactive angular distributionsll

that drop off much more rapidly with angle than the present unsensitized
results (Figs. IV-5,6,7); a reasonable conclusion is that most of

the difference is due to residual detection of KI in the present

results. The origin of this effect and its implications upon "K' scattering
are discussed in Chapter V.

This residual sensitivity to KI adds significant spurious

intengity to the present "unsensitized" angular distributions of the



102
non~reactive scattering. Fortunately the velocity anzlyses at the
various angles allow a determination of the proper parcvitioning
of the unsensitized angular distributions between true non-reactively

scattered K and spurious residual KI iIntensity at each angle.

2. Although there are two distinct reproducible modes

of the filament ("unsensitized" and sensitized}, there is also a
continuous gradation of filament conditions between these two
standard cases. Oxygen serves to sensitize the Pt/W filament;
traces of I2 appeared to desensitize it. Depending on 12 pressure,
02 "leak" flow rate, and conjuncrion of the planets, a filament in
the fully sensitized condition can gradually deteriorate in its
efficiency of KI detection, eventually reaching the normal un-
sensitized mode. ITf this deterioration ensues, sometimes it can be
abated by increasing the 02 flow rate; otherwise the full sensitigzation
procedure must be repeated. In practice, when the decay in sensivivity
was gradual (typically £ 5%/hour), sensitized experiments were often
run at conditions corresponding to as low as 70% of full sensitivity
to KI. In Fig. IV-8 two raw data chart recordings are shown at
E = 2.67 keal/mole and Cj = 250 3 the lower one is fully sensitized
to KI, the upper corresponds to only 70%. The important thing to
note is the change in the relative intensity of the X and KI
peaks. Variations in sensitivity also show up in Figs. IV-9 to IV-16,
again most easily seen as differences in K:KI ratios (e.g. Im Fig.- IV-12).

All of the velocity analyses have been evaluated to determine

the 7% sensitivity te KI. Occasional checks of the total angular
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distribution proved to be the best way to monitor changes in KI
detection efficiency during an experiment. The relative sensitivities
are needed below in properly partitioning the various velocity analyses

between non-reactively scattered X and reactively scattered KT.

3. A major task in evaluating the data is determining
for every velocity analysis the best curve separating the KI from
the K. The pure non-reactive K curve shapes can be seen in the low
angle unsensitized (U) spectra. 1In every velocity analysis a smooth -
"reasonable" line is drawm separating the K and KI contributions,
such that the separated K distribution has both reasonaéle shape
and a reasonable wvelocity for the intensity maximum based on kinematics.
"Structure' in the separated KI distributions is avoided unless the
data necessitate it (e.g., in the large angle sensitized (8) spectra
where there is almost no K to subtract). For angles at which there
are both S and U curves, measured areas of the separated X and
KI 'can be combined (after correction of the KI in the S curves
to 1007% sensitized ~see 2) above) to give the ratio of signals 8/U
‘tn ehe total angular distrdbutions at the glven () {note that the
intensity of K is assumed to be the same in the U or §
condition). This is compared to the experimental ratio in Fig. 1IV-5,6
or 7; any disagreement is removed by adjusting slightly the lines
separating K from KI until there is reasonable agreement.
Sensitized velocity analyses at angles containing no U data are
davided between K and XI in a similar way; but it is additionall&

necessary to assume a number for the fractional residual sensitivity
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to KI in the U mode. This number is not constant (as noted
below), but usually can be approximated by interpolation or mild
extrapolation from other data. A few.iterations on the positioning
of the line usually suffice to give distributions that are consistent
with all the criteria listed above. The errors in the curve separations
(example in-Fig. IV-19) are probably not much larger than the size

of the random errors evident in the raw data distributions of

Figs. IV=9 to IV-16. The only mazjor shortcoming of the separation
method involves the requirement of smooth curves if possible; any
structure in the KI distributions vhich is present near the velocity
regién of the non-reactively scattered X may be lost due to the

assumed smooth form. '

4. The existence of a small residual sensitivity of the
"M'unsensitized" Pt/ W alloy to the alkali halides is well kpownémG;
vet in the present experiments the residual sensitivity to XI is
surprisingly large, ranging up to ~ 16% of the reactively scattered

KL at certain laboratory (v’ C) ) positions. Measurements with

9

the Pt/W detector on a direct beam of KI from an cffusive (7480K)

oven showeda signal ratio of ~ 500:1 for the sensitized vs. the

unsensitized condition. These effusive KI molecules have low

internal excitation (Eint &~ 2.7 kecal/mole). It is concluded that
1

the increased U-mode sensitivity to reactively scattered KI is

i T
due to the known high internal excitation of the scattered XI' wmolecules.

Interference due to non-reactively scattored XK (ond nssocintoed
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Fig, 1v-19 Separation of K from KI in Velocity Analyses.

in example of the separation of the non-reactive K from the
reactive KI in the velocity analyses. The data are from Figure

IV-13 at E = 2.67 keal/mole.
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ambiguities in achieving separation of the K from the KI) limits
the laboratory velocity range at which meaningful comparisons can be

made for the detection ratic of the two filament conditions. This in

turn limits the internal energy vrange of KI that can be studied;
approximately 44 kcal/mole of internal energy is available to the KI
at positions near centroid (with the assumption of only ground state
]Z@ / ) productlon) and it is difficult to deal with XI with

Eéxc % 30 kcal/mole due to the interference from K at large velocities.

Nevertheless, the change in detection ratio in this energy range is

very striking. To verify the existence of the effect at E = 2.67 keal/mole
one can simply compare the shapes of the 1lab. distributions (Figs. IV-12,13)
for U and S modes at 30,35,40, and 49.5°. At each of these angles

the U mode KI signals drop off much faster with increasing velocity

{(and thus decreasing Eexc of the KI) than the corresponding 8

curves in the'laboratory velocity range 300~700 m/sec.* A graph of

the effect and other details are given in Chapter V.

It may be noted that previous experiments in several laboratories,

some employing a velocity selector13’14 and others, a velocity analyzer,24

individually failed to reveal the phenomenon of internal excitation-

dependent surface ionization. However, with the present combination

— e e e e

o

* The velocity analysis results at () = 60 are not considered

; . . . . L 0
to be a contradiction of this observation, since the U-mode 60
§

i

curve had a signal: noise ratio lower than any other velocity

.

analysis reported here.
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i
of a velocity selector and velocity analyzer, the limits of the

elastically scattered K could be sufficiently well defined as to
demonstrate clearly the enhanced KI? detectagbility on the low
work function surface.

It has already been stated that residual semsitivity to KI
in the U mode necessitates a correction in the angular distributions
"1n order to obtain the true non-reactively scattered K angular
.distribution. This correction must be done properly, r.e. by
. accounting for the enhanced KI detection due to internal excitation.

)

Minturn gg'gg%é attempted to make this correction using results on
detection efficiencies for thermal beams of (essentially ground state)
alkali halides; the actual residual detection of scattered reactive

product is much greater, yielding a spurious KI contribution to

the large angle "non-reactive' scattering intensity.
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E. Analysis of Non-Reactive Scattering

The largest body of data were acquired at E = 2.67 kecal/mole,
near the peak in the Laval K beam flux discvribucion incidenr upon
the selector (see Appendix A). A large number of unsensirized velocity
analysis experiments (see Figs. IV-11,12,13) allow the corresponding
"unsensitized" angular distribution to be comverced o a "corrected"
non~reactively scattered K angular distribution by subtracring out
the residual XKI sensitivity using the methods described in IV-D.
In Fig. IV-20 are presented the E = 2.67 keal/mole unsensivized
laboratory angular discributions. They are plotted with an ordinate
weighted by @4/3 sin @lZa,Sl. The method of plotting emphasizes
deviations from the classical low-angle dependence for an asymptotic
Rf6 potential and allows a comparison of results at different incident
energies. The uncorrected laboratory data agree well with the daca of
Birely_gg_§;.16 and demonstrate clearly that their "desensitized”
927 Pt/8%Z W filament suffered from comparable KI residual sensicivicy.
In contrast, the present data, when corrected for KI contributions,
agree much better with the data of Greene gg_gl,ll who used a Pt filament,
egsentially non-detecting for KI. The data of Greene et al. still drop
off somewhat faster than the present results ar large angles (this state-
ment continues to have validity in the c.m. system). Their data were
obtained in the out-of-plane geometryGO, and comparisons of K + HBr,

613 42

DBr elastiec scactering resulis had indicated that the out-of-

plane geometry is superior in the elimination of unwanted background,
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Fig. IV-20 Angular Distributions of Non-Reactive Scattering (Laboratory).

Log-log plot of the angular distributions of the flux of non-

reactive scattering.

Present results: E = 2.67 kcal/mole, "in-plane" geometry
a) Uncorrected: raw data on "unsensitized" Pq/W
filament, contains much residual KI at large angles.
b) Corrected: KI contribution has been subtracted,
leaving only the non-reactive K dintensity,

Birely §E_§;}6 :  crossed Maxwellian beamws, nominal E = 1.58
keal /mole, "in-plane" geometry.Unsensitized Pq/w
filament, detects significant residual KI.

Greene eg_gg;ll : E = 2.41, 3.54 keal/mole, "out-of-plane”

geometry. Pt filament, detects K only.

Normalization is arbitrary for all curves.



I e I A N N T T [ 7]
- E (Kcal/mole) ‘ ]
- 500 (.58 o8 N
S , BIRELY et of (1967)-
=
= - .
5 200
>
% 00— 2.67 Uncorrected ]
il - .
t - -
mn - -
T 50+ PRESENT RESULTS—
’@"‘ o : ° 3.54 o i
< G g % Corrected
N‘O ‘5’.0 20~ < -
£ 0= g
0 [ 2.4 o o 8 i
6“‘% RS S A i’\% .
=~ e
0 v GREENE et al (1969) ]
- 3, -
o Lottt til e Lttt l
2 5 10 20 50 100 180
B psldes.) Fig. LV~20

TTT



112

Hence their data are probably still more relisgble than the present
corrected resulrs (in this game, like golf, the lowest usually wins)
due to our less complete background eliminacion (K!); yet the alkali
halide correction is obviously the major explanation for the discrepancies
in elastic scatrering between the Harvard16 and Brown-—MITll groups.
At (:) = 49.50, 88% of the unsensitized (Pt/W) intensivy is due to
residual detection of KI; at 60° the K dis such a small fraction of
the total U sisnal that its size cannot be estimated.

Transformation of the non~reactive scattering data to the c.m.
system makes use of the transformation Jacobian appropriate to

elastic scattering angular distributions49’44

2 2
d T
0@ x T feos £f 1 (@) W
t
. d"w v
=JxT (@) s
d%5(0)
where o is the c.m. differential solid angle
é

elastic cross section;
v', the scattered K 1lab. velocity; w', its velocity
w.r.t., the c.m.;
-+‘ —)'.,
£, the angle between v' and w';

J, the Jacobian; and

I (@) , the measured detected flux of K, propoxtional

to dzd(gg) .
"a%
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Assuming a long range potential of the pure R—6 form,
V(R) = —c(6>/R6,one can predict an absolute elastic scattering cross
section (cmzlsr) using the equationﬁza

Lo 1 () (€24 ey @

a w E
- The C(G) has been estimated by Birely_gg-il.l6 as 0(6) = 1.30 x 10—57
6 ao(0) ’
erg cm . Im Figure IV-21 log-log plots of —J—— ws. GC M. @re
d” w o -

shown for the uncorrected Birely et al. results, the present corrected
results at 2.67 kcal/mole, and the Greenme et al. (Pt filament)

results at 2.4l kcal/mole; each was normalized at a reference angle

of 6 = 7 deg. An inverse sixth power attractive potential would

imply a slope of -7/3 on this plot; the results agree reasonably

&
with this slope in the low angle region. Again it must be noted that

the Birely et al. results are raised significantly at large angles,

due to contributions from reactive scattering.

The total scattering cross section in the Schiff-Landau-Lifshitz

approximation (Qg ;) is given for the asymptotic c® gt

potential byﬁzb

2/5

'QSTEE) =  8.083 [0(6)/%%21]

o2
At 2.67 kcal/mole the result is § = 920 A .

For elastic scattering in systems that have very small

reactive cross sections it has been found that a reduced plot of
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Fig. 1v-21 Differential Cross Sections (c.m.) for Non-Reactive

Scattering.

' 2
d Unr o2
Log-log plots of absolute values 5 (A7/sr) of the
d"w

differential non-reactive scattering cross sections (c.m.) corresponding
to three of the curves of Fig. IV~20. Each curve has been normaiized

at eref using the assumed small angle dependence associated with an
inverse sixth power attractive potential (see text). The slope of -~ 7/3.
is that expected classically at low angles for the inverse sixth powexr
attractive potential.

Note: :The three curves are at different E; this is, of course,

the reason that they don't intersect at the reference angle.
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@)1/3 g gigp LIE©

d2 W

parameter, b) removes the incident energy dependence of the scattering

vs. EO (proportional to the impact

and causes non-reactive angular distributions at different energies to
become essencially degenerate63. An R_6 attractive potential (at
large distances) yields a line horizontal at low angles in this

method of plotting and the "rainbow"l2 shows up as a large-angle
disturbance.

For reactive systems with large cross section (e.g, K + Iz),
reaction at large impact parameter eliminates the rainbow. On the
reduced plot a horizontal portion at small angles is followed by a
sharp drop—off caused by reactive attenuation ensuing at distances
at which the potential is still attractive. The abscissa EB gives
a set of curves at which the "drop-off" changes with energyll; the
choice of an alternative abscissa, 6 , serves to line up the
angular distributions at different energies much better than the
normal reduced plot (abscissa c& b). This is demonstrated for
K+ 12 in Fig. IV-22 for the results of Greene gg_él,ll* at four
different energies and for the present (partially) confirmatory results.
Again the (out-of-plane) results of Greene et al. drop off faster

at large angles and are generally considered to be the more reliable.

* We would like to express thanks to Professor Ross for kindly

|—l

supplying the laboratory and c.m. results.



117

Fig. IV-22 Reduced Plot of c.m. Angular Distribution of K.

2

A reduced log-log plot of (EE!):L/3 8 sin Q'QEQ- (abscissa: Qc o )
d™w T

of non-reactrive c.m. scattering on which the data at different E

superimpose,

Open symbols: Greene et al,(1967) H

Closed symbols: Present resulcs

Arbitrary relative normalization of the open and closed gymbols.
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To proceed further in the analysis of the non-reactaive scattering
results, it is convenient to introduce a simple fairly conventional
optical model. Buppose that there is a critical impact parameter,
inside of which the reaction probability is unity; outside,

2

zero. This yields a total reactive cross seciion ﬁbcrit

b
cerit’

and also
a sharp cut-off in the elastic angular distribution at the angle

erit® For systems with large total reaction cross section exhibiting

horizontal reduced plots (Fig. IV-22) for elastic gcattering up to

the "cut—off" angle, the small angle approximation relating 0 to b62c

may be used at the critical cut-off angle

5 _wm o o®
erit 16 6 (3)
Eb™ .
crit
But * e
b °% TOorit ; &y
-1/3
; ol ElB
therefore GR ( l criJ) .
Two extreme cases are of interest. if ecrit = constant, as
suggested by the K + I, results of Greene et al. (Fig. IV-22),
-1/3
then Ox < E ) If E8 = constant,

| crit

corresponding to a lining up of the various curves on the usual

: %,
reduced plot , then Op = constant, independent of relative .

* Note that the K + Br, CRZ, ICL results of Greene et al., at
higher energies than the X + I2 data, seem to change to a form

closer to the Eecrit = constant case.
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energy. Between these two extremes, an "intermediate' negative

‘ 1/3

energy dependence less than E would be expected. As Fig. IV-22
shows, the present results might be thought to indicate such an
"intermediate" case, yet the results of Greene et al. are probably
more reliable than the present resules. Using ©§ = 13° (quite
arbitrarily) as the experimental cut-off angle, bcrit (and thus OR}
can be estimated from Eqs. (3) & {4) respectively. The resulr at

02
2.67 keal/mole is b_ = 6.78, o, =140 A . Alternatively selecting

R

ecﬁr= 190,the angle at which Greene's scattering has dropped to
approximately half the "horizontal" line, the resulrant total

o2
reactive cross section would be 125 A . There exist a number of more

Zb,ll,éé, and there

sophisticated treatments of the optical model
are more general approaches to estimating total reactive cross

sections both from reactive product intensity estimatesl6 and from
fitting large angle non-reactive scattering data.34 The present

simple model gives a total reaction cross section smaller than other
estimates available (Sec. IV F 10) perhaps due to lack of knowledge
of the potential involved34; but the possibility of a simple correlation

of the energy dependence of a reaction with the energy variation of

a "eritical angle" is worch noting.
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Iv. K+ 12

F. Analysis of Reactive Scattering

1. Laboratory Amgular Distributions and Contour Maps

After subtracting the K contributions from the velocity
analyses (by the method described in Sec. IV D3) and properly scaling
the flux-velocity curves at the various angles Cj using the angular
normalization data (IV C 3), one obtains a set of velocity analyses
(in Figs. IV-23,24,25) representing the best estimate of the
laboratory KI flux (velocity—angle) distributions. At each E the
set of curves is normalized to unity at the peak. Generaliy the
curves of largest intensity are the most reliable; but there are
exceptions (the C) = 25° curves at 1.87 and 3.62 keal/mole are
of low quality). It should also be noted that the experiments at
1.87 kecal/mole are of generally lower quality than those at other
energies; this is due to the lower incident K beam flux at this energy.

With the various wvelocity analyses of KI properly normalized

it becomes possible to integrate under the curves to obtain the relative
intensities of KI at the various laboratory angles. This is one’
way of obtaining the laboratory angular distribution of reactive
product; the results are shown (V) in Fig. IV-26. The anéular distri-
butions at tﬁe three different energies have been made self-consistent
(normalized écross energy by use of the direct energy-dependence
experiments, 1V C 4). The more standard method of obtaining laboratory

angular distributions of XI subtracts the U mode intensity at

every angle from the corresponding § mode signal in the total angular
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Figs. IV-23,24,25 KI Flux, Laboratory Angle-Velocity Distributions

Smoothed XI velocity analyses (after removal of X) as a
funetion of lsboratory angle for three different E} each curve
is labelled with the lab. angle @ED in degrees. For each E, the
various velocity analyses have been normalized to each other using the

data of Fig. IV-17; in each figure the peak is set to unity.

Figure IV-23 E = 1.87 keal/mole
Figure IV-24 2.67

Figure IV-25 3.62
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Fipure IV-26 Laboratory Angular Distribution of KI

’

Total laboratory angular distributions of KI reactive product.

Upper: Results of Birely_ggjégﬁls (crossed Maxwe;lian bheams,
neminal E = 1.58 keal/mole) by subtraction of
"unsensitized" angular distributions from semsitized
angular distributions. Arbitrarily normalized to unity
at peak. BErrors (as shown) become large at angles

near the K direction.

Lower: Present results at three E. Data at E = 2.567 keal/mole
arbitrarily normalized to unity at @ = 250; data at
other energies normalized to the same incident ¥ beam
flux. Circles (Q) are derived from angular distributions
as above (Figures TV-5,6,7); triangles (V) are obtained
by integrating the KI product velocity distributions
of Figures IV-23,24,25 and normalizing the three

different data sets to the same incident ¥ beanm

flux. As above, errors are largest at small &),
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distributions. The present results which have been corrected for
residual KI seasitivity in the U mode, are shown (0) in the same
figure; again the three curves are normalized to the same total
incident K beam flux. The laboratory angular distribution of XI
changes very little with incident energy, moﬁing slightly towards
lower angles at the highest energy. That effect results from
the shift of centroid with energy; the centroid shift is also
responsible for the higher laboratory intensities at 3.62 kcal/mole
(this will not be the casc in the c.wm, system after proper transformatdion).
Shown for comparison are the results of Birely.ggigi.lB who used two
thermal (non-selected) beams at a nominal E = 1.58 kecal/mole. The
distributions are quite comparable; all become quite uncertain in the
vicinity of the K beam due to interference from the very large
non-reactive K scattering.
' Another way of presenting the results of Figs. IV-23,24,25 is
in the form of laboratory polar (velocity-angle) flux contour map527’40_42
of reactive KI product. Figure IV-27 gives these contour maps at the
three different incident relative energies (each separately normalized).
Note again the lack of data near the K beam, necessitating inter—
polation of the contours through the zero degree line. Also indicated
on each contour map are:
a) ' a cross hatched "half~intensity" centroid ellipse that
indicates approximately the range of centroids around
the nominal wvalue:
b) the angles at which velocity analysis data of KI exist

(the length of each line indicates approximately the

‘velocity range of the KI data at that angle);



129

Fig., IV-27 KI Laboratory Polar (Velocity-Angle) Flux Contours
d3c

Contour maps of KI 1laboratory flux distributions, _Eaév‘

superimposed upon the "nominal” Newton diagrams at three E's. .

Fach distribution normalized to 10 in the peak region. The

dashed contours represent interpolations of the data into regions

where the X intensity was too large to obtain reliable reactive

product data. The angles labelled are those at which velocity

analyses for KI were taken; the length of the line at each angle

indicates approximately the velocity range of the data at that

angle. E'max is the thermodynamic limit for KI product from a

collision with "nominal” incident energy. The cross-hatched ellipse

specifies the '"half-range" of centroids; the perimeter of the ellipse

is the half-intensity contour for the centroid distribution. Enlarge-

ments of the three separate laboratory contour maps are given in

Figures D-1,2,3.
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¢) A dashed circle (origin at the nominal centroid) which
indicates the laboratory wvelocity limits corresponding

to the (nominal) maximum possible translational product

)
energy E max"

Table IV-2 illustrates the calculations involved in determining

>

max’

The total energy (see Fig. I-1) available to the KL 4 I

products is

-

Etotal = E + Eint(IZ) * ADo )

1

This energy is distributed between internal energy (E int) and
¥

translational epergy (E ) of the products

If all the energy is released as relative translacion (i.e.,

T

E int = 0), the KI reactive product would be found on the dotted

b
circle E max of Fig., IV-27, with a c.m. velocity

'/
1 m 1 2 } i
‘Vmax - 1 (2E mag) s where /ﬁ& = IZEE . The
Y r)
my Iy M By

collision exothermicity Q, defined by Q = (E';gb » 1is

translation
the difference in relative translational energy of the reactants and

H]

LA
products. The c.m. velocities corresponding te Q=0 (E =E ) are

also indicated in Table IV-2 (again for the energies corresponding

to the average velocities in the two beams).
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Table EV-2 Nominal Reaction Conditions
(Energies in kcal/mole;

velocities in m/sec)
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172
0.68
0.42
1.10
35.54 433
S 43
40.5
657 794 930
679 812 946
1.87 2.67 3.62
43.5 46.3 45.2
975 984 994
202 242 281
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3
The laboratory flux contour maps are proportional to _%;Q,r
d"fdv

the differential scattering cross section into a laboratory (solid

7

angle-velocity) volume element; the quantity of fundamental interest

a0

2 .4 "
4" wdw
approaches to extracting the differential c.m. cross sections are

is the equivalent expression in the c.m. system, Various
described in detail in Appendix B. The results for K + 12 are

presented here.

2. "Nominal"' Inversion
The simple nominal inversion involves a Jacobian trans—
formation to the c.m. using a single "nominal” c.m. location defined

by use of a "most probable" vector triangle. This specifies (v, 9)
3

¥
for every (v , () ) (as illustrated ia Fig. I-1b), giving (—%ngw—) =
wiz dgd 4 way
( ———— ] . Although beam velocity distributions are neglected,

T2 2.
v d " Qdv
the c.m. differential cross sectionsobtained (Fig. IV-28) are reasonably

good as a first approximation.

The results in Fig. IV-~28 are also useful in determining whether
the assumption of ideal effusive flow conditions for the 12 beam
is justifiable. There is necessarily an axial symmetry in the c.m.
scattering around the '"nominal collision axis"; supplementary calcu-
lations have shown that use of the average velocity fqr both beams
defines a relative velocity around which there is approximate axial
symmetry even when including the effects of beam distributions;
th; axls so defined is thus the proper "nominal collision axis''. The
vector diagrams of Fig. IV-28 are drawn using the average beam

- f2
velocities (vi = [ 8 ﬁl) Jassuming a M-B secondary beam; the

2 T
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Fig. IV-28 "SNominal Inversion' c.m. Contours
d30
Polar c.m. contouyr maps (==— ) of KI flux obtained by
d“wdw'

a "nominal inversion" from the lab. data at each E. Included are the
laboratory velocity vector (Newton) diagrams used for the inversion;

.
w' and v' are shown for a typical point. Each distribution normalized
to 10 in peak region. Dashed contours are interpolations as in Figure

IV-27. Indicated angles and velocities are relative to the c.m. co-

ordinate system.
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symmetry evident around 0° c.m. confirms the assumption of effusive

flow for the 12 beam. In other work40 »42 cartesian flux maps
1% % .
(Lgd ST ) have been used in pregenting data; the transformation
d Rdv

from laboratory to cartesian data removes the dependénce on laboratory
framework (as do the nominal inversion contours), but without making
, . _40e,42 .
any assumptions as to the c.m. locatiomn . Hence the same test
of symmetry can be made in the cartesian presentation,58 with the
added convenience that the "proper" nominal collision axis can be
located graphically rather than by assumption followed by verification
as in the nominal inversion. A difficulty arises with the cartesian
presentation in cases where the scattering intensity peaks rather far
. . , . 1 dBU
from centroid; the cartesian plot (equivalent to = , —/——} puts

Wrz dzwdw‘

strong emphasis Clrz) on scattering near centroid where the intensity
W
is changing very rapadly Gl, -gg; peaks at a velocity where -églcqu'z )
w 2 aw dw

in the c.m. {(and in the laboratory). Since this is a region of relatively
unreliable data,difficulties arise in checking the zero degree

symmetry condition; in these instances (e.g., K + 12) nominal inversions,

“

which properly emphasize the relatively intense data, prove to be

more helpful,

3. Cm. + Lab. Computations.
. . LY .
The c.m. = lab. inversion scheme involves guessing
a c.m. function, averaging over the beam velocity distributions to
produce a map of the associlated laboratory distribution, cowmparing

with the data, and adjusting the c.m. function to obtain a better fit.
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The c.m. map of Fig. IV-29 is an uncoupled {(factorized)

3 '
Qgﬁg-— = Pw(e) X Pf (w )) angle~velocity distribution function; this

'
%ugggion was, however, mot obtained by the "guess and adjust" method
of the c.m. = lab. inversion technique, but was extracted from the full
polynomial inversion methods illustrated below. It serves to illustrate
the c.m. + lab. transformation method (in the uncoupled approximation).

Fig. IV-29 alsc shows the labovatory scattering contours produced
by this uncoupled c.m. function {after averaging over the beam distri-
butions at E = 3.62 kcal/mole; see program KICM in Appendix C) along
with the corresponding experimental data contours {this calculation was
only done for the 3.62 kcal/mole data). The lack of laboratory
scattering data beyond G®== 80° implies an almost complete lack of
knowledge of the c.m. results beyond 6~ 90° (except at low‘velocities);
this is why the c.m. angular distribution and contour map in Fig. IV-29
have dashed regions at high angles.

The 8 = 180° peak is a purely mathematical consequence of the
expansion functions used in describing the angular distribution at
angles below 90° ; this in mo way implies the existence of a "bacﬁward"
rise in the angular distribution since there are no data relavent to
6 ¥ 90°. The computed laboratory contours (Fig. IV-29) seem to be a
reasonably good fit to the data. However, results (below) with a

general coupled c.m. function will be seen to be superior.

4. Lab. * c.,m. Inversion
The general coupled two-dimensional (velocity-angle)

Legendre basis function expansion method is described in Appendax B
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Fig. IV-29 Uncoupled c.m. Distribution Function

Upper: An uncoupled (P(8,w') = Pf(w') Pm(e)) c.m. distraibution
function used as an example in the c.m. - lab. averaging program (Program
KICM, Appendix C). This function is also the starting guess
Io(e,w‘) = Fo(w')GO(Q) used in éhe iterative lab. = c¢.m. inversion
(Program I2LEG, Appendix C). The c.m. contour map is normalized to 10
in the peak region. Inserts show the uncoupled c.m. velocity, Pf(w'),
and angle, Pw(e), functions., Dashed contour lines are for portions
of c.m. map outside range of experimental data (see below).

. Lower: Comparison of experimental lab. data %EE_ . {(Solid
d Qdv!
contours, long dashed interpolations through K beam region) at
E = 3.62 kecal/mole with computed distxributions (dashed contours,
short dashed interpolations through K beam region) obtained by use
of the uncoupled c.m. map (upper) in averaging program KICH. Both

distributions normalized to 10 at peak. Angles indicated are limits

of range of experimental data.
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(see Eqn,B2). In the best set of Lab. -+ c.m. inversion results
(example: Program I2LEG in Appendix C) the uncoupled c.m. function
shown in Fig. IV-29 was used as a starting guess, T, ) G, (0),
which was then altered by 30 term Legendre expansions to produce three
coupled c.m. functions compatible with the three differvent laboratory

data sets. The three different c.m. differential cross sections,

3 _
éig——r are shown in Fig. IV-30 each one labelled with the E of
d wdw

the experimental data from which the c.m. function was obtained.
These c.m. polar flux distrabutions are considered the best estimatos
obtained for the shapes of the c.m. differential cross sections at the
three different E.

Several aspects of the results are now discussed:

a) The 0° - 180° 1line #s the relative velocity vector
and there must be perfect axial symmetry around this
line. Laboratory data "on both sides” of this line
have been averaged in the computations producing the

* c.m. distribution. The f£ull distribution would show
© an jdentical reflection of the contours through this.

[}

0° - 180° line; an example showing the redundant

reflected contours can be seen in a c.m. contour map
on page 174. '

b) Although the polynomial expansion gives values for the
c.m. function beyond the reach of any experimental
data, this extrapolated function is an artifact
having only mathematical significance. The extra-

' polated c.m. data have no constraints imposed since
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Fig. IV-30 KI Polar c.m. Contour Maps

dBU

Best KI c.m. differential cross section functions, =+—— ,
d wdw*
obtained from the three different laboratory data contour maps.
Each was obtained by data inversion from lab. to c.m. using the
iterative Program I2LEG (Appendix C). All three normalized to 10
ES -5
in peak region. The vectors Ve and W, are the nominal c.m.
2
values; the dashed energy circles E’max are the thermodynamic

limits for nominal collision conditions at each E. Enlargements

of the three separate c.m. contour maps are given in Figures D-4,5,6.

Expansion coefficients are given in Appendix E.
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there are no data to match; hence the extrapolation blows
up wildly (and.gquite. differently for each set of trial
functions) 0u%s£de the regions of experimental data.
For this reason the c.m. flux maps give little valid
information beyond 0 ~120° at 2.67 keal/mole and ~ 90°
at the two other energies; therefore the contours are
not shown beyond these angles.
c¢) It should also be noted that the large intensitg forward
scattered K beam interfered with data near the 6 = 0°
region (see dashed portions of contours on data maps,
Fig. IV-27); the data matched by the computer did not
include any data in this uncertain region. In con-~
sequence, the contours in the O0 ~ 10° region in the
c.m. represent an excrapolation similar to the one at
high angles. This yields some uncertainity in the
contour maps near the 0° line.
d) Velocity and energy scales are included for convenience
in estimating product exciration; the E‘max circles
are the same nominal ones shown in Fig. IV-27.
Comparison of the c.m. functions at the three different incident
energies shows more similaritiesz4 than differences associsted with
varlation of the relative kinetic energy:
i) The general overall shapes of the three functions are
guite similar with the possible exception of the zero

degree region at high velocities (this region contains
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a mild extrapolation (see (c) above) of the céntours
due to the large K intensities interfering with any
direct XI product intensity measurement; hence the
effect may not be real).

ii) All three functions peak strongly "forward" in angle,
yvet still have a significant tail at 6 = 90° (the
large angle data at 2.67 kcal/mole suggest a possible
smaller backward peak in the c.m. distribution).

1ii) The velocity distributions indicate low product
translational ;nergies for each experiment; this implies
large internal excitation of the products. Product c.m.
energy (rather than velocity) distributions, needed for
quantitative determinations of energy partitioning,
will be shown later.

iv) The double-humped contours at large angles (found at
each E) are extremely provocative; these show up even
more prominently in (w') velocity distributions (cuts
through these contour maps at various c.m. angles).

v) There exists a significant coupling of the c.m.
velocity—angle distribution functions; this also is
demonstrated more clearly in the velocity cuts.

Figs. IV-31,32,33 show the three calculated laboratory flux
contour maps (based on the three best c.m. functions of Fig. IV-30)
superimposedron the corresponding sets of laboratory data. The most

satisfactory fits are at the two higher energies (where the data are
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Figs. IV-31,32,33 Computed Fits to Laboratory KI Contours.

Best fits produced to the three sets of laboratory flux contour
3

maps , -%~g » using the three e¢.m. differential cross section functions

d“Qdv'
of Fig. IV-30. At each energy the lab. contours are solid lines (long
dashed interpolations through 0° line); the computed contours are
dashed (with short dashed interpolations through 00). Lab. contours
normalized to 10 at peak; computed contours normalized for best least

sgquares fit to lab. data. Angles indicated are limits of range of

experimental data.

Fig. IV-31 E = 1.87 kecal/mole
Fig. IV-32 2.67

Fig. IvV-33 3.62
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considered superior). The computed maps appear generally "smoother™
than the data contours, but are otherwise good fits.

The laboratory velocity-angle co-ordinates at which the computatlions
attempted to match the experimental intensities are shown in cuts
through the laboratory data maps in Figs. IV-34,35,36. The (smoothed)
data to be matched are the points (all properly normalized at a given
Ej;the best computer fits to these points are represented by the
(computer-generated) velocity analysis cuts. The agreement also
appears satisfactory in this representation for all three experiments;
yet a slight inability to match the data points of highest intensity
(at all three energies) appears more clearly in these "cuts' than

in the data contour maps of Figs. IV-31,32,33.

5., Out—of-Plane Contributions

Returning to the best c.m. contour maps (¥ig. IV-30)

d30

%y’
necessity of azimuthal symmetry (around the relative collision axis)

c%e observes that the quantity plotted is oC The
allows one to account for the out-of-plane contributions to the

reactive scattering by integrating over ¢ ;

217

2 3 3
dgdgi = ] g 9 ) sin 06 dd) = 27 sin O _g_d “- (5)
(o) d"wdw d wdw

In Fig. IV-37 are shown the sin & - weighted c.m. flux
2

contours, E@E%T of Eq. (5). This presentation, in accounting for

all of the out—of-plane intensity, weights each angle according to
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Figs. IV-34,35,36 Computed Fits to Laboratory Velocity Analyses

Best fits produced to the laboratory velocity analysis flux
data (i.e., cuts through contour maps) using the three c.m. dis-
tribution functions of Fig. IV-30. The symbols indicate the set of
smoothed data points at which the computations attempted a best
least squares fit to the data. The resultant best computed fits to
the velocity analyses are represented by the (point-wise comnected)

solid lines. Linear scales on all curves.

Fig. IV-34 E = 1.87 keal/mole
Fig. IV-35 2.67

Fig. IV-36 3.62
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Tig. Iv-37 KI c.m. Contour Maps, Weighted by sin 9.

Best KI c.m. differential cross section functions

2 3 -
dgE%] = ging do , obtained from the distributions shown in Fig. IV-30.

d"udw'
These distributions account for out—of-plane sgcattering contributions

and show the relative contributions to the total reactive crose
section at every (8,w') co-ordinate. Each contour map normalized

-+ -+
to 10 in the peak region. The vectors Wy and W, are the nominal
2

c.m. values; the dashed circles E;ax are the thermodynamic limits

for nominal ceollision conditions at each E.
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its relative contribution to the total reactive cross section.
4%
Again the similarities among the I6ae’ contour maps at the

three different energies are more striking than the differences.

The sin 6 factor removes the perhaps undue emphasis normally placed

. o
on the low angle region; the worries about extrapolation to & =0

are conveniently removed in this presentation.

6. Total Reactive Angular Distributions (c.m.)
Fig. IV-38 also emphasizes the effect of the out—~of-plane

contributions; it gives the total c.m. angular distributions obtained

by integrating over w'. The top portion of the figure shows ths

. a%5(0) &g
conventional differential reactive cross section 5 (= 5 ;

d w d wdw
forward peaked, with all three curves (at the three different energies)

dw'),

normalized to unity at 0 = 0°. The bottom, sin G-weighted curves

2
é%éﬁl (= Eﬁ%ﬁ% dw') account for the out-of-plane scattering;

of
each curve is set equal to unity at its peak. The dashed extension
of the 2.67 kcal/mole distribution is an estimate based on the

16 a%a(6)

conclusion of Birely et al ° that the c.m. angular distribution
d"w

is approximately flat at c.m. angles beyond 120°.

7. Velocity and Energy Distributions (c.m.)
Another way of viewing the c.m. wvelocity-angle contour
maps is by taking cuts through the maps at different c.m. angles, as
shown in Fig, IV-39. At each angle the cut is weighted by sin 9;

hence the curves are equivalent to slices through the ¢.m. function

2
d g ' . .y . ] . .
FBaaT ° and the intensities are proportional to relative contributions



Fig., Iv-38

Upper:

Lower:
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Computed c.m. KI Angular Distributions

Angular distributions of reactive KI product

% (0)

dzw

velocity distributions (e.g. Fig. IV-39). Different

obtained by integration over the best c.m.

symbols for each of the three E. All three normalized

, 0
to unity at 0.

Weighted c.m. angular distributions of reactive KI
product g%ﬁe) x gind QEQ&Q) . These distributions
account for out—ofuplani gcattering contributions
intensity at any angle is directly proportional in this
representation to its relative contribution to the total
reaction cross section. Each curve normalized to unity
at its peak. The E = 2.67 kcal/mole distribution has

been extrapolated t0'180° based approximately on the

large angle c.m. reactive KI results of Birely et al. 16
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Fig. IV-39 KI c.m. Recoll Angle-Velocity Distributions

Slices at various (designated) c.m. angles © through the

2
d~g -
d8aw’ Cc-m. contour maps of Figure IV-37. At each E, the nominal
PR . = | B ™ = b T
velocities corresponding to G = O (B EJdand Q QIHX (E B max)

are indicated. Each set of curves is normalized to unity at its peak

(which may be slightly less than the peak of the entire distribution

at the given E).
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to the total reaction cross section. In this presentation the pre-
viously-mentioned deuhle peaked structure shows up clearly at large
C.T. angles* for all three .E. The modest, but definite, velocity-
angle coupling in each contour map is clear from the change in the
curve shapes with angle. As before the line Q = 0 is tge c.in.

velocity at which E'trans = Etrans‘ ; the Q = QMAX line is set at
the same velocity that correspends to E'maX as labelled elsewhere.
The resolved "structure" at velocities beyond w' = 800 m/sec is
believed to be an artifact of the expansion method caused by using
only a small number of basis functions (6 velocity functions and 5
angle.functions). Intensity found beyond the thermodynamic limit
(Q = QMAX) {(a reflection of a small amount of "forbidden" KT flux)
may perhaps be background not completely eliminated.
One more transformation is necessary before the energy partitioning

between translational and internal modes can be examined quantitatively.

Recoil velocity was a convenient independent variable for the laboratory

— e hw v e

% There are indications in the computed fits to the data (Figs. IV-34,35,36)
that there is slightly too much wejht given to the high-velocity
hump 3 at a number of angles the computational fits have higher
intensities in the pertiment regions than the experimental data.

A larger number of terms im the polynomial expansion would probably

remove this slight bias. Improved computations are in progress.
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contour maps because the data were taken as a functlon of wvelocity;
it also proved to be helpful in the c.m. differential cross section
functions, especially in demonstrating the double-peaked velocity
cuts at large angles. Yet recoil velocity (w') distributions are
somewhat peculiar to beam experiments; recoil energy (Ef) is a more
general independent variable; most results on reaction product
internal state distribution.s65 are more conveniently66 reported as a
function of energy.

The transformation from velocity to energy distributions
involves more than just a change in the scale on the abscissa axis.
The ordinate scale is affected also; thisg is a consequence of the
non-linear relationship between differential elements in the two

frameworks:

T 1 1 2 ' 2
E =3 /;.v; = -%' (-—*w—mKI +mI) w2 o w{é :
"y KL
1 ™
where o om .
/UL g1y
Thus
1 1 T -
dE of w dw : (6)
but
2 2
U o -

d6dE’ dedw’
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which combines with (6) to give

o - a%s dw' 1 dzo

aE’ -~ asawT (@’ ¢ § dea (8

Transformation to a differential cross section as a function of

energy thus requires that a Jacobian factoxr (1/w') be applied to

2
the ordinate intensities. This implies that ‘33357 unduly
. . . s . o 25,44
emphasizes intensity at high c.m. velocities relative to J6dET .
2 3
The transformed c.m. cuts, —Q—QT- of sind d’ o , 4re
d0dE dzwdE‘

shown in Fig. IV-40. The main feature to be noted is the tendency
for all of the distributions to peak at 1 < E' < 2 kecal/mole
(i.e., Q < 0), corresponding to a very high internal energy (41-44 keal/mole)
in the products. Each distribution, though, has a long tail that
gpans the entire range of possible translational energy (ideal limits
are Q = QMAX lines on Fig. IV-40). The angle-energy coupling is
evident in each of the three distributions, especially as an angular
variation in the energy breadth of the differential cross section.
The secondary-humps of Fig. IV-39 are reduced in this presentation
(Fig. IV-40) to such an extent that they are guite hard to resolve
from the tails of the main peak.

Spectroscopic results of chemiluminescence experiments yield
distributions of intermal state365 but no angular dependence of
these distributions; the present translational energy distributions,
once integrated over angle, give results that could be compared to

chemiluminescence product state distribution566. Fig. IV-41 presents
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Fig. IV-40 KI + I e¢.m. Recoil Angle-Energy Distributions

Cuts at various specified c.m. angles © through the c.m,
3

differential cross sections d9 iy < sin O &g . Obtained
dB6dE dzwdE'

from Figure IV-39 by use of the Jacobian tr%nsfgrmation
2 2 / + m Y ; m
i Tl e R e
"1 P TNy
The Q=0 and Q= QMAX energies correspond to the similarly labelled
velocities in Fig. IV-39. Each set of curves is normalized to unity
at its peak (which may be slightly less than the peak of the euntire

distribution at the givem E).
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Fig. IV-41 KI + I c.m. Recoil Energy Distributions

Distributions of c.m. translational recoil energy %%. for

, . . do _ Blim d%
the reactive products, where the integration EAE | aBdET dg

was only done over the forward hemisphere (i.e., O = 90%). The

lim
three curves are labelled with their respective incident relative
energies, E. The Q=0 and Q= QMAX energies arve indicated

(as in Fig. IV~40). Each distribution is normalized to unity at its

peak.



(ARBITRARY UNITS)

1.0

0.5

RECOIL. ENERGY DISTRIBUTICN

E = 362 Kcal/mole

=0
Q= Qpay

~od
Bo & 568
S
l J' 1 I | f i i i i = &#ﬁ&mmw
i0 20 30 40 50
E' (Keal/mote)
F'j—.g » IV""ll'j.

L9T



168

the three distributions -%%, (each normalized to unity at ite peak)

T g
where the integration ,[- Eggﬁg d8 could be properly integrated
0

only over the forward hemisphere. The limit 6 = 60° was the largest
angle at which results were available for all three E} hence, this
cut-off angle is the limitving angle at which a wvalid comparison of

the product translational energy distributions ar rhe three different
incident energies can be made. The three distributions zre overall
quite similar with perhaps a slight shift to higher E' at the higher E.
As in Fig. IV-40, the distributions peak at slight negativé values

of Q (i.e. E' < E) yet have very broad tails extending to slighcly

beyond E'max' The corresponding internal energy distributions are
1

directly obtained by use of E int = Etotal

—_— T 7
E' , where Etotal is

indicated by the Qmax line for each incident energy.

8. Speculation on Structure in the c.m. Velocity Distributions
The existence of two separate groups of internal product
states separated by some 20 kcal/mole is an interesting observation on
which to speculate. There are at least three ewplanations that might
be considered.
a) The product iodine atom has a 2Pl/2 electronic
2

energy level 21.73 kcal/mole above the ( 33/2) ground state. Hence

the X + 12 reaction could be partitioned

RK+I, » KI+1 (2P

) AD

3/2) o 40.5 keal/mole (i)

Hi

Il

> KI + 1% (2P ) AD 18.8 kecal/mole (ii)
1/2 o
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)
Reaction (ii) would limit the sum of E' and E to 24.7, 25.5, 2&..

int,KI
keal/mole (see Table IV-2) for £-= 1.87, 2.67, 3.62 kecal/mole. This
model would associate the peaks at low E' (Figs. IV-39,40) with (ii) °
having a limit of 24.7-26.4 kcal/mole for E'. The secondary peak would .
be from reaction (i); this would include all intensity beyond the energy
limit for I* production; it could also conceivably extend to low E',
yielding a very broad distribution of internal enmergies associated with
reaction (i). One could even hypothesize that the product XI associated
with I* production yields a relatively narrow hump at low E' restiné
on a broad shoulder associated with the 2P3/2 state. This could make
reaction (i) the predominant one even at low E' wvalues.

This latter assumption would be consistent with the results of
Moulton and Herschbach30 on reactive scattering of X by Br2 and ICZ
where there was a large amount of product (KBr or KCL) excited with

chough Internal encrpy (41 keal /mole) to allow the andothermic (Ly

w41 kcal/mole) secondary reaction

w®
KX+ Na » NaX + K

Fa

%
to proceed, followed by fluorescence of the electronically excited X .

\ -

£
Their results do not, of course, rule out the production of some X

in the primary reaction.

The diffusion flame results of Roth and SchayBl, hoﬁever, are
' %
strongly suggestive of a very small contribution from I . They
estimate that approximately 537 of the product XKI from the X + 12

reaction has enough internal energy to excite K (23) + K (ZP) in
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a subsequent collision. The required internal energy is 37.10 keal/mole
(assuming no use is made of the available relative collision energy).

Using Fig. IV-41 the fracrion ( fZ'z-%%

. dE' / Z%%‘ dE' ) of KI
produced (at E = 2.67 kcal/mole) with relative translational energy
less than 7.2 kcal/mole is w~ 0.50; this implies that s 30% of the
reactive collisions yield product excitation of greater than 37.1 kecal/mole.
If a significant fraction of these veactive encouaters produced I*,
the results would be in definite comtradiction to the conclusions of
Roth and Séhay3l. There is, of course, some uncertainty in this
deduction due to lack of knowledge of the backscattering product
energy distriburions; yet the overall large angle contribution to the
KI dintensity {i.e., that not experimentally accessible) is small
and would have to be very sharply peaked at low E' wvalues to cause

any change in the above conclusion.

Other strongly exothermic reactions studied by Polanyi and

65¢,67
co-workers gave little, if any, excited halogen atom productio? €+,
Reaction ADO (kcal/mole)
2 7 —
H+ Br2 + HBr + Br ( P3/2) > 90% 41
HBr + Bro (2P < 10% 30.5
el Z) - .
r + Br ( 1/2)
CL + HI - HCL + I T o> 997 ~31.7
%
> HCL + I < 17 ~10.0
E+EL -~ H2 + I > 987 -32.8
%
- H, 4+ 1 < 2Z -11.1
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Yet Cadman and Polanyi67 found, very tentatively:

O+HL + OH+I N 207 ~31
> OH+ T % 80% -9

(with the possibility of other mechanisms being responsible for the
intense I* emission that was observed).

b) Another possible "two state' explanation would involve
the formation of a bound excited electronic state of KI. A récent
paper of Berg and Skewes68 reports observacion of an excited elecrronic
state of Nal, bound by at least 22 kecal/mole relative to the ground
state dissociation limit. Unfortumately KI 1is not thought to have

69,70 and a state bound by greater

any strongly bound excited scates
than 35 kecal/mole (relative to X (28) 4+ I (ZPB/Z)) is necessary to
explain its accessibility by this reaction. Hence this mechanism also
seems to be an unlikely explanation.

¢) A third explanation for translational structure in the
product KI recoil energy discribution involves some type of Franck-
Condon-factor controlled "bunching" of transivion probabilities to a
certain band of vibrational-rotational states in the ground electronic
state of KI. Provided that the "two state" structural feature in
%%, is not just an artifact of the data analysis* then this may be
the most reasonable explanarvion ar present.

9. C.m. Contours Assumed Independent of E
Although the three c.m. differential cross sections at the

three different E show minor differences, the similarities are more

obvious, suggesting that there is little or no change in the c.m.

% See Footnote, page 161.
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contour map over the small range of relative energy studied
(1.87 < E < 3.62 kcal/mole). This conclusion appears reasonable in
light of the small percentage differences in total energy available
caused by awariation in E from 1.87 to 3.62 kecal/mole (see Table IV-2)
and the fact that there is no activation "barrier" to reaction.

Under the assumption that the c.m. map does not change shape as
the incident energy varies over the range comsidered, ome can obtain -
a best average c.m. differential cross section for the three experiments.
A computed c.m. function hasg been p;oduced {20 term Legendre expansion)
which gives the best compromise fits to the shapes of all three ex-
perimental contour maps. Lt is shown in Fig. IV-42 with a reflection
through the 6 = 0° line (the "collision axis") to emphasize the "forward"-
?eaking‘of the distribution. The shape is quite similar to the three
'separate contour maps for the three different E; all important features
of the distribution are as before, including the hint of significant
Yhackward" c.m. scattering. Fig. IV-43 once again emphasizes the
effect of out~of-plane scattering, which causes the angular range
8 = 40-50° to be the largest contmibutor to the total reactive cross
section . '

This single "best average" c.m. function yields the computed
laboratory scattering maps shown (for the three different E) in
Fig. IV-44. 1In compromising the c.m. function to try to fit the entire
body of data, one is more restricted in the fits one can obtain‘to the
data at each of the three enerpies; hence, the compromised c.m. function

cannot fit the data as well as the three -individual c.m. distributions

(of Fig. 1V-30). Yet the fair success of the data-matching suggests
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Fig. IV-42 KI c.m. Polar Flux Contour Map (Assumed Energy Independent}

Plot of polar (velocity-angle) KI product c.m. contour map

dBU

2
d wdw’
assumption that the shape of the c.m. differential reactive cross

produced from all the data at the three B, wvith the

section is independent of E. Normalized to 10 in peak region. Note
that there is (enforced) symmetry about the 0° -180° line; the bottom
portion of the contour map is therefore redundant.

Expansion coefficients for this contour map are given in Appendix E.
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Fig. TV-43 KI c.m. Flux Contour Map Weighted by sinB.

2
KIi c.m. differential cross section function dgdz' (accounting
3
for out-of-plane scattering) corresponding to the contours of g g
d"wdw’

in Fig. IV-42. Contours correspond to the assumption that the shape
of the differential cross section is independent of E over the

range considered. Normalized to 10 in the peak region.



KI POLAR FLUX MAP x SIN ©
o0° (CM)

200mfeec
fpremmamom s o]

30°

0@

94T



177
Fig. IV-44 Computed Fits to Laboratory KI Contours (Single c.m. Map)

¥its to the three sets of laboratory flux contour maps,
s
a%oav’ _
independent of E) of Figs. IV-42,43.

, from the one c.m. function (assumed tc have a shape

At each energy the lab. contours are solid lines (long dashed
interpolations through Oo); the computed lab. distributions are the
dashed contours (with short dashed interpolarions through.oo). Lab.
contours at each energy are normalized to 10 4in the peak region;
computed contours are normalized for best least squares fit to all
of the data. Angles indicated on each contour map are the limits

of the experimental data.
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that there may be some success in treating the cross section as being

*
independent of incident relative enexgy .

10. Total Reactive Cross Section, Op
An estimate of the total reactive cross section was

made (section IV~E) from the sharp cut-off in the angular distribucion

of the non-reactive scattering (optical model method); at 2.67 kecal/mole,

09 A -1/3

op N 125-140A , with an energy dependence E . Other more

direct methods of estimation based on reactive product intensities in

crossed beam experiments, have been devised by Birely gE_El,l6. Theiy

Method A compares the measured reactive XI intensities to the low-angle

intensity of non-reactively scattered K. The absolute value of this

K intensity can be calculated assuming classical low-angle elaétic

scattering behavior (see Eqn. (2) Section IV E) and thus the reactive

2
(8]
product intensities deduced; their result for X + 12 was o = 220 A .

R
Since the data used in their analysis consisted only of total
angular distributions of KI , a number of assumptions had to be made

concerning the transformation to the angular and energy distributiors

# The above assumption, however, when used in a calculation of the
energy dependence of the magnitude of the total reactive cross
section (Sec. 11, below), gives a result in disagreement with the

energy dependence suggested by the non-reactive scattering analysis

(Sec. IV-E).
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of reactive product in the c.m. Their "fixed-velocity approximation”
neglects high-velocity product contributions and would therefore
underestimate out—of-plane contributions.

The present results allow an improvement upon Method A based
on a better knowledge of the c.m. distribution (an obvious weakness,
the necessity to extrapolate in the region 120° < 8 < 180° , is shared
by the analysis of Ref. 16). The resultant total reactive cross
section (at 2.67 keal/mole) is 290 Kz ,» somewhat larger than that of
Ref. 16 (as anticipated). TUnfortunately, the cross section 290 g
is more than twice the estimate based on the optical analysis of the
non~reactive K scattering (Sec. IV E).

Method A is assumed to give an upper limit (as suggested by
Birely EEnél-16) to the cross section due to the possibility of
reactive attenuation of the elastic K intensities even at low angles.
Anderson34 points ocut, in addition, the importance of kanowing the exact
form of the potential function in calculations of this kind; he evaluates
the influence of higher inverse power attractive terms in the long range
potential between alkali atoms and halogen molecules and shows the
significant alterations in the non-reactive angular distributions that
would be caused by these terms. Hence, the scaling of reactive intensitieg
to the low angle non-reactive scattering data has large uncertainties
associated with a lack of knowledge of the potential involved.

The rate constants from the Polanyi dilute flame‘results8 for Na

ol
reactions can be used to estimate op N 100-150 A for Na + Xy A

beam study of the reactive product angular distributions for Na + Br2
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o2
and ICY by Birely gE“§;}9 gave values of Op (100 and 90 A ,

respectively, using Method A) in reasonable agreement with the diffusion
flame data,

An increase in on for the sequence Na + K + Bb -+ (Cs is

expected from the electron jump model. The crossing poinct, Rc’

of the potential curves for M—X2 and M %de is the radius at
which the electron jump occurs. TIn the simplest modelsz, Rc is the
- g?
R
¢
equals the difference between the alkali acom ionization potential (IP)

radius at which the coulomb attraction, » of the ilonic curve

and the halogen vertical electrom affinity (EA):

2

=3
R
ol

= Ir (D -EA (X,)

A smaller ionization potemtial (e.g. Os) would yield a larger Rc
and thus -a—larger Og* Results in Herschbach's 1aboratory71 confirm
the expected increase in reactivity in the sequence Na + K + Rb - Cs.

o2
Yet the (Method 4) estimates of o, (& 220 A for K+ 1

R 2)

by Birely 55_5;,16 are approximately 30% larger than the values deduced

by Greene g;ﬂgl.ll from an optical analysis of the non-reactive
2
o

scattering. An even smaller estimate of o, ( # 100 A for K+ I

R
. 14
was made by Minturn et al.”™ .

2

Comparing the various values of Op deduced for K + 12 , it

is not difficult to accept the existence of a factor of 2 uncertainty7l

in the absolute values of On obtained by flame experimentsg,

. , , .1l s
optical analysis of non-reactive scattering ~, and reactive product

estimationls”zs,
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A study of the time decay of Cs atom concentration in a wvapor

of I, allowed Brodhead 22‘21338 to estimate a total reactive cross
o2
section of 180 + 25 A (at a nominal average energy, B = 2.4 kecal/mole)

for Cs + 1,3 this i1s somewhat lower than the estimate made by Birely

93
25_2;316. The estimated 157 accuracy of the value for UR Suggests

38 | o
that the method of Brodhead EE‘Q;.S is a better one for cbtaining total
reactive cross sections; an extension of the experiments to other alkali-
halogen systems will be a significant test of the systematic variations

in reactivity expected from the electron jump model. The system K -r Iz

should have a smaller Op than Cs -+ I2 due to the higher ionization

potential of the X atom.

With a larger "weight" given to the Brodhead et al. data than to

the beam results, a best estimate of the K + 12 total reactive cross

section {(at E = 2.67 kecal/mole) would be (in the authoxr's judgement):
o2

op = 170+ 50A .

11. Energy Dependence of Op

The energy dependence of the total reactive cross
section can be estimated from the data on variation with incident

energy of the laboratory KI distributions (section IV C4). The

relative normalizations of the three best c.m. differential cross
section functions (Fig. IV-30) are adjusted until they yield ratios

of scattered laboratory KI flux at (@? R v') which are in agreement

i
A

with the experimental results; adjustment of the beam intensities to
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equal values of ny, n, V. is necessary to insure that the results

are directly proportional to Op (E):

v'2  So®
w'2 dzwdw'

Ilab(®,v',¥§) o¢ ny b, v. AV (9)

where ny, n, are the primary and secondary beam densities in the
scattering zone; V. is the relative veleocity; and A V is the
scattering volume. Equation (9) assumes mono-energetic beams (and
hence a single vr); in the calculations, use was made of the more
general form (dintegration over the beam velocity distributions and
over the volume element (GD » v')), which is given by Warncck and

. 44 .
Bernstein (their Eqn. {8)).

With the three c.m. differential cross section functions

d30

duay
hemisphere total reactive cross section ratios by comparing the integrals

properly scaled, it is possible to obtain the forward

s o0 'B.\'Mh( 3 =
A Ox () = é IZﬁ S (ELEHQEL) sin® d6dédw’' .
e ° dzmdw'

Lack of knowledge of the shape of the backward scattering region
necessitates stopping the integration at an angle emax = 90°, The -

energy dependence determined in this way is only for a "partial

total reactive cross section" (from Fig. IV-38 the forward hemisphere

contribution should be some 58% of the total).
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The results are shown in Fig. IV-45(a). The energy dependence
effect is anything but dramatic over the small range of E studied.
A small negative emnergy dependence might be construed. The error
limits unfortunately do not exclude either (i) an E—]’/3 energy
dependence consistent with the present analysis (8ec. IV E) of the
non-reactive data of Greene ggwgl.ll, or (ii) a nearly energy-
independent total reactive crogs section. A small negative energy

—a’ with a < 1/3) is consistvent with the non-

dependence (O‘RGC E
reactive scattering analysis (Sec. IV E); i.e., the reactive results
offer no contradiction. The best estimate of "a" from the reactive

~

scattering data is a = 0.25 4 C.1.

The c.m. angular distributions %% vs. 0 (Fig. IV-38) allow an
estimation of the fraction of UR from angles beyond § = 900; thig
fraction (at E = 2.67 keal/mole) is 0.42. Changes with incident
energy of the forward-backward partitioning of the total reactive cross
section are possible; this could result in an energy dependence of Op
which is in disagreement with the forward hemisphere energy dependence
of Fig. IV-45(a).

Another (less valid) attempt at determining che energy dependence

involves using the single compromise c.m. contour map which best

accounted for all the dara at different £ (Fig. IV-42) and repeating

the calculation done above. The advantage inherent in this approach
is that it 1s possible to extrapolate the results to energles outside
of the range of the experimental flux contour maps since the shape

of the c.m. function is (assumed to be) independent of energy. The
results are shown in Fig. IV-45(b); the error bars are comparable in

size to those of Fig. IV-45(a). As is seen, if one assumes no
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Fig. IV-45 Energy Dependence of Total Reactive Cross Section

Log-log plot of partial total reactive cross sectiom,

0. (8 =0 to 909, as a function of the relative collision energy.

(a): Based on three best c.m. differential cross section
functions of Figs. IV-30,37; uses the best line through
the energy dependent normalization data of Fig. IV-18.
Arbitrarily normalized to unity at E = 2,67 kcal/mole.
A line of slope ﬁﬂiﬁ3 » corresponding to an E“l/3
energy dependence, is shown for comparison. Error bars
are approximate 90% confidence limits for the three

points.

(b):+ Based on the assumption of energy independence of shape
of c.m., differential cross section function, using c.m.
contours of Figs. IV-42,43. Points correspond to data
points of Fig. IV-18; the triangles are the best data:
the squares were preliminary results and are of lowest
quality. Arbitrarily normalized to unity at E = 2.67 kcal/mole.
Experimental uncertainties are comparable to those shown

in {a).
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dependence upon E- of the shape of the c.m. cross section, one also
obtains little or no energy dependence for the magnitude of the total
reaction cross section.

The best estimate of energy dependence Ty = i » 8 =0.25+0.1 4
agrees with the approximate funcrionality found by Bru537 for a quenched
fluorescence study of the reaction

na (%2) +1, + Wa (’s) +21 (Pry))

2

o2 —
with o, varying from 190 to 140 A  in the range 4.6 < E < 19.6 kecal/mole.

R

Plotting log O vs. log E for the Brus data yields a = 0.21.

A recent comprehensive analysis of the magnitudes of reactive
cross sections for the alkali-halogen systems was done by Anderson34.
He considered the influence of other factors in the long-range attraction
of M+ X2 and developed a more complete optical model. The criterion
for reaction was the rather standard one of overcoming the centrifugal
barrier. He found a negative energy dependence (& =~ 0.27) and reasonsble
sizes (®150 32 at E = 2.67 kecal/mole) for the reaction cross sections
for K +-Br2 and K + ICL ; but the "non-reactive data” used in the
analysis included a significant amount of spurious residual alkali halide

intensity at large angles (see Chapter V). Hence the results may need

to be re-examined; in any case they cannot be considered quanticative.

12. Summary of K + 12 Reactive Scattering Results
The total reaction cross section is large
2 —_—
(UR = 170 + 50 X at E = 2.67 kecal/mole) and has a very small (negative)

dependence on relative translational energy (Fig. IV-45). The
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2
\ d .
differential c.m. reaction cross section _EQ_ (Fig. IV-38) peaks

d
at 0 = 00 (forward scattering), but still has a significant value at

g

large c.m. angles with the possibiiity of a smaller backward peak.

The energy partitioning strongly favors high internal excitation of

. the product KI (with little electronically excited I* product);

the most probable value of E' is & 1.5 keal/mole (corresponding to

% 43 kecal/mole of KI excitation energy). The recoil energy
distribution (Fig. IV-41) has a broad high energy tail; thus, a small
fraction of the product molecules has loy internal excitation energies.
There is significant coupling (Fig. IV-39) between the product angular
and recoil energy distributions, the most important manifestation being
a poorly resolved double~peaked structure (Fig. IV-40) in the trans-—

lational recoil distributions (best resoclution at 0§ > 600). The

d30
dependence of the shape of T

d“wdw’
large over the energy range studied.

upon E (Fig. IV-30) is not very

The present results for the K + 12 system fit in well with
the general conclusions deduced from reactive product angular
distributions for the whole family of alkali-halogen reactionsza’ls_lg.
They are also in qualitative agreement with the predictions of
several Monte Carlo trajectory calculations based on various assumed .
pétential formsSg. This is not suéprising since the "best' potentials
were not determined from agb initio’calculations; rather, the comparative _
merits of the various potentials examined were deduced solely from
their relative abilities to reproduce the general aspects of the availablé
experimental data. The extra experimentzl details now available (in

the form of ‘the various detailed cnoss section functions) will necessarily

provide a stiffer test of future potential surface caleculations.
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V. Selective Deteccor for Internal Exciration of Alkali Halides in

Molecular Beams

A reproduction of the note "Selective Detector for Internal
Excitation of Alkali Halides in Molecular Beams,' Keith T. Gillen
and R. B. Bernstein, WIS-TCI-377¥, Univ. of Wiscounsin, Madison,
Wisconsin, 1970 follows.

All references in this section are numbered independently
of the rest of this thesis; the references are found on pages 6, 7,

and 13 of this section.



Selective Detector for Internal Excitation of

%
Alkali Halides in Molecular Beams
by
Keith T. Gillen and R, B. Bernstein

Chemistry Department and Theoretical Chemistry Institute

Unaversity of Wisconsin, Madison, Wisconsin 53706

The sensitivity, or ilonization efficiency, £, of a low

work—function ("desensitized") Pt/W (92/8%) surface ionization

detector for alkali halide (MX) beams increases strongly with

the internal energy EeXc’ of the MX. ¥FYor excited XI (formed

in crossed beam chemical reaction), fccexp{YEexc/kT] with vy = 1/4,

Work supported by National Science Foundation Grant GB-16665.



Introduction

The suitability of a 92% Pt/8%ZW alloy as a differential
surface 1onization (SI) detector for alkali/alkali halide beams
was established by Datz and Taylor [1] and employed in a multitude
of crossed beam scattering experiments involving reactions of alkali
atoms with halogen~containing molecules [2]. The present note reports
a new application of such a SI beam detector: as a discriminator
for extent of internal excitation of alkali halide molecules.

The possibility of a variation in the rate of an overall tungsten

o
_jii3299_§; Li+ + Cf + e with the alkali

surface reaction LiC4(v)

halide vibrational state v (v = 0,1,2,3) was suggested by Klemperer

and Herschbach [3] on the basis of their amalysis of some molecular

beam resonance experiments of Marple and Trischka [4]. Unfortunately,

subsequent careful measurements by Moran and Trischka [5] negated

the earlier experimental results and no measurable (i.e., +w~I1%) .

diserimination in 8T efficiency with vibrational state could be

found. Tt was recognized [6] however, that sufficiently highly

excited states (e.g., v »> 3) of alkali halides might well be selecti;ely

ionized under favorable ST conditions, Such conditions were found,

somewhat by chance, in this laboratory in the course of a detailed

study of the velocity analysis of the reactive scattering of K by 12.
The present experiments 1nvolved the chemically excited KI

molecules, wich known internmal (excitation) energies in the range

1-2 eV. A Pr/W (92/8) SI filament was employed in the low work-

function or ''desemsitized" mode {7], such that it had a very low

-1~



sensitivity to a thermal XI beam. The ionization efficiency of

the detector was Found to depend exponentially upon Eex , the

e
excitation energy of the KI. This effect is mnot expected to be
limited to this particular alkali halide; indeed, qualicvative
confirmation of the enhancement in sensitivity of such a SI

detector for orher excited alkali halides is available from a

number of sources.

Experimental

The present data were obtained in the course of a crossed
beam study [8] of the reaction of a velocity-selected K beam with
a thermal 12 beam at 90° incidence. The product KI and K scattered at
various laboratory angles passed through a velocity analyzer to the
ST detector. This consisted of a Pt/W (92/8) ribbon 0.7 mm wide,
0.025 mm thick, ca. 1 cm in length, DC heated (by ca. 1 amp) to
operate at ca. 1330°K. Under these conditions (the desensivized
mode) , the ionization efficiency for a thermal KI beam was in the
range 0.1 - 0.47, based on comparative measurements with the filament
in the sensitized (oxidized) mode at ca. 13700K, where it is
essentially 1007 efficient.

With the knowledge of the translational velocity of the
chemi-excited KI and conventional conservation considerations
commonly applied [9] to crossed-beam velocity analysis experiments,

the average internal excitation energy of the KI molecules striking

the detector could be calculated:

Eexc(KI) =E__ + Eint (12) - ADO - E

tr tr
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where Etr and E’tr are, respectively, the incident and final (c.m.)

relative translational (kinetic) energies. E iz, typically, 0.12 eV;

tr
Eint(Iz)ﬁ0°05 eV, and ADO = ~1.80 eV assuming the other reaction product,
I, to be in its ground{IZPalg state. The velocity analysis results [8]
combined with the results of a diffusion flame study by Roth and Schay [10]
of the K + 12 reaction indicate that there is little, if any, excited
I(zPl/z) product [8].

Fig. 1 shows the logarithm of the ionization efficiency £ wvs.
the internal excitation Eexc of the KI. Each comnected set of points
represents data at the same lsboratory angle & but different laboratory
velocities v~. Provided there is negligible translational energy effect,
different points at the same calculated Eexc {arising from different

@ and v") should yield the same £. Within the estimated + 20%

uncertainties in the points this appears to be the case. Also shown on
the graph at low Eexc are the results for a thermal KI beam,

which accord well with a linear extrapolation from the main body of

data for the excited KI.

Tnterpretation

The process of surface ionization of alkali halides has received con-
siderable study [11] but is not yet thoroughly understood. Adopting either
of the thermodynamic or the kinetic models commonly invoked to explain the
large body of SI experimental data for alkali halides, it can readily
be shown that the dependence of the ionization efficiency upon the excess
(excitation) energy of the MZX should be of the form f = fo exp[YEexc/kT],
where fo is the efficiency of the detector for ground state MX

(fo<<l), T is the surface temperature, and <y is a fraction
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characterizing the effectiveness of the internal excitation (whether
vibrational or electroniec) to the reduction in the free energy barrier
for dissociacive ionization. ¥or the present detector and chemi-

excited KI, the slope of Fig. 1 yields <y = 0.25 4 0.05.

Concluding Remarks

The slope of the line in Fig. 1 (i.e., the value of ¥y
obtained) implies that an increase of as little as 0.02 eV {the
spacing between adjacent low-lying vibrational leve;g of KI [i2})
would produce a 5% increase in the fracrion £. The question arises as to
the failure of the experiments of Ref. {5] to observe vibrationally
selective detection for the various LiX molecules. This may
be due to either of two distinect differences in their work. They
uged a tungsten filament for ionization, and the mechanism of
ionization may vary considerably with filament material. Also,
their low efficiency experiments were done at higher remperatures
than chos%‘corresponding to the maximum ionization efficiency; the
high temperature decrease in sensitivity is undoubtedly caused
by a different mechanism than that which lowers efficiency in the
low temperature region.

There exist a number of observations which confirm that this
qualitative behavior is somewhat general. The £ wvalues on
desensitized Pt/W are usually low for all alkali halides, but
there is a considerable span which correlates well with MX dionization

potentials [13]. The CsX molecules are most efficiently ionized;



f ugually increases from G ito Br to I. Datz and Mintura [14]
reported a value of £ = 0.08 for a CsBr beam on desensitized Pt/W;
(this increased decection sensitivity over KI suggests thar CsBr
might be better from the viewpoint of detection of excitation). 4An
énalysis [8] of literature data and experiments from this laboratory
on the wide-angle {(supposedly non-reactive) scattering of alkalis by
several halogen—-containing molecules (using desensitized Pt/W detectors
has provided evidence for interference due to selective (enhance@)
detection of intermally excited MR product (for X = CL, Br, and I).

In order to make use of this type of selective detector for use
as an internal energy monitor (i.e., for estimating average internal
excitation of chemi-excited alkali halides, MY} one must avaluate
(calibrate) <y for the alkali halide in question; then the set of
reactions M+ XY > MX + Y (for all ¥Y) may be studied.

The iggigcations of the present findings alter the interpretation

of the M+ X, scattering data obtained with Pt/W Vdifferential”

derectors (see Appendix).
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Legend for Fig. 1

Dependence of the logarithm of £, the apparent fraction

s the

of KI donized, (in the unsensitized mode) on EEXC

(average) internmal excitation (in eV) of the KI. Each set of
connected points is derived from data at specified relative
kinetic energy and laboratory angle but different laboratory
velocities (corresponding to different c.m. recoil energies and
thus different Eexc for the KI). Open symbols denote legs

reliable data.
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APPENDIX

Relevanee to Interpretation of Alkali-Halogen Scattering Experiments

The magnitude of the residual detection sensitvivivy {of the
nominally unsensitized Pt/W alloy) for highly excited alkali halide
(MK#) molecules vitiates the common agsumprion thaL the Pt/W alloy
is an ideal differencial decector. Greeme et al. [15] use a pure Pt
filament (essentially non-detecting to alkali halides) in measuring
angular distributions of non-reactively scartered alkali atoms. For
a number of aikali 4+ halogen reactions their measured intensity
distributions drop off much faster at.large angles than the distriburions
(for the same systems) reported by other workers using "unsensitized"
Pt/W detecrors.

In the X + 12 gystem [8] measurements of the residual sensitivity
of the Pr/W filament to excited Kff made it possible to correct the
observéé "intensities'" to obtain an angular distribution of scatrered
K which was in reasonable accord with that of Ref. [15]. The

imporcance of this correcvion may be judged by noting that at the
largest angle where tﬁé corxrection could be made ( & = 49.50), the
residual KI signal represented some 90% of the total intensity
(K + KI).

The K + Br2 system provides anocther example. Minturn et al. [16]
and Birely et al, {17] (both using Pr/W detectors) reported significantly
greater wide—angle non-reactive scattering cthan that observed by

Greene et al. [15], presumably due to residual semsitivity to Bt .

Minturn et al. [16] actempted to subtract out the residual KBr
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contribution to their angular discributions, but used the much smaller
residual detection efficiency as measured for a thermal KBr beam,
thereby accounting for only a small fraction of the residual KBrf
contribution to the apparent non-reactive scattering.

The reaction of K with. HBr (DBr) produces KBr with a
maximum excitation of only =20.25 ev (less than 15% of that for the

K + Br, reaction); hence the residual detecrion should be much

2

lower than that for KBf% from K + Br Indeed, the uncoxrected

9"
Pt/W results [18] for the non-reactive angular distributions were
found to agree quite satisfactorily with the data of Airey et al. [19]
obtained with a Pt detector.

Kwei and Herschbach [20] have reported angular distributions
of alkalis scattered by ICl and IBr with distinctly higher wide-
angle scattering for Cs than for K or Rb. Residual sensitivity
may have contributed significantly to the unsensitized angular distri-
butions for all three alkalis; but thermochemically the CsX+ product
has more internal energy available and, even at the same excitation
energy, it should have a higher detection efficiency than the other
alkali halides.

Product MX molecules scattered into regions of negative
laboratory angle & wusually have relatively larger translational
energy and correspondingly less internal excitation; this implies
that the residual sensitivities to MXT will be much smaller at
negative @ . Also, the total MX found at negative angles is
lower. There are numerous examples [17,20] of angular discributions

measured with an unsensitized Pt/W detector where the c.m. angular
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intensity distribution deduced from the negative & '"branch' is
somewhat lower than that from the positive branch. It may be that
data from the negacive angles more closely approximate the true non-
reactive angular distribution.

Any observed residual detection will not directly mirror the
Mﬁf (angularjdistribution since molecules vwhose velocities lie closest
to centroid are those with the highest internal excitation (and residual
detection sensitivity increases exponentially with invernal energy).
For the K -+ 12 experiments [8], the average residual sensitivity to
KI at a number of laboratory angles ( @& » Q) has been measurad; the
results are given in Table I. The effect shows a (broad) maximum near
the angle of the centroid, as anticipated. It is possible chat these
"weighted-average" observed residval sensitivities might be used as a

rough indicator of the degree of product excitation as a function of & .
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Table I Dependence of Residual Unsensitized Mode) KI Sensitivity

on the Laboratory Scattering Angle, @ , for the K+ T

2
Experiments.

E(keal/mole) 1.87 2.67 3.62
Centroid Angle (degrees) 60 55 50
3 1ab {degrees) f, fraction ionized (+ 0.02)

10.0 0.07

20.0 0.07

2540 0.08

30.0 A 0.07 0.69 0.11
35.0 0.10

40,0 0.10 0.11

49.5 0.12

60.0 0.09 ~0.12

70.0 <0.10 <0.06
80.0 <0.08 <0.08 <0.06
101.0 <0.07 <0.05 <0.05
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Appendix A

Velocity Selector Calibrations and K Beam Characterizacion

The squations of Hostettler and Bernstein46 for a velocity
selector transmission function B{v) assumed no misalignment of the
selector axis with respect to the beam axis. A generalization of their
calculations to include the effect of a small misalignment angle
1s presented here. The notation is that of Ref.‘46. . The

generalized extensions of equations (10 a,b) of Ref. 46 are:

(1+p)
Blv)= Tl[ % U"'S?} \\J/ 11/3:] for \/ >V>me

(a-1)
and
) * n {_‘ ¥
Btv)—"{{i-a-{(l 5 0_1 /3 oF VMK>V>VO
where ¥ = A, ) [H (L+d)o<] -2
{(L+d)X + 9

Iy ﬁ, (L“d)
F (Cdeigr - y Lo

% _ Lwr Lo&]“i
NV, = ~vo]::+ or ?

Cu
(]
¥

br+ LA
5’_ dot
= (}5!""?!‘9{ §=+ -i
SR RIODN
- ~1
o= VR (1-5)

A= angle to selector axis (Radians): and o> 0 "adds" to
helix angle, with all other quantities defined as

before46 (see also table II-1).
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These equations (Al} are the basis for the computer simulations of the

various velocity selector and wveloecity analyzer calibration experiments.
Note that the width of the selector transmission function,

(vmax - vmin)’ is directly proportional to vo* which implies that

the total selector tramsmission increaseg directly proportional to the

rotation speed Sé Hence in analyzing a beam velocity distribution

with a selector, the throughput intensity wvalues must each be divided

by the corresponding velocities to obtain the actual distribution

incident upon the selector. An ideal case illustration is given in

Table A-1 for a thermal effusive (Maxwell-Boltzmann) beam passing

through a selector, then an analyzer.

1) Calibrating the 'analyzer and selector

Appendix A of Chapter III-B describes a calibration of the
velocity analyzer with a low temperature effusive (M~B) K beam.
The constant, kA*’ that relates the analyzer rotation speed, By
to the velocity transmitted, vo* {vo* = kA%wA) » is adjusted until
the curve of experimental flux transmission (divided by rotation speed;
see above) best matches the ideal M-B Fflux distribution. A com-

%
parison of EA} with the value, k, = L/¢ » expected for zero

misalignment angle gives:

-1
* Lat
by =Ky 1+ 22

so o = 9’;{‘ (%*-l)'
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Table A-1 Relations of Velocity Distributioms,

M-B beam; not normalized.

Position

In oven

Beam entering selector

Beam transmitted through selector’
to analyzer

Beam finally transmitted through

analyzer

Denszity
vzexp— (vz /&{2)
vzexp- (v2 /ogz)

v3exp—- (vz/exz)

v4exp— (v2 /o<2 )

Flux

exp—(v2 fed)

vaéxp- (v2 /o<2)

2
vsexp-— (v2 fog )
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)
For the alignment of the velocity amalyzer used ain the K + 12

experiments, C{A = + 0.18° 1;0.050.

The ¢X determined is from the center line of the detected
beam to the selector axis.

For a velocity 2nalyzer with a very narrow veloecity bandpassg
and for narrow collimating slits and a thin detector, the experimental
flux curve should be expected to match very well with the theoretical
M-B form. This will prove to be the case for the velocity analyzer
but not the velocity selector. Generally, the experimental flux

|

transmission curve can be modified by a number of effects, separately,

or in combination:

A) If the transmission function width (vn1 - )/v0
is not small compared to the velocity width of the beam scanned, then
there will be a broadening of the transmitted flux curve due toc the

%
folding in of the transmission function at each vy -

B) Any angular divergence in the beam leads to a broadening
of the tramsmitted flux curve due to the dependence of B(v) on the
angle relative to the selector axis. (See Eqn. Al). Centered at
the misalignment angle o\ , the detected beam has an angular
divergence that can be estimated from the geometry of the detector

and the collimating slits (See Fig. IV-1).

C) A selector with a broad transmission width (e.g., the
present K beam selector) can have a bias towards high velocities
in its transmission function (see "ideal" selector transmission function

in Fig. 17 of Chapter III-B). This will give a shift in the
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transmitted flux curve relative to the incident beam distyibution;
the shift is caused by the extra weighting of the transmitred flux

from the high veloeity portion of the transmission function.

D) The transmission function varies slightly from the bottom
of the selector tooth to the top. Equarion (Al) shows this effect
through changes in {] = %%;EE- as well as r. This effect can
alter the breadth of the cransmitted scan, especially if the slic
height is nct small compared to r.

To correct for the above effecrs in the various beam calibration
experiments, a computer program {(see Appendix C, Program DC) was
written that folded selector cransmission functions into beam
distributions, integrating over both the angular distribution of the
detected besm and the height of the beam from the bottom to the top
of the selector slot. The calculated tramsmitted flux curves (broadened
and shifted relative to the actual beam being characterized) could
then be compared to the experimental scans.

For the case of the velocity analyzer with the effusive beam
the calculated curve of flux vs. velocity was essentially identical
to the M-B beam distribution. Fig. 16 of Chaprer IIT-B shows a
match of an experimental scan to the M-B distribution; no adjustment
for the above-mentiocned (A-D) effects is necessary. The velocity
selector, however, has a wider and less symmetric transmission fuanction
yielding a velocity shift of approximately 1% in the computed

transmission curve relative to the ideal M~B distriburion (shown in

Fig. A-1). The experimental points must be matched to the computed
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Fig. A-1 Velocity Selector Calibration.

Calibration of the velocity selector with a thermal Maxwell-
Boltzmann (M-B) K beam of known velocity distriﬁution. The dashed
curve represents on a reduced plot Cvﬁ 4?/ﬁ%§y?' the M-B f£flux
distribution incident upon the selectoxr. The solid curve is a
calcularion of the ideal distriburion into the selector (transmitted
flux distribution divided by v* to account for the velocity-
dependent selector bandpass: Avetv); the shift is due to a
significant bias in the shape of the selector transmission function.
The comparable experimental points are shown superimposed and are
in excellent agreement with the calculaved (solid) curve. AllL curves

normalized to unity at peak.
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curve rather than the M~B; an example is shown in Fig. A-l. A compsa_:son
fe . .
.of ks’ with the expected (X=0) value yields the selector misalignment

angle (A = - O.SOO'i 0.05° for the K+ I experiments). The value

2
of o4 found may be put back into the computer simulation program to
generate a better (iterated) computed flux curve for matching to the
data; in the present example, iteration did not change the results.

There are two checks of these calibrations that have been used.
First, a pin can be inserted at the center of rotation of the
goniometer lid. Using a cathetometer to establish a line between
this pin and the detector filament, one can lower the analyzer vertically
'approximately 1 cmy and using marker "shims" between the teeth on the
front disk and on the back disk, one can optically determine the helix
angle relative to the defined beam analysie axis. This gives a geomatrical
estimate of the analyzer constant, kA*, with somewhat less precision
than the beam characterization method.

The other calibxation check measures the self-consistency of the
two constants kA* and ks*; the- analyzer is used to scan the selector
transmission function with the goniometer set at 0.0 degrees.

A computational simulation is then used for comparison. This type
of consistency calibration check can then be done at other goniometer
angles (and=therefore different angles through the selector) to verify
the change in selector constant ks as a function of the angle through
the selector. Accounting for the fact that a goniometer rotation of

a specified angle corresponds to a smaller rotation (factor of 0.75)

in the angle relative to the selector axis (see below) experimental

measurements of the change in selector constant (12 + 1%1/ degree)
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agree well wich the computed value (11.8%/fdegree: Prob. 7,8,9
in Program DC).

An example of an analyzer calibration of selector transmission
is shown in Fig. A-2; the computational simularion (dashed curve (a))
uses the general formula of Equation (A-1)} and supplants the earlier
less complete calculational simulation of this type of calibration
(e.g., Fig. 17 in Chapter III-B). Note thac the new computation
(Problem 7 in Program DC; dashed curve (a) in Fig. A-2) is somewhat
more sharply peaked than the experimental data. The broadening of the
experimental curve is due to an effect noted earlier; the first disk
of the velocity selector has been ercded and thinned considerably,
its slots widened significantly due to attack by the large amount of
potassium deposited on this disk. Program DC has been run with
corrections which approximately account for the "dissolving disk.”
Two curves of Fig. A-2 are computations which account for the thinned
selector teeth curve (c¢) (solid line) corresponds to n; 20% larger
slots; curve (b) (dot~dash) uses as 15% larger slots than the
ideal (dashed curve) calculation. The curve with 20% wider slots
appears to represent well the actual situation for the selecror
transmission; measured slot widths concur approximately with this
estimate. This cross-check between the selector and analyzer agreed
(to better than + 1%) with the two separate calibrations employing

effusive M-B beams.
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Fig. A~-2 Analyzer Scan of Selector Transmission

A relatiwve calibration of the velocity selector by the velocicy
analyzer. The points represent an experimental analyzer scan of the
K beam flux vs. velocity transmission of the selector. The three
curves are computational simulations of the experiment with full
averaging over slit height and detector acceptance angle. Curve (a)
is for the ideal selector with no alteration of the slot widths in the
first selector disk. Curves (b) and () simulate 15% and 20% wider
slots in the first selector disk due to cumulative erosion by alkali.

Curve (c) zppears to account well for the widened distribution. All

distributicns are arbitrarily normalized to unity at the peak.
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2) Velocity Distribution of the Laval X Beam.

The velocity distribution of the Laval K beam incident upon
the selector can be estimated by a characterization of the velocity
distribution using the selector as the scanning device. The distri-
bution so characterized will, of course, be broader than the actual
distribution incident upon the selector and will be shifted to slightly
lower vélacities, both effects due to folding in the selector transmission
function (these effects are also seen in the selector calibration with
a M-B beam). TFig. A-3 shows an assumed flux distribution (solid line)
for a Laval K beam incident upon the selector; the dashed curve is
a computer simulation (Problems 5 and 6 in Program DC) of the experi-
mencal data that Would correspond to the assumed curve. Superimposed
on these curves are the points from two typical experimental selector
characterizations of the Laval K beam; cthe agreement with the
dashed curve is good and suggests that the originally assumed solid
curve is a good representation of the Laval K beam under the con-—
ditions of the experiments shown. No comparisons to theorerical Laval

forms72

were made; but the density distribution agreed remarkably

well with a distribution reported by Gordon EE.El'Zl using similar
Laval oven slits. It must be noted, however, that the observed Laval
distribution was found to be wery sensitive to oven conditions; this

is reflected in day-~to-day variations iIn the experimental characterization
curves that can sometimes be larger even than the differences between

the solid and the dashed curves. Hence, although the computer corrections

are valid as a systematic correction, there are still random variations
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Fig. A-3 Laval X Beam Flux Distribution

An assumed Laval K beam flu§ distribution (based on data, not
on any theoretical form) incident upon the velocity aelectox (solld CUTve;,
compared to a computer simulation (dashed) of selectox transmission//v, wﬂkch
introduces a shift due to ihe biag in the shape of the selector trans-
mission function. The points represent two experimental selector
characterizations of the Laval distribution (T(slit) = 705 i_SOK,
T{oven) = 625 i:SOK). The good agreement of the points with the
dashed computed curve indicates that the (solid) assumed Laval K
beam flux distribution is a reasona?ly good one. All curves arbitrarily
normalized to unity at peak.

The energy marks (E) show the average 'K beam velocities

associated with the three relative collision energies used in the

K+1I experiments. Note that the velocity dependent selector trans-—

2
mission (Avev) enhances the throughput beam intensity for the higher

energy experiments relative to those at lower energies.
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of about the same magnitude in the Laval beam. Fortunately in the
scattering experiments the velocity selector set at a specified rotation
speed defines a much narrower beam velocity distribution and the
variations in the velocity distribution of the incident Laval beam

become relatively unimportant.

3) Profile of X Beanm Entering Scattering Center.

Il
I

In the previous calibrations, the angular spread considered
was determined by the geometry of the detector system (widths of
analyzer entrance slit and detector and distance between them); the

K beanm entering the S.C. has a much larger angular spread determined

by slit sizes and distances for the X beam gecmetry. The angular
distribution can be determined by an angular profile of the K beam;
a typiecal anéular profile of a velocity-selected K beam is shown in
Fig. A~4. Notice that the gonjometer angle measured differs from the
true angle té the selector axis; there is a shift of 0.50 ' due to
misalignment, but in addition there is a scale change (factor of - %%fgﬁ
This effect can be seen in the lower portion of Fig. A4, Potassium
emitted (a) at an angle o to the center of the beam (defined as 0%)
will not be detected when the goniometer is rotated (b} by an angle - X ;
it will, however, be detected at a g;niometer rotation angle of ~ 1.34 o
as can be seén in (c).

The fuil~widthwat—half-maximum (FWHM) of the beam measures 1.4°
@gam angle); this compares well with a calculated value of 1.3° ugsing

the ideal geometry of Fig. IV-1l, Chapter IV. The tails of the distri-

bution are, however, much broader than expected; this is probably due °
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Fig. A-4 Angular Profile of K Beam

Upper: The experimental angular profile of the K beam flux
distriburion through the selector (at Ve = 794 m/sec)
is plotted vs. goniometer rotation angle () . The
curve passing through the data points is normalized
to unity at fts peak. The upper scale indicates the

angle relative to the selector axis, «t', withet' = + 0.50’

at @ = 0.0° (misalignment angle = 0.5%).

Lower: Representation of the difference in ecale between G? and o{'.
(a) Rotation angle = 0.0° Consider "beam" emitted at
an angle o{ to the defining axis. S.C. = scattering
center; DET. = detector.
(b) Rotation angle = - . Beam will not strike

detector.

(¢) Rotation angle = ~ &{ x (1 + 8.6/25.3) necessary

to detect the beam at an angle &¢€ .
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to a larger, more diffuse emission region (perhaps a cloud effect)
than that asscciated with the ideal geometry.

Problem 10 of Program DC is a computational estimation of the
K beam density vs. velocity distribution thar encers the 5.C.. The
computation includes all the corrections (A~D) previously mentioned
and also includes an internal iteration which adjusts for the facrt
that the experimental angular distribution is for a velocity selected
beam and hence is not a true angular distribution of emitted potassium.

The narrowest (dashed) curve in Fig. A-5 is the density transmission
curve associated with the ideal selector slot width. The "dissolving
disk" curves of 15% (dot dash) and 207 {solid) wider slors correspond
to the similar curves of Flg. A-2. Having seen in Fig. A-2 thac
the so0lld curve best matches the analyzer scan of selector transmission,
one then concludes that the solid curve of Fig. A~5 is the best
astimate of the selector transwmission into the S.C.

The K beam density transmission produced has been adjusted so
that it corresponds to the transmission associated with z beam of
uniform flux vs. velocity incident upon the velocity selector. The
density transmission produced by a Laval K beam can be found
(for any given nominal veloeity) by muitiplying the Laval flux distri-
bution curve by the (solid) X beam density transmission curve of
Fig. A-5; the only assumption involved here is that there is negligible
change in the shape of the Laval flux vs. velocity curve over the
angular range (~3°) of the ctransmitted beam.

When the welocity selector is set at a speed significantly

removed from the peak of the Laval flux curve, there may be a noticeable
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Fig. A-5 Estimation of K Beam Density in Scattering Zone

Curve (c) depicts the best estimate of the K beam densicy
distribution in the scattering zone associared with a uniform flux
vs. velocity input to the selector. Deviations from uniform flux vs.
velocity input in the Laval K beam can be accounted for by multiplying
this curve by the proper Laval input distribution curve (e.g. ¥Fig. A-3).
The curve is plotted vs. reduced velocity (V*‘: 1.00 ar @ = 0.0°
density peak); the shift to low velocities arises because the angular
distribution is asymmerric with respect to 0.0° (Figure A-4). Curves
(a), (b), and (c) have the same assumptions associated with the three
curves of Fig. A-2; curve (c) is thought to be the best representation
of the "dissolving disk syndrome". (cf. Fig. A-2 legend). All curves

normalized to unity at peak.
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warping of the beam transmission into the S.C. relative to the solid

curve of Fig. A-5. This effect must be accounted for in determining

the average laboratory K velocity (and, therefore, also the average

c.m. energy BE) associated with each reactive scatteving experiment

(Chapter 1V).
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Appendix B

Computational Inversion Methods

In the absence of a Maxwell demon riding with every c.m., one

must find alternative methods for extracting the differential c.m.
3
cross section (e.g. g g ) when the laboratory scattering intensities

d3 . d“wdw”
(e.g., 5 ,) are known. All of the computational methods for
4 Qdv

inversion of scattering data from lab. to c.m. discussed below attempt'.

to solve this problem; there are advantages and disadvantages in each.

It is assumed that

(a)l the c.m. cross section is independent of 95 , the azimuthal
angle.

{(b) both beams are well ccllimated, at 90° incidence, and
confined to the "detector plane'.

Assumption a) is valid in the absence of aligning fields; assumption

b) has been'‘verified by observing that relaxation of this restriction

in the computations does not significantly alter the results for

the range of experimentally accessible incident angles.44

1Y "Nominal Inversion"
If one assumes that the two beams are monocenergetic, uses the
average velocity for each beam, thereby determining a single "nominal"

c.m. velocity, then one can immediately invert the laboratory distri-

bution to the c.m. framework:

d30' 72 d3 i 2 ‘ R
dzwdw!) - [fﬁ) (dzﬂzv!) s Where (fj) is the Jacobian
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of transformation from lab. to c.m?5=44.This is the simplest invers.:
technique and works quite well when the range of vector velocities of

:
the c.m. (dgtermined by the velocity spreads in both beams) is small
compared to the velocity spread in the experimental reactive product
data (especially at product vector velocities far removed from the
locus of centroids). Unfortunately, even for the quite favorable X + 12
case, the velocity spread in the two beams is still large enough to
cause a gerious broadening of the laboratory KI distribution relative
to that which would be produced by monocenergetic crossed beams. The
"nominal inversion" thus gives a good first approximation to the KI
c.m. distribution; but improvements that account for the beam distxi-
butions are definitely needed.
2) C.m, = Lab. Computations.

The first approach to accounting for the beam distributions
involves assuming (i.e. guessing) a c.m. differential cross section
functionality and then integrating over the beam distributions to
produce the associated lab. distribution. Comparing the results with
the experimental lab. distribution, one then alters the assumed c.m.
function to try for a better fit to the data. This is then repeated
many times with the hope of eventually reproducing the data.

Two different methods of integration have been used at Wisconsin.
The first method,27 a "counting" method based on weighting a set of
points in velocity space according to the chosen c.m. distribution
bt

function, has been replaced by a direct integration method.

(Another direct integration method has been developed by Entemann25’73L
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Computer Program KICH (Appe;dix C) encompasses the essence
the integraéion method described by Warnock and Bernsteixxéé (with some
modifications and embellishments). The integration over the bean
distributions is accomplished by summing the contributions (properly
weighted by the density distributions in the beams) from a set of
velocity vector (Newtonm) diagrams. The choice of velocities v, and

v, is based on a method of Zaremba]4 which specifies an efficient
i

way of evaluating a two-dimensional integral by computing the integrand

at a set of properly spaced points. 75

There are three major limitations to this inversion technique:
(a) 1In previous calculations of this sort, the angular
and energy dependencies of the c.m. cross section
funetion were assumed independent (i.e. factorizable):

4366 1)

2

o P (B) xP, ) :
d“waw’ w v

The method, in theor%, allows the use 0f a general coupled
functional form if it proves necessary: in practice, it

is hard to parameterize one's visualization of the

way in which a coupled function should be altered to
achieve an improvement in the fit to the experiments.

A "best uncoupled" fit to the data ecan eventually be
obtained with this method; but coupling of the angle and
velocity distributions (and nature is surely coupled!)

usually complicates the problem beyond easy solution.

(b) The second limitation.is the fact that one must admit to
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a cerrain personal prejudice in the choice of functional
form (perhaps based simply on ease of computation-uncoupled
funccions, fér example) ; hence, the proper c.m. cross
section function may escape notice simply due to a lack of

imagination during the search.

(c) PFinally, even though a number of assumed functions can
be tried at one time, there is still a practical limic
on the total number of functions that can be examined;

time, patience, or money is eventually exhausted.

3) Linear Additivity
The third difficulty in the inversion method above can be
removed by noting that the scartering produced by a given c.m.
function can be added to the scattering from another function to give
the resultant scattering from the sum of the two functions. In
general, a set of c.m. functions can be added linearly to produce
another function whose laboratory scattering intensities are just
the equivalent linear sum of the incrensities for the individual
functions. In this way a large number of functions can be built
up from a basis set of functions by a systematic variation of the
coefficients in the linear sum. Lf this idea were taken no further,
it would handle limitation (c) above, but neither (a) nor (b): the
extension to a general inversion technique is described below.
4) Lab + c.m. Inversion.76
The disadvantages of the above methods are linked to the basic

approach to the inversion problem; instead of using the lab. data to
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produce the c.m. function directly, one works backvard from an

assumed c.m. cross section in an attempt to reproduce the experimental
data. This is done because it is much easier to integrate over the
beam distributions than to deconvolute these same distributions.

The more direct '"inversion'" from lab. to c.m. can be seen in a
simple extension of the linear aaditivity approach'already noted. A
basis set of c¢.m. functions, fk(Gﬁw')is chosen and the laboratory
scattering map associated with each is computed in the normal way.

The best linear combination of these basis functions

L
2 4
T (e :W) - Z b1 fk(e 9W> (B1)

is found, not by a systematilc variation of the coeffiecients in the
sum, but by a general fitting routine which finds the expansion

coefficients, b which give the best (least-squares) fit to the

k?

experimental data. At n laboratory wvelocity-angle positions

(n > %), the calculated laboratory intensities, In’ are given by the sum

2
In = E %k Ink.’
k=1
vhere Ink is the intensity at point n from the kth c.m.

distribution function. In these n equations, the coefficients

bk' are determined which give a minimum in the quantity
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where In is the experimental laboratory flux intensity at the nth
data point. The set of bk‘s found is then the set of expansion
coefficients in Eqn. (Bl). Least squares fitting programs are
readily available; subroutine GAUSHAUS of the University of Wisconsin
Computing Center is an example (see Appendix C); most X-way crystallographers
have similar packages.

If the basis set is a general expansion set in w and © y then
any c.m. functional form can be obtained as a linear combination of the
basis functions. This easily allows coupled c.m. functions without
the problemé associated with visualization, since the computer doesr
the iteration to the best functional form. In practice for improved

efficiency, an initial guess of the c.m. distribution is factored out

of Eqn. (B1)-

L
Lo (8w = I (8w [ by £(0,w7) ;
k=1

the results are basically independent of the initial guess, as long
as it is not a completely unreasonable functiom.

The first basis set used (for an unpublished re-analysis éf the
resultsA%f Chapter ILI for K + HBr and K + DBr) was an uncoupled
histogram function with typically 4 velocity and 5 angular intervals;
the resuits were not encouraging, with many regions showing apparent
negative c.m. cross section contributions (clearly unphysical). In an
attempt to remove discontinuities from the functions, a Legendre basis
set was tried next; the results also showed comparable regions of
negative intensity and the fits to the data were not very good. Dué

to kinematic difficulties in the K:+ HBr system (see Chapter III)

and uncertainties as to the secondary beam velocity distribution, the
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computations were abandoned without ever trying any coupled c.m.

functions. P. Siska has recently and independently

developed a similar inversion program and has used coupled c.m.

functions to analyze the K 4 HBr, DBr data with somewhat greater

success 57; wnfortunately his results also had regions of negative

c.m. intensity, suggesting that perhaps a still more accurate deter-
mination of the lab. scattering distribution might be needed for a
good inversion.

For the XK + I, system, however, kinematic comsiderations are

2

far better; and less accurate lab. data are still adequate for

1

obtaining a good inversion to the c¢.m. A coupled two-dimensional

Legendre expansion was used:

, , k m
I (o) =F (G (&) J [ by
=0

| PR NCNE N RN 2
1=() j

Fi
where Fofg)xGo(G) is an initial uncoupled starting guess,

T
Yo 2 g2 o 1, (w' in m/sec),
1160
and X=2%6/m -1, (6 in Radians),

with typically 30 coupled basis functions (6 velocity, 5 angle).

Computer program I2LEG (Appendix C) illustrates this calculation

3

! for the experimental data at E = 3.62 keal/mole.
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E
5) Extensions

There are a couple of ways of improving these calculations that
should be mentioned. The most obvious extension is an increase in the
number of basis functions used in the expansion. Unfortunately, when
more Legendre ;erms are added to the expansion, the coefficients of
2ll the previous terms chamnge; this is due to a lack of orthonormality
in the basis functions (FO(WﬁxGO(G) included!) and makes it hard
to determine when a solution is "settling down". The best choice of

i

basis functions, Sj(x) and Ti(y), for the expansion

L
T(O,W) = F (6, (8) T ] by 8,GOT,()
|
is the "associated set which satisfies the following oxthonormality

relations:

J(Sj(x) 5. (%) 6, (x) dx = Sjm

j .00 1T,y F (9 dy = § T

This is, in practice, difficult to satisfy except for very simple forms ,
for FO and Go' When these orthogonality criteria are not met,

any set of reasonably well-behaved basis functions is no better than

any other. . The Legendre expansion then has no particular merit over,

* Many stimulating discussions with R. A. LaBudde were very heipful

in the development of this section.
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for example, a power series solution in terms of xjyjl Such

a power series was tried in one computation; the c.m. map deduced, the
laboratory distribution it produced, and the least squares fit of that
distribution to the experimental data were all virtually identical

to the results using the Legendre expansion with the same number of
terms., The power series saves a little computer time and is easier

to handle; hence, if no attempt is made to simplify FO(W0 and

GO(B) so that an "associated basis set" can be used, it seems

worthwhile to choose the simplest expansion set possible.

6) Narrowing Inversion

Ancother, less satisfactory, approach to the inversion problem
involves an‘iterative "narrowing' of the c.m. function. The first
step is a "nominal inversion' (see (1) above) of the lab. map to
produce a c.m. trial function. This c.m. function is then used teo
produce a laboratory distribution by a full averaging over the beam
distributions (see (2} above). The lab. distribution produced is, of
course, broader than the original one, due to the beam distribution
averaging. Comparing the two lab. distributions (e.g. by subtracting)
yields a difference function, which can be used as the lab. distribution

for another cycle; hopefully, one would converge to the proper c.m.

function (in this case, as a sum of the various terms) after a few

* This apprcach has been used by D. J. McDonald, Harvard Univ.

{(Private communication).
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a)

b)
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«

A couple of peculiar difficulties arose with this method;

Firat, with only a parcial data map, a fully defined
c.m. map requires interpolation berween data points and
gxrrapolation to regions wirhout data (note that the
c.m. + lab. integration, due to the motion of the c.m.,
uses a larger set of c.m. points than defined by the

nominal inversion).

Second, every iteration necessitates a full averaging
over the beam distriburtions; if a number of icerations
are necessary, this can be very time consuming.

Program I2LEG does the beam integration only once (all
basis functions at rhe same time); the iteracion scheme
simply "juggles" coefficients in a series of linear

aquations.,
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Appendix

Computer Programs

L DbC

Program DC contains computational simulations of the
various characterization experiments of the selctor and amalyzer,
along with an estimation of the K beam distribution entexing the
scattering zone. The computations are based on the apparatus
geometry and the general formulas of Appendix A and include integrations
over resolution angles and slit heights. All integration subprograms
in this (not subsequent) program are primitive trapezoidal rule
sumnations. A comparison of the results of problems 1, 3, 5 (no
angle, slit height averaging) with those of problems 2, 4, 6 {(full
averaging) shows that ang}e and slit height averaging were unnecessary
in these three computations (selector}characterization with M~B K
beam, analyzer characterization with M-B beam, and selector characteri-
zation of Laval K' beam, respectively}. Problems 7-9 (selector—
analyzer cross characterization at three different angles through Lhe
selector) require full averaging. This is also necessary in determining
the X beam distribution entering the scattering zone (Problem 10).
In the results described in Appendix A, a computational correction for
the "dissolving" disk of the selector has also been made; the Fortran 63
program illustrated here does not contain this correction. This program
(problems 1-10 incl.) took 3.5 minutes of computer time on a CDC 3600

computer.
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PROGRAM DC
COMMON/TT/ANGD (49 ) s ANGC (49) »BOLTZ (300)
DIMENSION SIG(50)sSRA(90)sVNOM(50)sVLAVI50) sYANALI9O) sYSEL(90,50)
DIMENSION SRAB(90Q)
C VLAV IS THE LAVAL K BEAM FLUX DISTRIBUTION INCIDENT UPON THE SEL.
€ RANGE IS790 TO 450 RPS (VELOCITY=3a14%RPS)
DATA(AVLAVII)3I=9945)=000550019001520025440535.09941590223e315410
1 o53?6669¢779.8799959999910!99990959091’aBS’07390719¢63,.559g459
2 o389$329a269a219o170ol49n129919109!9089n07)
PROBLEM 1s2-=SEL VS M=~B BEAM
PROBLEM 3s4== ANAL VS M=B BEAM
PROBLEM 5s6-- SEL VS LAVAL K BEAM
19335 ARE WITH NO HTesANGLE AVERAG.
25436 HAVE 5 VALUES HTes o5 DEGs ANGULAR WIDTH
79899 ~— SEL VS ANALsHT. s ANGLE AVERAGED--
7 AT 0.0 DEGo 8 AT +0514/3) DEGe 9 AT —~o5(4/3)
PROBLEM 10 —— SEL FLUXsDENSITY TRANSMISSION VS VELOCITY AT LAVAL PEAK
ACON#RPS= NOMINAL VELOCITY TRANSMITYED BY THE ANALYZER({ALONG CENTER
OF BEAM)' SELCON#¥RPS= NOMINAL K BEAM VELOCITY AT THE GIVEN ANGLE
SELCON=3014 AT «05 DEG EoQe s SELCON =315 AT ZERO DEGREES
ACON=3,62 $ SELCON=3.15
P1=361415926536 S EXSEXPF{1+5} § RAD=0-01745329252
THE FOLLOWING CONSTANTS ARE EASILY UNDERSTOOD IN TERMS OF THEIR NAMES
NOTE THAT SMALL PERTURBATIONS OF SPELLING IN CONSTANTS ARE EASILY
IDENTIFIABLE~~ S ASSOCIATED WITH SELECTORsA WITH ANALYZER
DIMENSIONS IN METERS/SEC ANGLES IN RADIANS
APHI-&lees $ SPHI=s0564 $ ABETA=:01628 $ SBETA=.05427
RMIN=,072 $ RAVE=.076 $ RMAX=.080 $ NTEETH=278
SPACEE,000813 $ D=,001628 $ ALENGTH=,1 % SLENGTH=.03
SPACA=SPACE
C BUILDUP OF MAXWELL BOLTZMANN FLUX DISTRIBUTION
96 DO 11'J=19300 $ U=J#,01 $ BOLTZ(J)sUX#3REXPF (=] o5%Us2)%EX
11 PRINT| 6000sUsBOLTZ{J)
6000 FORMAT (F10.2sF1004}
C SETTING'UP PROBLEM 1 ! ‘
NPROBEO $ ANG=o5#RAD $§ SL=.20 $ DS=¢05 $ LL=36 $ NL=20 & MNH=30
HFW=0%e $ MM=1 $ JJ=1 $ XL=SLENGTH $ BETA=SBETA 5 PHI=SPHI
CON=SELCON
17 DO 12! L=1s50
12 SIG(L) =0 $ NPROB=NPROB+1 $ AINT=2e/{MM+1)
CALL KTIME(MINSKSECsKK} $ PRINT 5555,MIN»KSEC
5555 FORMAT(5X9I5s5H MINsI5»5H SEC)
C SUMMING ALONG THE RADIAL DIRECTION
DO 20; J=1sJJ $ R=RAVE+(RMAX-RMIN)#(2%J=JJ=1)/(24#JJ)
TOOTH=20#PT/NTEETH#R~SPACE $ ETA=SPACE/ (SPACE+TOOTH) -
ALPHASANG+HFW#RAD $ THETA==HFW § H=AINT*HFEW#RAD '
C SUMMING DVER ANGLE ; -
: DO 19 M=1sMM $ ALPHASALPHA-H $ THETA=THETA+AINT#HFW
. GAMMAP=SPACE/ { {XL+D) *ALPHA+PHI#R) & AL=ETA+ETA/GAMMAP
GAMMADP=SPACE/ { {XL~D)*ALPHA+PHI*R) $ AH=ETA-ETA/GAMMADP
DELTAFD*ALPHAI(PHI*R+XL*ALPHA}
C SCANNING THE BEAM DISTRIBUTION BY CHANGING ROTATION SPEED
DO 10{ L=1sLL S VNOM(L)=SL+DS*L $ RPS=VNOMIL)/CON $ OMEGA=2%PI#RPS
VZSTAR=XL¥OMEGA*R/ {PHI*R+XL*ALPHA)
VMIN=VZSTAR*{1o+BETA) / (1#+GAMMAP) / ( 1+DELTA) $ DELB=VZSTAR-VMIN
VMAXq&ZSTAR*{1Q~BETA)/(1—6AMMADP)/(1—GEL1A3 $ DELT=VMAX~VZSTAR
BL=~ETA%{1+BETA)%VZSTAR/GAMMAP /{ L+DELTA) .
BH=ETA*(1-BETA) #VZSTAR/GAMMADP / { 1-DELTA)
IF(NPROB»GT;é) 1859
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C -INTEGRATING OVER THE VELOCITY DISTRIBUTION 238
.9 TEML=0b4 5 TEMH=0o $ DO 13 I=1sNL $ V=VMIN+I/(NL+1}*DELB
13 TEML=TEML+{AL+BL/V)*BEAMIV)
TEML=TEML+{ AL+BL/VZSTAR) ¥*BEAM{VZSTAR) %45 $ TEML=TEML*DELB/ (NL+1)
DO 14 [=1sNH $ V=VZSTAR+L/(NH+1)#*DELT
14 TEMH=TEMH+(AH+BH/ V) *BEAM (V)
TEMH=TEMH+(AH+BH/VZSTAR) ¥BEAM(VZSTAR) %5 $ TEMH= TEMH*DELT/(NH+1)
GO TO 10
18 DO 21 % =1sNV § V=VZERO+I/100e $ IF(NPROB+GT-9) 27526
C  COMPUTING, THE VELOCITY DISTRIBUTION OF THE SELECTOR TRANSMISSION
C INCIDENT UPON THE ANALYZER IN THE CROSS—COMPARISON EXPERIMENT
26 IF(VJLToVMIN) 21322
22 IF(VeLToVZSTAR) 23524 . '
23 YSEL(I)=YSEL{L)}+{AL+BL/VIHBEAM(VI*AR(THETASHFW) & GO TO 21
54 TFIVeLToVMAX] 25321
25 YSEL(LI=YSEL(1)+{AHBH/V)*BEAMIVI*ARITHETA-HFW) § GO TO 21
SELECTOR TRANSMI&SION COMPUTED AS. A FUNCTION OF VELOCITY AND ANGLE=-
THIS MAKES POSSIBLE A LATER ADJUSTMENT OF THE BEAM ANGULAR PROFILE
TO ACCOUNJ FOR THE FACT THAT THE ACTUAL PROFILE TAKEN EXPERIMENTALLY
WAS DONE FOR A VELOCITY-SELECTED BEAM AND THEREFORE WAS NOT A TRUE
ANGULAR DISTRIBUTION OF THE K BEAM
27 IFIVeLToVMIN) 21528 .
28 IFIV.LTeVZSTAR] 29,30 «
29 YSEL{(IsM)= YSEL(I:Ml+{AL+BL/Vl*BEAM(V)*EXPANGtTHETA} $ GO TO 21
30 IF(VeLToVMAX) 31921
31 YSELinM1=YSEL(I9M)+(AH+BHKV)%BEAM(V}*EXPANGCTHETQ} $ G0 TO 21
21 CONTINUE § GO TO 19
10 SIG(L)wSIG(L)+AR{THETA9HFW)*(TEMH+TEML)
19 CONTINUE
20 CONTINUE
IF(NPROB.GT+6) 32,33 p
C SRA IS THE FLUX THROUGH THE SELECTOR DIVIDED BY VELOCITY=-IT SHOULD
C BE COMPARED TO THE INCIDENT M~B BEAM(LAVAL SBEAM IN PROBs 5s6)
' 33 DO 16 L 1stL

anoOnn

16 SRA(L}rSIG(L)/VNOM{L) :
C SEARCH FINDS THE LARGEST ELEMENT OF AN ARRAY FOR LATER NORMALIZATION
PRINT [T000sNPROB $ PRINT 7001 $ CALL SEARCH{0:SIGolLsJKsAPEX]
CALL SEARCH(OsSRAsLLsJKsTOP) $ DO 15 L=lsll $ SRA{LI=SRA(L}I/TOP
SIGIL)}=SIGIL)/APEX $ W=BEAM{SL+L*DS)
PUNCH 60025VNOM(L)5SIG(L)sSRAIL) W
15 PRINT 60025VNOM(L)sSIG(LI5SRA(L) sW
7001 FORMATH(5X s 4HVNOM»6X s 4HFLUX 96X o tHS/RA 55X 9 4HBEAM )
6002 FORMAIHFIO 234F1044) .
7000 FORMAT(1H1510Xs6HNPROB=s15)
C PROBLEMS#2 TO 6 ARE SET UP HERE
GO TO(515523551554551556) s NPROB
51 MM=9 § HFW=425 $ JJ=5 $ GO TO 17
52 MM=1 Sl HFW=0, $ JJ=1 $ NLE10 $ NH=15 S XL=ALENGTH $ ANG=ol18%RAD
BETA=ABETA $ PHI=APHI $ CON=ACON $ GO T0O 17 !
C LAVAL K BEAM DISTRIB. 15 SUBSTITUTED FOR THE M~B CURVE HERE(REDUCED
C VARIABLESE —- FOR PROBLEMS 5&6 .
54 DO 57,& 1935
57 BOLTZ{I}=0e $ DO 58 I= 365180 $ JoUsI/4e $ VE{U=J)*4e $ W=ho-V
JP=J4T !
58 BOLTZ(I)=025% (WHVLAV(J}4VH#VLAVLJIP) )} $ PRINT 7002
7002 FORMATH{1H1s16HLAVAL FLUX INPUT)
DO 59°J=15180 $ U=J/100. .
59 PRINT .6000sUsBOLTZ(J)
95 MM=1 S HFW=0o $ JJU=1 $ NL=20 $ NH=30 $ XL= SLENGTH § ANG=a5#RAD
BETA= SBETA $ PHI=SPHI 5 CON=SELCON $ SL=¢45 $ DS=.05 $ LL=19
GO TO;l?

[y
]
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C START OF PROBLEM 7
56 ANGS=o5#RAD 5 ANGA=,18%RAD $ APPANG=0.
710 HFW=025 5 MM=9 $ JJ=5 $ SL=.99 $ DS=e01 % LL=1 $ NL=20 $ NH=30
93 ANG=ANGS $ NV=46 $ VZERO=+79 3 DO 60 I=1:90 % YSEL(1}=0,
60 YANALKI}=0. § GO TO 17
32 IF(NPROB.GT=9) 343535 ' :
C CARDS 35 THROUGH 120 ARE SIMILAR TO AN EARLIER SECTION OF THIS
C PROGRAM»CARDS 17 TO 20. THE, DIFFERENCE IS THAT AVERAGING OVER THE
C SLIT HEIGHTsANGLEsAND VELOCITY ARE DONE HERE FOR BOTH THE SELECTOR AND
C ANALYZER !IN COMBINATION.
35 SL=VZERO $ DS=+01 $ LL=NV $ NL=10 % NH=15
XS=SLENGTH $ XA=ALENGTH $ AINT=2,/{MM+1)
DO 120 J=1sJJ $ R=RAVE+{RMAX=RMIN)#{2%~JJ=13/(2%J4)
TOOTH=2#P 1 /NTEETH*R-SPACE' $ ETA=SPACE/ {SPACE+TOOTH)
RP=2s%RAVE-R % TOOTHP=Z2e%PI/NTEETH#RF-SPACA
ETAP=SPACA/ ({SPACA+TOOTHP}
ALPHAS=ANGS+HFW#*RAD $ THETA=—HFW
ALPHAA=ANGA~HFWHRAD $ H=AINT#HFW*RAD
DO 119 M=1sMM $ ALPHAS=ALPHAS-H 3 ALPHAA=zALPHAA+H
THETASTHETA+AINT#HFW
GPS=SPACE/( (XS4+D) *ALPHAS+PHI*R} $ ALS=ETA+ETA/GPS \
GPA=SPACA/ { (XA+D) #ALPHAA+APHI®RP} $ ALA=ETAP+ETAP/GPA '
GDPS=SPACE/ { {XS~D)#ALPHAS+PHI¥R) $ AHS=ETA~ETA/GDPS
GDPA=SPACA/ U {XA-D ) AL PHAA+APHI®RP) $ AHA=ETAP-ETAP/GDPA
DELS=DH*ALPHAS/ (PHI*R+XS*ALPHAS )
DELA=D®ALPHAA/ (APHI*RP+XA®ALPHAA)
OMEGAS=2#PI/SELCON
VZSTARS=XS#OMEGAS*R/ (PHI #R+XSH*ALPHAS)
VMINS=VZSTARS#(1+SBETA)/{1+GPS)/{1+DELS)
VMAXS=VZSTARS®{1-SBETA) /! 1-GDPS)/{1-DELS)
BLS=~ETA%* (1+SBETA)®*VZSTARS/GPS/{1+DELS)
BHS=ETAX( 1~SBETA) ¥VZSTARS/GDPS/ {1o~DELS)
DO 110, L=1sLi % VNOM{L)}=SL+DS*L $ RPS=VNOM(L)/ACON
OMEGAA;—Q*PI*RPS $ VZS5TARA=XA¥OMEGAAXRP/ {APHI*RP+XA*ALPI&-§AAJ
VMINA=VZSTARA* (1o+ABETA}/(14GPA)/ (1+DELA) $ DELB=VZSTARA-VMINA
VMAXA=VZSTARA# {1-ABETA) / (1~GDPA}/({1-DELA) % DELT=VMAXA-VZSTARA
BLA=~ETAP* (1.+ABETA)#*VZSTARA/GPA/ { 1+DELA)
BHA=ETAP# ( 1-ABETAI®VZSTARA/GDPA/ (1-DELA) $ TEML=0e¢ $ TEMH=0s
DO 113 I=1sNL $ V=VMINA+I/(NL+1)*DELB $ IF(VeLT.VMINS) 1135213
213 IF(VolT«VZSTARS) 313,413 - \
313 TEML=TEML+(ALA+BLA/V)* (ALS+BLS/VI*BEAMIV) $ GO TO 113 ° -
413 IF(VolToVMAXS) 513,113 S
513 TEML=REML+(ALA+BLA/V)*(AHS+BHS!V!*BEAM(V}
113 CONTINUE $ DO 114 I=1sNH $ V=VZSTARA+I/ (NH+1}#DELT
IFIVelTo VMINS) 1144214 '
214 IF{VeLToVZSTARS) 314414
314 TEMH=TEMH+(AHA+BHA/V )% {ALS+BLS/VI*BEAMIV) $ GO TO 114
414 IF(V.LToVMAXS) B5l4,114
514 TEMH=TEMH+{AHA+BHA/V ) #{AHS+BHS /Y } *BEAM{ V)
114 CONTINUE .
IF{VZSTARACLToVMINS) 115+215 !
215 IF(VZSTARAeLToVZISTARS) 318:415 ’
315 TEML=TEML+{ALA+BLA/VZSTARA)#{ALS+BLS/VZSTARAI*BEAM(VZSTARA #45
TEMH=TEMH+ ( AHA+BHA/VZSTARA ) # { ALS+BLS/VZSTARA) *BEAM(VZSTARA} %+ 5
GO TO 315 )
415 IF{VZSTARAoLT<VMAXS) 515,115 a
515 TEML=TEML+(ALA+BLA/VZSTARA) ¥ (AHS+BHS/VZSTARA) *BEAM(VZSTARA) #45
TEMH=TIEMH+{ AHA+BHA/VZSTARA )% { AHS+BHS/VZSTARA ) *BEAM(VZSTARA) % o 5
115 TEML=TEML¥DELBY/ (NL+1) $ TEMH=TEMH¥DEL T/ {NH+1) '
110 YANAL (L) =YANAL (L) +ARC THET A s HFW ] % { TEMH+TEML ) ;
119 CONTINUE

239



120 CONTINUE 240
C SRAB IS THE DISTRIBUTION ASSOCIATED WITH A UNIFORM FLUX INPUT TO THE
C SELECTOR
DO 630 L=1sLL
SRAB(L)=YANAL (L) /VNOM(L}/BEAM(VNOM{L))
630 SRA(L)=YANAL(L}/VNOMIL) % PRINT TODOsNPROB % PRINT 8000:APPANG
8000 FORMATI(2X»11HSEL VS ANAL»10X>5HTLAB=sF5.2) '
PRINT 8001 $ CALL SEARCH{O>YSELsbLLsJKsAPEX) ‘
8001 FORMAT(5X »4HVRED 55X 55HAFLUX»6X s4HS/RA»3%s THSELFLUX 55X s SHS/RAB)
CALL SEARCH{OsSRABsLLsJKsTOP)
CALL SEARCH(OsYANALsLLsJKsZEN) $ CALL SEARCH{O0»SRAsLLsJK sPEAK)
DO 631 L=1lsLL & YSEL(L)=YSEL{L}/APEX $ YANAL(L)=YANAL{IL)/ZEN
SRALL)=SRA(L)/PEAK 3 SRABI{L)=SRAB{L)/TOP ;
PUNCH "6002 s VNOM(L) s YANAL{L ) s SRA{L)SsYSEL (L) sSRAB(L)
631 PRINT; 6002sVNOM{L) sYANAL (L) sSRA(L) s YSEL (L} sSRAB(L)
98 JK=NPROB~6 $ GO TO (700s7012702) sJK
PROBLEM 8 15 AT AN ANGLE 0.5 DEGREES CHANGED FROM PROBLEM 7
O0+5 DEGREES RELATIVE TO THE SELECTOR AX1S IS 4/3%0.5 DEGREES ON THE
ROTATING .LID (GONIOMETER)
APPARATUS .GEOMETRY IS SUCH THAT GONIOMETER ROTATION OF 1. DEGREE IS
EQUIVALENT TO le%3/4 DEGREES ANGLE RELATIVE TO THE SELECTOR AXIS
700 ANGS=0e $ APPANG®a5%40/3s¢ $ GO TO 710
PROBe 9 15 0.5 DEGs THE OTHER WAY
701 ANGS=]1.%#RAD $ APPANG=-e5340/3. $ GO TO 710
702 ANG=o5%RAD $ RAD=RAD#o75 $ HFW=2+5 $ MM=49 3 JJ=5 3 SL=099
C START OF PROB.10
DS=.01 $ LL=1 3 NV=84 $ VZERO=e74
DO 703 1=154500
703 YSEL(I)=0. 3 GO TO 17
C DETERMINING THE ANGULAR DISTRIBUTION PRODUCED BY THE INVEGRATION
34 DO 400 I=1sNV
400 ANGC(I}=0, § DO 401 I=1sNV $ DO 401 M=1sMM
401 ANGC(M}=ANGC(M)}+YSEL{IsME S CALL SEARCHIQaANGCaMMaJKeTOP}
PRINT 19001
DO 402 M=1sMM $ ANGC(M)=ANGC(M)/TOP
THETA=(M=1}/100—HFW+2#HFW/ (MM¥1)
402 PRINT.9000sTHETAsANGD (M} s ANGC{M)
9000 FORMAT(F1002:2F10.3)
9001 FORMAT(1H154XsB5HTHETAs6X s 4HANGD »6X 9 4HANGC)
C AN ITERATION THAT CORRECTS FOR THE BIAS IN THE ANGULAR DISTRIBUTION
'C CAUSED BY THE VELOCITY SELECTOR
DO 403 I=1sNV $ DO 403 M=1sMM
403 YSEL(IsM)=YSEL (I +M}I*ANGD (M) /ANGC (M)
DO 404 I=1sNV $ DO 404 M=2>MM
404 YSEL(I»1)=YSEL(Is1)+YSELIIsM) .
: DO 706 I=1sNV
XX=VZERO+1/100. $ SRA{I)=YSEL(I1}/XX
706 SRAB{I}=SRA(I)}/BEAM(XX] $ PRINT 7000,NPROB $ PRINT 8002
8002 FORMAT(8X s 1HV»7Xs4HFLUX»6X s4HDENSs5Xs5HS/RAB)
CALL SEARCH{OsSRAYNVJKsPEAK) $ CALL SEARCH{OsYSELSNVsJKsAPEX}
.CALL SEARCH{O>SRABsNVsJK2TOP)
DO 708 I=1sNV $ YSEL{I}=YSEL(I}/APEX $ SRA(I)=SRA(I)/PEAK
SRAB(})=SRAB(I1)/TOP
U=VZERO+1/100. '
PUNCH 6002sUsYSEL{I}sSRA{T)»SRAB(I)
705 PRINT 16002sUsYSEL{T)sSRALT) sSRAB(I)
73 END
FUNCTION BEAM{V)
C M=B FOR FIRST & PROBLEMS» THEN CHANGED TO AGREE WITH LAVAL K BEAM
COMMON/TT/ANGD (49) sANGC(469) »BOLTZ{300)
U=100.%V $ I=U $ P=sU~I

(2} 25282 NaXa
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BEAM=BOLTZ{I31#{]o=~P)+BOLTZ{I+1)%P 241
RETURN
END .
FUNCTTON AR{THETA-HFW)
C IDEALIZED ANGULAR DISTRIBUTELON SEEN BY THE FILAMENT DETECTOR
AB=ABSF{THETA) $ IF(AB»LEquS%HFW) 1s2
1 AR=1.. $ RETURN
2 AR= 1.*(AB~¢28*HFWi%IOQIToZIHFN
RETURN
" END
FUNCTHION EXPANG{THETA}
C EXPERIMENTAL ANGLE SCAN AROUND ZERQ DEGREES WITH SELECTOR AT
C LAVAL PEAK VELOCITY
OMMO&/TT/ANGD(49}sANGC(#?)sBOLTZ(BQO) !
DATA(KANGD(I)sI =1949)2.00850015:0129001350022+50049+06:0.080s115
1 ¢159627026523350435057506830779a86549390979699510151001521:015
2 lo9o989o959a91;a859079907390659o559c4790339e329n279523902sc179
3 6153613001 l90l300B85e072060626080.04)
I=(THETA+2:4)#10c+1le $ EXPANG=ANGD(I)
RETURN
END
SCOPE
tLOAD 'y
'RUN9T1=1Q:PR=5000nPLSIOOOaPU—lOOO
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This is an improved version of the program of Warnock and

bé which takes an assumed center—of-mass distribution

Bernstein
(usually uncoupled angular and energy functions) and with proper
averaging over the beam distributions transforms to a laboratory
distribution. The example below cgntains’only one assumed funetion
and uses less than 2 minutes of computer time on a CDC 3600 computer;
in practice, usually 7-10 different functions are tried simultaneously
and the time is less than 3 winutes 1f the plotting section is removed
" (as is normally the case). The Zarewba numerical integration method74

has been elucidated by T. T. Warnock.75
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PROGRAM KICM
COMMON/VELSLECT/VINOM»VZNOM

COMMON/LINTERP/WCM(22}) .
CM INTENSITY VSe VELOCITY DISTRIBUTION {POINTS SPACED EVERY 50 M/SEC)
WHICH WILL BE USED A5 A GUESS TO THE ACTUAL DISTRIBUTION~~THE PROGRAM
WILL LINEARLY INTERPOLATE ON,THESE FUNCTION VALUES
THE ANGULAR DISTRIB. USED IN THIS ATTEMPTINQTE- UNCOUPLED) I5
DEFINED IN SUBROUTINE XSECT
DATA({WCM(I)sI=1+22)= 906ﬁo279.53’.769o879a879e819e759o719e679962,
1 n56’e49?0499299t1990119007’003$oOlr.005700)
DIMENSION VLAV {5Q)
LAVAL K BEAM FLUX DISTRIBa FbR USE IN PROPER WEIGHTING OF BEAM DISTe
DATA((VLAV(I)91313,45J—a059a0999159922993la9415e535o669n77§e8?9
1 9959a99,1oso999o959u9190859o7890719a63905590469938i932902698219
2 917!01495129b1900993089007}
DIMENSION VEL(24) s ANG{17) s TEM{10)sTOT(217910)951G{24517»10)
DIMENSION GTOT(10}
DIMENSION ITAG(&)
DIMENSION BNORM{103
COMMON/RETURNS/NUM9VALUES(10)9LABLE(6910)
COMMON/BETWEEN/VCMsVCMSQ e X1 s ALPHASVR s QMAXsE 2 WP
COMMONY/ STERN/THL s VP yEPCOEPsETASVPSQ»WPSQ
COMMON/BEEF/VV1sVV255QM1 s SQM2 s RMMs TMSQ o UC
DIMENSION VZ(l#Q)sVl(l#@)sUT(l#4}
DIMEN&ION IsY{(100)
ARRAY USED IN PLOTTING
DATACLISY(I)eI=15100)= 2HO1 92H0292H03 s 2H04 92H0522H0692H07 s 2HOB
1s2H09{QH10s2H1192H12s2H1392H14s2H15v2H1692H1712H1892H19a2H2092H219
22H2292H2392H2452H2552H2692H2792H2892M2992H3092H3152H3292H3342H34»2
3H359243692H3792H38y2H3992H4092H4192H42'2H4392H4492H45f2H4692H4792H
448 2H4992HB092H51 52H5292H5352HE492H55 s 2H5692H57 92H58 92H59:2H60s2H
561’2Hé2$2H6312H6492H6592H66’2H6792H6812H69!2H70s2H7112H7292H7352H7
6492H7§%2H76s2H7792H78!2H7?92H8092H8192H8292H8392H84y2H8592H8692H8?
7+2HB832HB8932H9052H91 9 2H9222H9392HO432HO552H962HOT s 2HI852H9992HO0)
DATA{QMAX=4145)
TYPE REAL MlsMZsMiPeM2P
NUM=1 IMPLIES ONLY ONE ¢CM FUNCTIONAL FORM TRIED HEREe. THIS IS
INEFFICIENT IN PRACTICE«BUT MAKES FOR EASIER ILLUSTRATION
TEN ANGLES» 24 VELOCITIES USED FOR LABe INTENSITY CALCULATIONS
NUM=1 . NG=10 $ NV=24 3 SEL=300. :
SEL = SELECTOR ROTATION SPEED IN RPS
V1INOM= 3 15%SEL )
Ml= 39#102 $ M2=253.81 % MlP 166400 $ MZ2P=1266¢90 $ V2NOM=152.0
SAMI=M1*¥#2 5 SQM2=M2#¥#2 $ RMM=M2/M1 $ TMSQ={MI+M2)¥%2
UC=M1#¥M2/ {M1+M21%1+1950286807E~7
EPC= Mlb/MZP*(MlP+M2P)*1»1950286807E“7
WMAS= SQRTF{MZ*MI*MZP/Mlp/TMSQ} +
ZAREMBA éPACING USES A FIBONACCI NUMBER OF POINTS*—I91,213’598913921a

349559899 1449e0s METHOD SPACES POINTS ALONG V1sV2 FOR NUMERo INTEGRo»

-

NTR=53 $ R=1e/55s $ 5=34s/550 $ X=Y=040 $ XVS= s TI0*VINOM
55 DIFFERENT NEWTON DIAGRAMS USED IN INTEGRATING OVER THE BEAMS
XR=+63%VINOM 5 YR=3.%V2NOM
WEIGHTING, THE YARIOUS NEWTON' DIAGRAMSs
DO 1 1=1sNTR $ VI(I)=XVS+XR¥X $ V2(1)=4o+YR*Y
WT(I)=PRVI(VI(I}I*PRV2{V2({I)) % Y=Y+5 $ IF(YeGTole) Y=¥Y~1o
UsV1{11/3015/10¢ $ LL=U 8 P=U~-LL
T 1S THE EFFECT DUE TO THE LAVAL DIST.
T= VLAV(LLJ*(1e—P}+VLAV(LLTlﬁ*P $ WT{L)=WT(I)®T
1xx+R’
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DO 2 .I=1s24 ‘ ) Py
2 VEL(DN=50,%(I+1} $ DO 3 [=3,10 -
3 ANG(IN=10.%#(I-2) $ ANG(2}=~5.0 % ANG(1}=w;5 0 ;
ANG{I1)=101s % ANG(7) 49 5 ' :
DO 4 :1=15170 : d
4 TOT(I3=0,0 $ DO 5 I= 1paoso .
5 sxctra =0,
DEFINING THE SIZE OF A LABORATORY SCATTERING BIN FOR EVENTUAL TwWo-
DIMENSIONAL ZAREMBA INTEGRATION OQOVER THE BIN
THIS INTEGRATION IS NOT ALWAYS NECESSARY(IF KINEMATICS ARE FAVORABLEs
AS IN K+I2)=-- THE INTEGRATION HAS BEEN REMOVED IN THE COMPARABLE
SECTION (INSIDE THE DO LLOOP;ENDING AT CARD 100) OF PROGRAM I2LEG
DV=10. 5 DVSQ=100s § DT=2e%.01745329252 $ DTSQ=DT#DT
VHF=55 $ THF=l.
DO 6 I=1510
6 GTOT{I)=0,0
C  MAIN INTEGRATION LOOP
120 DO 100 I=1sNTR $ VV1i=vi{l}) $ vv2=V¥2{I) $ CALL BEFORE
WMX=SQRTF { { GMAX+E ) /E) ¥VRHIMAS
DO 100 J=1sNG 5 TLAB=(ANG{J)~THF ) #.,01745329252 .
THL=ANG{J)#,01745229252 $ DO 100 K=1sNV $ VLABs= VEhiKerHF
VP=VEL{K) % CALL AFTER %,D=SQRTF{(DVSQ+VELIK)#%2%¥DTSQ},
IF (WPoGE o WMX+45%D) 100960 !
C FOR A BIN CLOSE TO CENTROID NEED MORE INTEGRATION PQINTS
60 IF(WRHLLT.100.) 6364 ,
63 MP=4 .5 X=R=1le/5. $ ¥=5=3./5. $ GO TO 70
64 MP=2 $ X=R=1o/3s 5 Y=5=20/3e
70  THL=TLAB+.5%X#DT $ VP=VLAB+<5#Y#DV § CALL AFTER 5 CALL XSECT
DO 71 N=1sNUM i
71 TEMIN)=VALUESIN) 3 Y=a+5%X+Y $ X=15%¥X $ DO 73 M=1loMP '
THL=TLAB+X#DT $ VP=VLAB+Y#*DV § CALL AFTER & CALL XSECT
DO 72 N=1sNUM
72 TEMINI=VALUES(N)+TEM(N} 5 Y=Y4+5 $ IF(YeGTolse) Y=Y~ls-
73 X=X+R $ DO 74 N=1sNUM
T4 S5IGIKsJsN)=R¥TEMINISWT(I)+SIGIKsJo NI
.100 CONTINUE ,
C  SUMMING » NORMALIZATIONs PRINTING OF VARIQUS ARRAYS FOLLOUS
Do zoo N=lsNUM $ DO 200 U=15NG $ DO 200 K=1sNV .
200 TOT(JsN)=TOT(JsN}I+SIGIKsUsN) |
DO 203 N=1sNUM | |
DO 203 J=1sNG | e
- 203 GTOT{N)=GTOT(N)+TOT{JsN}! {
. DG 36b N=1sNUM 3 CALL SEARCH{OsTOT{1sN)aNGslsA)
CALL SEARCH(O:SIG(lglsN)s#OBvaBNORM(N)} $ PRINT 7000»BNORMIN]
7000 FORMAT(E20.2) '
} DO 300 J=1sNG '
TOT{JsN)=TOT(JsN) /A S DOI300 K=lsNV
300 SIGIKsJeNI=SIG(KsJsN) /BNORMIN)
DO 502 N=1sNUM '
PRINT, 5000 (LABLE(IsN)sI=126)s{ANG{J) »J=1sNG}
. PRINT 5001s{TOT{(JsN)sJ=1sNG)
DO 500 K=1sNV
500 PRINT 5003sVEL(K} s (SIGIKsJsN) sJ=15NG)
502 PRINT: 5004sGTOT (N}
5000 FORMAT (1H1s40X36A85//10Xs17F 71}
5001 FORMAT(/s9Xs17F7+3)
5003 FORMAT(2x9F5°093x917F7943
5004 FORMAT (23HOTOTAL FLUX RECEIVED= $E1202)}
C PLOTTING OF THE SCATTERING MAP GENERATED FROM THE ASSUMED CM FUNCTION
V= VlNOM $ V2=VZNOM $ VCMX=V1#M1/({M1+M2} $ VCMY=V2*M2/{M1+M2)
Xl= v1/2009+2° $ Y1i=V2/200. +2¢ 3 XCMaVCMX/200+25

a¥aNalala!l
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YCM=VCMY/200.+20s $ CALL PLOT(152s50as=3) 245
DO 805 N=1sNUM
B10 CALL PLOT(Z2a52¢93} $ CALL PLOT(X1s2052) $°CALL PLOT{Z2esY1le2)
CALL PLOT(2.322+32) 5 CALL SYMBOL(XCMoYCMpa0492950ce=1)
DO 806 J=1ls+NG 5 A=ANGI{JI*:01745329252 3 PX=COSF{A) % PY SINF(A)
bo 806 KzlrNV % X=VEL{KIHPX/200¢ +2e=005
Y=VEU{K)*PY/2000+2e~0035
M=1004% SIG(KsJsN)+e5 8 IF(M&EQ«O) 807,806
807 M=100
806 CALL 5YMBOL(X9Y9¢079ISY(M)90;92)
DO Bll L=1+6
811 ITAG{LI=LABLE{LsN)
CALL SYMBOL{0o99e¢7502831TAG»0o948)
CALL NUMBER(0798359.5695EL99954HF59ﬁ;
CALL PLOT(155:009~3)
805 CONTINUE
END
SUBRQUTINF XSECT 2z
C COMPUTES THE SCATTERING INTEMSITY IN THE LABo.» USING THE ASSUMED CM
C  FUNCTIONS
COMMON/LINTERP/UCHIZ2)
DATA ‘
1 (LABLE{1s1}i=48H BEST UNCQUPLED C.M: DISTRIBe FROM IZLEG
¥(EE=2,7182818284)9({PI=3,1415926535) !
COMMON/RETURNS/NUMVALUES {10} s LABLE(S6:10)
COMMON/STERN/THL s VP EPCsEPSsTHETA s VPSQ s WP 5Q
COMMON/BETWEEN/VCMVYCMSQ e XTI s ALPHAS VR QMAXSE s WP
s TYPE REAL JACK
FX=EP/(E+QMAX} & IF(FXGTole0} GO TO 99
Y=2e #WP/1100c~1s
IFITHETA.GTePI) THETA=2:%¥PI~THETA $ X=2.*THETA/PI-1,
I=bP/500 § IFL{1.EQ@e0Q) 152
C QUADRATIC WP DEPENDENCE FROM O TO 50 M/SEC TO AVOID JACOBIAN BLOWUP
1 JACK=VR¥VPSQ¥YUCMI1)/50e¥#%2%( 025~ 2%X+s T5%X#X) 5 GO TO 3 '
C  JACK=JACOBIAN{(CM TO LABl# RELATIVE VELOCITY#ASSUMED ANGULAR DISTRIBo#
C ASSUMED "ENERGY DISTRIBe (LINEAR INTERP)
2 P=WP/50c~1 & JACK=VRH#VPSQ/WPSQA¥(WCM{I)H (1lo=PI+WCM{I+1)%p}¥
1 (o254 2%X 4 TEHXEX)
3 VALUES(1)=JACK
14 RETURN
o NUM=1 IMPLIES ONLY VALUES(1) IS5 USED IN MAIN PROGRAM ’
99 VALUES(I]“VALUES(Z) VALUES(3)=VALUES (4} =VALUES(5) VALUES(&]HVALUES
*{7)=VALUES{81=VALUES(9)=VALUES(10)=0s $ RETURN
END ' ’
FUNCTION PRVLI(V} : l
COMMON/VELSLECT/VlNOMvVZNOM
C BEST K BEAM DENSITY TRANSMISSION FUNCTION FOR UNIFORM FLUX V5§ VELOCITY
C INPUT TO SELECTOR 039 SELe SLIT» NPROB=10. 11/19/69
C REDUCED VELOCITY 0,78 TO l.40
DIMENSION WT{64)
, DATALIWT{])91= 1!64)3001193021900379906900949ol38$0192902569 )
1 0327!o40499485!9568s0649907279079996862999149095494981949959
2 1696994549789 e95450923%28862084450799907519e7019e68100690551s
3 05035e4589+41590375903383:3006902729024395021690192%0172a15s
&
5

>

©1335e1165¢102560895.0785e06B82¢05990052520865006039s40349.03
60261402350 025001750,01520135.011)
I1=R=V/VINOM#3100,. 5 IF{IoGEoTBaANDeILEG140) GO TO 1 & PRVLIN=0.0
RETURN ' -
1 P=R-1. & PRV1I=WT{I~77)%{1e0=P)+WT([=T76) %P
RETURN
END &

?


http:IF(THETAoGT.PI

FUNCTION PRVZ2 (V) 246

¢ MAXWELL~BOLTZMANN DENSITY DIST. ASSUMED FOR SECONDARY BEAM
COMMON/VELSLECT/VINOM»V2NOM
PRV2={V/V2NOM) %2 /EXPE{ (V/V2NOM)#42)
RETURN
END
SUBROUTINE BEFORE

C COMPUTES VARIOUS QUANTITIES ASSOCIATED WITH A GIVEN NEWTON DIAGRAM
COMMON/BE TWEEN/VCMsVCMSQs X1 sALPHA s VR o OMAX s Es WP
COMMON/BEEF/V12V23SQM1 s SGM2Z s RMM» TMSQsUC
VISQ=V1##2 & V2SU=V2#%2 $ VRSQ=V1SQ+vV25Q $ VR=SQRTF(VRSQ)
ERASER=V2/V1 $ XI=ATANF{ERASER) % ALPHA=ATANF (ERASER#RMM)
VEMSQ={SQMI#VISQ+SQM2#V2SQ) /TMSQ § VCH=SQRTF{VCMSQ}
E=UC*VRSQ
RETURN
END i
SUBROUTINE AFTER

C COMPUTES CM VELOCITY AND ANGLE ASSOCIATED WITH A PARTICULAR LAB

C VELOCITY AND ANGLE AND A PARTICULAR NEWTON DIAGRAM
COMMON/STERN/THL sVPEPCsEPFTASVPSQsWPSQ
COMMON/BETWEEN/VCMsVCMSQ 2 XT sALPHA s VR s QMAX s E s WP

€ SINCE THIS SUBROUTINE 15 USED SO OFTENs IT IS MORE EFFICIENT TO WRITE -

C IT IN MACHINE LANGUAGE. THIS IS DONE IN PROGRAM I2LEG
DATAIPI=3014159265535) s (HALFPI=1:570796326)
VPSQuVP#%Z
GAMMA=ALPHA~THL. '
wPSQ~~COSF(GAMMAI%VP*Z.GmVCM+VCH5Q+VPSQ
WP=SQRTF(WPSQ)

CZETAR (MPSQ+VPSQ~VCHMEQ) /(2. #HPRYP)

LZETA=HALFPI

IF{CZETACLT o120} ZETA=ACOSFICLIETA)
IF(GAMMALGT e Qe QILETAS=ZETA

ETA=ABSF{ZETA+XI<+THL)

ERp=EPCHIPSQ

RETURN

END

SCOPE

YLOAD )

IRUNeTI=60»PR220000:DUST vPL=21000:PU=5000
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Program IZLEG is the general lab + c.m. program which
uses a least squares ficting routine to obtain a coupled (velocity-
angle) c.m. distribucion by determining, for a general set of
expansion functions, those coefficients which give the best match
to the experimental data {(lab. contour map). “In the program which
follows, the basis set is a 30 term two-dimensional coupled Legendre
expansion in w' and 8, each term of which is wmultiplied by an un-
coupled angle-velocity function which was chosen to be a reasonable
starting guess to the c.m. distribution (see Eqn, (B1), Appendix B).
The 30 coefficients modify the starting guess G?OG$GO(9)) in such
a way as to obrain a c.m. function that when transformed to the
laboratory frame of reference with proper averaging over the beam dis-
tributions, gives the best least squares fit to the experimental data.
The Fortran program below used 4.5 minutes of CDC 3600 computer time;
more than half of this time was for compiling and assembling, and

for plotting of the results.
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1DEMAND» 422768
(BANK s (0)5/100/
1FTNsLoX .
PROGRAM I2LEG
COMMON/VELSLECT/VINOMsV2ZNOM
DIMENSION VLAV(45),¥2(55)sV1{55)sWT(55)
COMMON/RETURNS/NHISTsG(556}
COMMON/MIST/EXA (2503 s EXI(250) sEXV{250)
COMMON/BETWEEN/VCMsVCMSQoX I s ALPHA s VR s QMAX s E 2 WP
COMMON/STERN/ THL sVP s EPCSEPsETA s VPSQs WP SQ
COMMOE/BEEF/VVIyVVZ&S@MlGSQMZsRMM’Tﬁsasuc
COMMON/LINTERP/Z7WCMI22)
COMMAN/ THREE/S1G (2505556 )
COMMQN/SLICE/NOB
COMMON/EAT/ISY{102)
DIMENSION PSIGN{30}:PDIFF{30)sABORT(5950])
COMMON/PIC/TH{30) sNP
EXTERNAL LEGDEP
EQUIVALENCE{SIG»ABORT)
‘COMMON/ 100 /SLEG(250506) s NAsNE e DEX (250
DATAC(ISY{I)sI=1+100}= 2HO192H0Z 5 2H03 5 2H04 5 2HO5 5 2045207 9 2HOB
1,2H0@92H1092H11,2H1292H1392H1492H1592H1692H17,2H18»2H1992H2092H21¢
22H2252H23 9 2H24 321255 2H26 5 2H27 5 2H28 5214295 2H30 s 2H3 15 2H32 » 2HA3 1 2H34 1 2
3H3552H3652H3792H382H392H4052HAL s 2HA2 5 2HAD » 2Hb4 » ZHAS.s 2HG6 9 2HAT » 2H
4489 ZH&932H5092H51 s2H5292H53 92H5492H5522H56 92H57 92H58 5 2H59 ; 2H60 s 2H
56192H6252H6392H6432H6552H6652H6722H68 s2H692HT0 3 2HT712HT2:2HT3 s 2HT
6452HTS92HT652HT792HTB,2HT932HB0»2HB L s2HE252HB3 s 2HB% 5 2HB5 » 2HBG 9 2HBT
792H8852H89 5 2H9052H91 5 2H92 5 2H93 5 2H94 s 2HI5 » 2HO6 5 2HIT » 2HO 8 5 2HIF » 2HOG )
DATAEISY(IGI)%ZHNE)
DATACISY(102)=2HPO)
DATA{QMAX=4105) , '
C VLAV IS THE BEST ESTIMATE OF THE K BEAM FLUX DIST. INCIDENT UPON THE
C SELECTORIRANGES FROM ROT. SPEED=130 TO 450 RPS (VELo=3.14%R0OTs SPEED)
DATAL(VLAVII)»1=13,45)2005500950159+22503150415053906650TT5s87s
1 6959099l10969990959e919085’ﬁ?89b71,0639955!046!3389ﬂ32'92699219
2 01730145512501300950085407)
€ WCM IS THE FUNCTION CHOSEN TO REPRESENT» AS A FIRST GUESSs THE
C VELOCITY DISTRIBUTION IN THE CeMe
C, DATA EVERY 50 M/SEC  LINEAR INTERPOLATION USED IN SUBROUTINE KSECT
DATA(WCMITI)5I=1922)= 00690279e535a769087908790819975ma719aé?seézg
1 056(.49?04’62999199011960790039001$0005960}
TYPE FREAL M1sM2sM1P>M2P ! ) \
€ 5X6 LEGENDRE ON ANGLEsENERGY 30 COEFFICIENTS
‘ NA=5 .3 NE=6 $ NHIST=NP=30 :
- ¢ EXPERIMENTAL DATA~-SEL ROTe SPEEﬂgANGLEpVELOCITYeINTENSITY
6 DO 516 Jx1s250 $ READ 1909a58LeExA(J1aExvea}sEXIzJ)
IF(EXA(J) 0GTo9000)254 ! \
4 IF(EOF»&O) 120:516
516 CONT&NUE
1009 FORM

&TtanolsFeea}
2 NBININOB=J~1 ’
PRINT 30065 SEL »NOB !
3006 FORMAT (2Xs4HSEL=5F5¢0510Xs4HNOB=515)
CALL KTIME{MINSKSECHKK)
LPRINT 5555sMINsKSEC p
5555 .FORMAT ( 1HO» 5+ 5H MINsI%vSH SECH
DO 500 J=1sNBIN
500 PRINT 1009:SELoEAA(J)yEXVSJ)aFXI(Ji )
VINOM=3014%SEL !
Ml=39.102 § M2=253,81 $ MlP-lﬁée $ M2P=126:9 $ VZNOMs152.0

3
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SOML=M1%%2 § SQM2=M2%¥%2 $: RMM=M2/M1 $ TMSQ=(ML+M2}#32 249

UC=M1#M2/7 (M1-+M2)%1.,1950286807E~7
EPC=MIP/M2P* (M1P+M2P )%1.1950286807E-7
C ZAREMBA SPACING USES A FIBONACCI NUMBER OF POINTS==15152535528513s21 5
C 34+5558991449e0s METHOD SPACES POINTS ALONG V1sV2 FOR NUMERe INTEGR,
" NTR=55 5 R=1le/550¢ § S=340/55. $ X=Y=0s
XVS=+79%#VINOM $ XR=o62%VINOM 3 YR=3.#VZNOM
DO 5 I=1s7500
5 SIG(I1]=0a : .
DENS= ﬂLUX =0
42 DO 1 T=1sNTR $ V1(I) xvs+xR*x $ V2(I)=4o+YRH*Y
WT{I) IS THE WEIGHTING ON THE BEAM DISTRIBUTIONS IN THE INTEGRATION
PRVINIV] IS THE DENSITY WEIGHT OF THE K BEAM ASSUMING A UNIFORM FLUX
VSe VELOCITY INCIDENT UPON THE SELECTORe T ACCOUNTS FOR THE DEVIA~-
TIONS FROM THIS IDEAL INPUT THAT ARE DUE TO THE LAVAL K BEAM DISTRIBes
WT(I)=PRVINIV1I(I)I®PRV2{V2(I)}) % Y=Y+S $ IF({YeGTols} Y=V~1le
U=V1{1}/3614/10e $ LL=U $ P=U~LL
T=VLAVILL)#{La=P)+VLAVILL+1I%P $ WTLI)=WTL{I)%*T
W=PRVINIVI{I)}%T $ DENS=DENS+W $ FLUX=FLUX+W*V1{I)
1 X=X+R
VRAT=FLUX/DENS/VINOH $ PRINT 3000:DENSsFLUXsVRAT
3000 FORMAT{2XsSHDENS=9E154393X95HFLUX=9E150333Xe5HVRAT=F10.3}
¢ THE MAIN INTEGRATION FOLLOWS. IT IS A 5UM OF THE RESULTS FOR THE NTR
C VELOCITY VECTOR TRIANGLESSEACH WEIGHTED PROPERLY 8Y WT(I)e
DO 10Q I=1sNTR $ VV1=V1{I) $ vV2=V2(I) $ CALL BEFCRE
C COMPUTATIONS ARE MADE FOR SCATTERING INTENSITY AT THE NBIN DATA POINTSs
DO 10Q. J=1sNBIN $ THL=EXA{J)#.01745329252 $ VP=EXV{J)
CALL AFTER $ CALL XSECT % DO 76 N=1sNE 3% DO 76 K=1lsNA
76 SIGIJsKoNI=GIKsNI#WT{II+SIG(JoK N}
100 CONTINUE
CALL KTIMEIMINSKSECsKK}
PRINT 5555sMINsKSEC
C POLYL: BUILDS UP THE LEGENDRE FUNCTIONS FROM THE POWER SERIES FUNCTIONS
C QOF XSECTo»
CALL BOLYL
CALL KTIME(MINSKSECsKK)
PRINT .5555sMINsKSEC :
DO 436 J=1sNOB $ DO 436 K=1sNA $ DO 436 M=1sNE
436 SLEG{(JsKsM)=SLEG{JUsKsM}¥5e0E~4 .
C  PARAMETERS NECESSARY TO GAUSHAUS FOLLOW
DO 85 1 1530 3 PSIGN(I)=0,
85 PDIFF(})-.Ol 8 EPS1= EPSZ=1»E~3
MIT= za
441 TH(1)=1aO $ DO 439 J=2+30
439 TH(J)% 01 $ NPROB=}
GAUSHAUS 55 A LEAST SQUARES FITTING PROGRAM WHICH FINDS THE SET OF
PARAMETERS FOR THE LEGENDRE ‘EXPANSION WHICH GIVES THE BEST FIY TO
THE EXPERIMENTAL DATA RESULTS
CALL GAUSHAUS(NPROB:LEGDEPeNBINnEXIsNP»THsPDIFFaPSIGNsEPSlsEPSZ9
1IMITss0151005ABORT)
C SEARCH FINDS. THE MAXIMUM VALUE OF AN ARRAY FOR MNORMALIZATION PURPQSESo
53 CALL SEARCH{OGsTHsNPsLL C)
DO 440% N=1sNP
440 THI(NI=TH(N}/C
PRINT 2006 (TH{N)sN=1sNP} ,
PUNCH 20065 (THIN) sN=1sNP) -
2006 FORMAT{(10F8s5]))
DO 437'J=1sNBIN
C DEX IS THE FIT TO THE DATA USING THE SET OF PARAMETERS GENERATED BY
C  SUBROUTINE GAUSHAUS ;
PUNCH 6034sEXA(J) sEXVIJ) sEXT(J) s DEX(J)

T
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437 PRINT 60349EXALI) sEXV(J) pEXL{ IS s DEX(J) 950
6034 FORMAT{2F10+.122F10,.2)
QALL KTIME{(MINSKSECsKK} !
PRINT 5555sMINSKSEC
C VIEW PRINTS AND PLOTS QUT THE CoeMe MAP
CALL VIEW
CALL KTIME{MINSKSECsKK)
PRINT -55559sMINIKSEC
C PLOTTINMNG DEX {(THE FIT 7O THE LABe DATA)
20 CALL PLOT(2292¢93}) $ CALL PLOT(10ss2652) B CALL PLDT(2572052)
CALL PLOT{(Z20¢82-32) % DO 806 L=1:NOB
AnEXAiL)*n01745329252
PX=COSF(A) & PY=SINF{A) B X=EXVIL)I#¥PX/2D00042e=a(5
Y=EXVEL) #PY/200e+2:~2035 3 M=100.#DEXIL)%e5
IF(MsBGTo100) M=102 s IF{MalLTo0) M=101 3 IF{MoEQeD}) M=100
806 CALL SYMBOL{XeYsoU7sIS57(MIs00652)
CALL PLOT{1509005—3}
120 END
SUBRQUTINE XSECT
C COMPUTES THE LAB, SCATTERING INTENSITY FOR THE NASNE BUILD=-UP FURCTION:
DATA
#{EE=2.7182818284)5(P1=3:1415926535)
COMMON/RETURNS/NHIST +G{556)
COMMON/STERN/THL sVPsEPCsEP s THETASVPSQ s WPSQ
COMMON/BETWEEN/VCMaVCMSQ o XTI s ALPHA S VR y QMAXs Es WP
COMMON/LINTERP/WCM(22)
COMMON/100/SLEG(2503596) sNAsNESsDEX{250)
TYPE REAL JACK
FX=EP/{E+QMAX) % IF{FXeGﬁ.loOI GO TO 99
Y=2o#{YP/1100e~1¢
IF(THETAoGT-PI} THETA= ZeéPI THETA $ X=2.%THETA/PI-1,
-HP/BUo $ IF{1.EQ.0) 182
¢ QUADRATIC wP DEPENDENCE FROM 0 TO 50 M/SEC TO AVOID JACOBIAN BLOWUP
1 JACK=VREVPSQH*WCMI 1) /50 k2% ( 0 25=0 28X+, THEXEX) § GO TO 3
C LAB INTENBITY EQUALS JACK#PRVZ{V2)#PRVIN(V1)~THESE DENSITY WEIGHTS
C ARE IN THE MAIN PROGRAM
C JACK CONTAINS VR¥JACOBTAN#INITIAL UNCOUPLED GUESS OF CM CR0SS SECTIQN
C JACOBIAN{(CeMs TO LABo) IS VPSQ/WPSQs VR IS5 RELATIVE VELOCITY
2 PsWP/50e~1 3 JACK=VR#VPSQ/WPSQ*{WCHMI{ I} % {Le=P }+WCH{ I+l )P}
L' (a25=02% X+ T5%XEX)
.3 G(1919=JACK 8 G(201)=X¥G({1s1) S G{391)=X#G(2s1)
Glasll=X#G(301) 3 G{5s1)sX¥0(4e])
DO 10:K=1oNA $ DO 10 N=2ZsNE
10 GIKsNI=Y#G{KsN-1] $ RETURN
., 99 DO 11'I=1sNHIST
11 G(I1=0a 5 RETURN
END J
SUBROMTINE POLYL
C POLYL BUILDS UP THE LEGENDRE FUNCTIONS FROM POWER SERIES (2-D}) 1IN
C  ANGLE ANP VELOCITY
. COMMON/MIST/EXA(Z250),EXI{250)4EXV(250)
COMMON/THREE/SIG(25045546)
COMMON/SLICE/NCB !
' COMMON/IOO/SLEG(ZEOsEaé)9NAA9NE90EX{250)
DIMENSION A(10s5)sL{10s5)sNA{10)sB(4s5)
DATACINAGJ)Y 9 U=1910)=1919292535394549595)
Allsl)=A{291)=1e 5 A(351)=1e5 % Al(332)=~a5 3 A(4s1}=2s5
Al4921==1e5 & AlBo1)= 4@3?5 S A{592)=~3.75 $ Al553}1=2.375
Al6:1)5T7.875 $ Al642) —8075 $ A{b3)=1.875
L{ls20=0 $ L(2s1)=1 S L{3s1)=2 $ L(3+2)=0 $ L{4s1)=3 $ L{&y2)=l
LiSsl)=4 § LiBe21=2 § L‘$93}*0


http:PLOT(2o.8.Z2
http:PLOT(2av2.v3

9l
2000

g6

90
2001

¢ BES

blosl)=9 & LI692)=3 % LI6s3)=1

NX=5 % NY=6 251
DO 91 M=1lsNY $ DO 91 K= lsNX $ DO 91 J=1,NOB '
SLEGIJsKsM)=0.0 & DO 90 M=1sNY $ DO 90 K=1sNX

MM=M—-2 $ KK=K-1 $ PRINT 2000sKKsMM

FORMAT{2HOP»>1258H (X) * PsI2s4H (Y}) :
NAY=NA(M) & NAX=NA(K) S DO 90 I=1sNAY $ DO 90 II=1sNAX
KZ=1{Ks1T}4+1 $ MI=L{MsI}+1

DO 96 J=1,NOB

SLEG(JeKsM)= SLEG(J;KpM)+AiKeIIJ*A(MeI}*SIG(JoKZ:MZ)

AP=A(Ks IT)#A(M» 1) § UX=LIKsII}) § JY=L (Mol
PRINT,;2001 sAP o JX s JY

FORMA%tFla Eo&H X¥¥sIlob4H YH##,11)

RETURN

END .

FUNCTION PRVINIV}

COMMON/VELSLECT/VINOM» V2NOM
T K BEAM DENSITY TRANSMISSION FUNCTION FOR UNIFORM FLUX VS VELOCITY

¢ INPUT TO SELECTOR 2039 SEL. SLIT: NPROB=10. 11/12/69

C

1

REDUCED VELOCITY (.78 TO 1lo41:

DIMENSION WT{6&64) . -«
DATA(}HT(I}9I=196%}ﬁe0119e02199037:o069e0949o13899192a925&9

1l 032?994049.4859e5689¢6499972799799!@8629091#909549@981boggas
2 10’?99490978’095490923598869a8449079990751’q?0196651996905519
3 5035045890415 2037520338503065627290243%02169019290175015s

4 513350116901 0293008950078200685005994052500455003%9260345003»

5 402650023900296017220155.013:0113

'I~R~V/V1N0M*1000 $ IF(I;@E T8 ANDeolelLEo14Q} GO TO 1 S PRVIN=0.0
RETURN !

=R~ L;S PRVIN= WT‘I*??)*(I&O“P)*WT(1“76)*P

RETURN '

END

FUNCTJDN PRVZ1{V)

C MAXWELL-BOLTZMANN DENSITY FUNCTION WEIGHTS FOR SECONDARY BEAMs

COMMON/VELSLECT/VINOM« VZNOM
PRVZ=(V/VZNOM} ¥#2 JEXPF {{V/VZNOM}#%2)
RETURN

£ND .

SUBROUT INE BEFORE

C COMPUTEStSOME OF THE IMPORTANT CONSTANTS FOR A GIVEN VECTOR TRIANGLE.

~

C 5UB
C SCA

COMMON/BETWEEN/VCM;VCMSQpXI9ALPHA9VR9QMAX9E;WP
COMMON/BEEF/V1sV¥2,5QM1 s SQM2 s RMM» TMSQ s UC

VISQ=V1#%2 § V25Q=V2%%2 $§ VRSQ=V1ISQ+V2S5Q@ $ VR=SQRTF{VRSQ)
ERASER=V2/V1 $ XI=ATANF(ERASER) $ ALPHA=ATANF(ERASER#*RMM)
VCMSQ=(SQM1#V15Q+SaM2%V25Q)/TMSQ $ VCM=SQRTF{VCMSQ)

E=UC%VRSQ

RETURN

END .

SUBROQUTINE LEGDEP (NPROBsTHsFITsNBINsNP}

ROUTINE CALLED BY GAUSHAUS SUPPLYING TO GAUSHAUS THE LABORATORY
TTERING INTENSITIES FOR A, GIVEN SET OF TRIAL PARAMETERS DURING THE

C COURSE Of A CALCULATION

50

58
51

DIMENSTION TH{301sFIT(250)
COMMON/100/SLEG{250+556) s NASNE sDEX(250)
DO 50, J=14NBIN ,

FIT(J)=0.0 $ DO 51 K=L1sNA $ DO-51 M=1lsNE
LeNAR(M=1 ) +K ,

DO 58 J=1sNBIN |
FIT(J=FIT(JI+THILI#SLEGAJsKsM)

CONT ENUE

DO 55 J=1sNBIN



55 DEX(JS=FIT(J)
RETURN
END | 252
SUBROUTINE VIEW
C COMPUTES THE CoMo SCAT*ERING INTENSITIES FOR THE FINAL SET OF
C PARAMETERS DETERMINED BY GAUSHAUS
COMMON/EAT/15Y(102) ' s
DIMENSION SUM(15) sSUMSIN(15)
COMMON/PIC/TH(30) sNP
COMMON/100/SLEG(2505556) sNAASNE»DEX{250)
COMMON/LINTERP/HCM{22)
DIMENSION A(1055)sL{1055}sCUT(195231sNA{L0)
DATAL(INA{J) »J=1910)=15102529393045495:5)

- A(1510=A(251)=10 $ A(351}=105 5 A(3s2)==05 $ Alhsl)=2,5
Al4952)2=105 $ Al551)=40375 $ A{552)==3.75 & A{593)-o375
A(ésﬁj 70875 $ Al6:2)=—8,75 $ A(6s31=1:875
Li1s13=0 § L(252)=1 $ L{3s1)=2 5 L{3s2)=0 $ L{4s1)=3 s Lits2)=1
L{5e1d=4 $ L(552)=2 8§ LI593)=0
L{6s1}=5 § L(6921=3 $ Li6s3)=1
JW=1 |
DO 2 U=1519 $ DO 2 N=1,23

2 CUT({JsN)=0.0
DO 1 M=1sNE § NAY=NA(M} $ DO 1 K=1,NAA 5 NAX=NA(K)
MM=NAAX(M~11+K $ DO 1 I=1sNAY § DO 1 Il=1sNAX :
JX=L{KsII) $ JY=L(MsI) $' DO 1 J=1s19 & x«£4~13/9a«19 ,
DO 1 N=1:23 S Ymelﬁtm—1>/101—1e
IF{JXSEQoQ) 566

5-UX=15 GO TO 7

6 UX=XirJX

7 IF(JYLEQ.0) 839

8 UY=1$ GO TO 10 E

9 UY=Y#EJY
10 CUT(JgN)-CUT(JsN)+A(K911)*AiMsI}*THtMM)*UX*UY
1 comTﬁNUE

i
3002 FORMAI(BHlTHETA) :

' 3000 FORMAT(10E1203) -
3001 FORMAT(6Xs9E1203) K
DO 11, J=151%9 § X=(J=100)/9e $ DO 11 N=1s23 $ U=500%(N-1)
. IF{UoEQe0e) 15316 ;
15 CUT(JsN)=0s $ GO TO 11 . ’
16 CUT{JsN) CUTGJpN}%WCV(N—I)*(025--2*x+975*x*x}
11 CONTINUE
C PRINTS»PUNCHESsAND PLOTS THE, c Me INTENSITIES
PRINT: 3002
DO 12 N=1,23 $ PRINT 30005 (CUT{JsN)sJ=1510)
12 PRINT]BOOI:(CUT(JaN)vJ =11919)
¢ LARGE ANGLE RESULTS({INVALIDsBEYOND REACH OF EXPERIMENTAL DATA) ARE
¢ ZEROED TO AVOID RUINING NORMALIZATION
DO 17 N=1923 % DO 17 J= 16919
17 CUT(JsN)=0o
,CALL?SEARCH(O;CUT;AB?oLL;AA) $ DO 20 N=1+23 $ DO 20 J 1519
20 CUT(JaN} =CUT(JsN)/AA § PRINT 3002 Y
PO 217 N=1523 § U= SOo*iN—l) |
PRINE-30039U9{CUT{J9N)9J=1919)
3003 FORMAT (3XsF5.054Xs19F603 )
PUNCH: 3004 sUs {CUT(J9N) »J21510)
21 pUNCHx3ooagu,¢cuTtJ.N)9J=11919:
3004 FORMAT(2XsF5.0510F6.3)
42 CALL PLOT(0013093) $ CALL PLOT{12053¢92)
CALL SYMBOL(6053+500452930a5—1}
DO 2% J=1519 B A={J-1}#10.%,01745329252 $ PX=COSF(A} $ PY=SINF(A}


http:FORM,T(3XvF5.O4X,19F6.3f
http:A(592)=-3.75

27

40

DO 27 N=2923 $ X=(N~1)*¥PX/botbe=e05 255
Ye{N=1)¥PY/b4o+30~2035 $ MFL100.#CUT(JoN)}+0ob

IF(MeGTal00)} M=102 5 IF{MbLT-0) M=101l $ IF{MesEQ.Q0) M=100

CALL SYMBOL(XsY»5e0751SY{Mi50e52) )

CALL PLOT{(1569009-3)

IF(JW%EQ.I} 40941

JW=2

C GENERATING CM MAP#SINFes= TO INTEGRATION OVER AZIMUTHAL ANGLE

30

31
3008

26

32
3009

24

28
3007

41

DO 30 J=1s15 $ SUM(J)=0c $ DO 30 N=1,23
SUM{JI=SUM{ J)+CUT(JsN) 5 CALL SEARCH{O»SUMs15sLL»T) § DO 31 J=1s15
SUM(JI=SUM(J) /T & PRINT 3008s{SUM(J}sJ=1515) .
FORMAT(2X s 3HSUM» TX 5 19F 663}

DO 26 1J=1515 § A=SINF(l0e¥(J-1)%,01745329252)
SUMSINK J)=A%SUM{J}
DO 26 N=1523
CUT(JsNI=CUT(JsN)*A
CALL SEARCH(G»SUMSINs15sLLsU} & DO 32 J=1s15
SUMSIN(J)}=SUMSINI{J}/U $ PRINT 3009s{SUMSIN(J}sJd=1515)
FORMAT (2X s 6HSUMSIN4X»19F 603 )

CALL SEARCH(G;CUT:#B?sLL;T) $ DO 24 M=1:437
CUT(MIECUTIMI/T

PRINT -3007«T $ DO 28 N"1923 $ U=50.%#{N-1)

PRINT 3003sUs{(CUT(JsN)sJ=1s13)

v

L]

FORMAT{1H1+E2043)
60 TO &2
RETURN;
END -
IDENT AFTER

C COMPUTES 'THE CM ANGLE AND VELOCITY ASSOCIATED WITH A GIVEN LABORATORY

1

C VELOCITY -AND ANGLE OF KI AND A GIVEN NEWTON DIAGRAM

[

EXITe.
DICT,

STERN

FORTRAN VERSION OF THIS SUBROUTINE IS GIVEN IN PROGRAM KICM
ENva AFTER

XMLT t*}*»(syasoakcrn
OCT, 0

Bcd 1sAFTER

BLOCK

COMMON THLsVPsEPCsEésETA;VPSQ»WPSG

BETWEEN BLOCK

AFTER

COMMON VCM@VCMSQ:XI9ALPHA9VR9QMAX:E9WP

UBJP (%)

XMIT (*)*—19($)QSQDIC14
XMET (#)¥%=2,(#)DICTo
LDA! VP

FMU; Ve

STA: VPSQ t
LDA" ALPHA i
FSB: THL '
STA, GAMMA

BRTWY (3)CO5F e
sLJf *41

00 DICT.

FMUFCM VP

T FMU; VCM

ADX4 1

FAD VCMSQ

FAD: VPSQ

STA! WPSQ

BRTY (S)SQARTF s sk
sLJ! #41

00 | DICT,

STA! WP
i


http:YMBOL(XY.O7ISY(M)q0.92
http:X=(N-I)*PX/4,+6.-.05

I ]
FMU vp ;
1

ADX 1 .
snﬁ ZETA " 254
LDA WPSQ \
FAD VPSQ |
FSB VCMSQ
FOV ZETA
FMU GUARD =
BRTJ ($)ACOSF o o3t
SLY #41 ;
00! DICT, {
SSK GAMMA ;
ROP s~ PLIAGA !
FAD X1
FAD THL
STA sMG ETA
LDA EPC ,
FMU WPSQ |
STA EP 4
SL.J EXIT. '
GUARD  OGT 2000777777770000
ZETA BSS 1 i
GAMMA BSS 1 g
EXT ACOSF sCOSF »SQRTF s G8ADICT o
END \
SCOPE ;

YLOAD -
*RUN»TI=20+PR=20000sPL=1000sPU=2000

C SEL EXA  ExvV EXI ,
30060 -15%0 150.0 0.011
BOOeq ‘15%0 20050 00144
30060 —1540 2500 0+245
30040 ~1540 30040 0,288
30000 =150 35040 04317
30040 =1540 40000 0e343
30040 =150 450,00 04357
3000 =1540 500.0 00354
30040 —15.0 5500 06335
300,0 —15;0 600.0 0,311
300.0 —1550 650.0 0286
30000 -15%0 70000 00256
30060 =154%0 75040 00222
300,0 —-1540 800.0 0.186
30040 =150 8500 04135 :
30040 ~15+0 900.0 0.087 ;
300,40 -15L0 950,0 0,053
300,40 -15‘01000 0 0,033 .
30040 =540 1500 0.064
300,0 -5.0 200.0 0.158
300,0 -540 250.0 00268
3000 =520 300.0 Oe364
300.0 =560 3500 00428
300.0 “5‘0 40000 00469
300.0 -5r 450.0 0-497
30000 “5’ 500.0 00508
300,0 -5.0 550.0 0486

C LR N ] !

C MUCH OFETHE DATA HAS BEEN REMOVED HERE{(TYPICALLY APPROX: 200 DATA PTS.)
300,0 999¢9 «

ce A e v geu ee umy
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4) CGAUSHAUS
Balow is the essential portion of the GAUSHAUS least-
squares regression (fitting) package of the University of Wisconsin

Computing Center. ‘



“C ' FROM THE UNIV. OF WISCONSIN COMPUTING CENTER . 956
SUBROUTINE GAUSHS59({NPRBOsFOFsNBOsYsNQsTHoDIFZsSIGNS+EPLS0EP2Ss
lMIToF_LAMvFNU’ QAesPsEsPHIsTBsFsRsAD»DELZ]
DIMENSION TH(NGQ)» DIFZ(NQ)s SIGNS{NQ)» Y{NBO)
DIMENSION Q{NQ)s PIN@)s> EI(N@)s PHIING)» TBING)
DIMENSION FINBO)s R(NBO)
DIMENSION A(NQsNQ)s DI(NQsNQ)s DELZ{NBOsNQ)
NP=NG $ NPROB=NPRBC $ NOB=NBO $ EPS1=EP1S % EPS2=EP2S
PRINT, 1000s NPROBs NOB» NP
PRINT 1001
CALL. GAUSHSGO(IsNPgTHpTEMPsTEMP)
PRINT 1002
CALL GAUSHS60(1sNPyDIFZ>TEMPsTEMP]
IFINP «LTe 1 o0Re NP oGTe 50 oORe NOB oLTe NP 199215
15 IF( MIT oLTe 1 «ORe MIT «GTe 999 o0Ra FNU oLTe 1 19918
.16 DO 19 I=1sNP
TEMP=DIFZ(1}
, IF(TEMP)17299,18
17 TEMP=-TEMP - - ‘
18 IF{TEMP «GEs 1 «ORe TH(I} oEGs O 199519
19  CONTINUE
GA=FLAM
NIT = 1
ASSIGN 225 TO IRAN
ASSIGN 265 TO JORDAN
"ASSIGN 180 TO KUWAIT .
IF( EPS) oLTe 0 ) 5910 7
5 -EPS1l: 0
10 IF¢ Epsz «GTa O 130s40
&0  IFU EPSl «GTo 0 150560
60 ASSIGN 270 TO IRAN
GO TO 70
50 ASSIGN 265 TO IRAN
GO TO 70
30 IF({ EPS1l «GTe O )70480
80 ASSIGN 270 TO JORDAN
70 55@ = O
CALL -FOF (NPROBsTHsFsNOBsNP) !
DO 90. 1 = 1s NOB
R(I} = Y{I) - F(I)
90 S5Q=SSQ+R{II*R(I)
PRINT: 1003s 55Q
GO TO 105

C i BEGIN ITERATION

. "

. 100 PRINT 1004s NIT
105 GA=GAYFNU
INTCOUNT=0
DO 130 J=1.NP
TEMP = TH(J)
P(J)=DIFZ(J)*TH{J)
THUJ = TH(JI+P(J)
Q(J)=D
CALL ‘FOF (NPROBsTHsDELZ{15J}) s NOBsNP)
DO 120 I = 1s NOB {
DELZEIsJd= DELZ(Isd)=F (I
120 Q{J)={JI+DELZ{ I+ ) %R},
Q1= QEII/PLY)
C Q=XT#R (STEEPEST DESCENT)
130 TH(Jh TEMP



160

151
150

180

200

666

153

. 155

231
232
233

170
220

7000

2401

AldsI3=A(1sJ)

DO 220' I=1sNP

DO 150 I = 1s NP 257
DO 151 J=lsl
SUM = 0 ‘
DO 160 K = 1» NOB
SUM =.SUM + DELZ{Ks I)1¥DELZ(Ks J)
TEMP= SUM/Z{P(I}#P{J}) :
D{Js IV =TEMP
D(I.Jn TEMP
; D=XT#X (MOMENT MATRIX)
E(I) SQRTF(D(I»I)) )
GO TO KUWAIT v
~ITERATION 1 ONLY=-
DO 200 I=1sNP
DO 260 J = 19 I
SUM=D{1sJ} J
A{Js1}=SUM
AlTsJS=SUM
CALL SYMEIG(AsNPsNPsOosPsTEMPsNP)
PRINT 1006
PRINT. 2001s {(P{I}s Iz=1sNP)
PRINT 10049sNIT
ASSIGN 666 TO KUWAIT
- -END ITERATION 1 Ob
DO 153 I=1sNP ‘
DO 153 J=1»1
AlIadd=D{Is D/{ECLIRE(JID)

A= SCALED MOMENT MATRIX
DO 155 I=1sNP
PII)=QUI¥/EL(])
PHI{I)}=P(1)
Al{IsIr=A{IsI)+GA
I=1 ‘ '
CALL MATINV(A:NP»P,IoDET;NP)
P/E = CORRECTION VECTOR
PRINT: 1005s DET ;
STEP=160
SUMI‘:Q °
SUM2=0, :
SUM3'—-—"Q¢
DO 231 I=1.NP
SUM1=P(I}%PHI{I)+SUM1 !
SUM2=pil 1) *#P(1)+SUM2
SUM3=PHI(1)*PHI(I)+SUM3
TEMP=SUM1 /SQRTF (SUM2#5UM3 )
IF(TEMP «GTo 1)232,233
TEMP=T00
TEMP=57¢ 295%ACOSF{TEMP }
PRINT 1041 sTEMP
TB(I)=PLI)#STEP/E(]) +TH£I) :
PRINT *7000
FORMATI30HOTEST POINT PARAMETER VALUES
PRINT 20065 {TB{I}sI=1sNP]

.DO 2401 I=1sNP

IF( SIGNS(I) oGTe 0. oANDs TH{I}*TB(I) oLEe O )66352401
"CONTINUE Lo

SUMB=0,

CALL FOF (NPROB»TB>FyNOBsNP}

DO 230: I=1sNOB

T RUI)=YAI)=FLI)



230

663
685

664

662

669

225
240

250
265

260

270

2700
2710

C
C
C

280

7692

340

7057

7058

391

SUMB=SUMB+R (11 #R{ 1)

PRINT 1043 sSUMB 258
IF(SUMB/SSQ = 1 oLEe EPS1)1662:663

IF{ TEMP .LE. 3016650664

STEP=STEP /200

INTCOUNT=INTCOUNT +1

IF(INTCOUNT <GEe 36) 2708170

GA=GABFNU

INTCOUNT=INTCOUNT+1

IFCINTCOUNT +GEe 36) 27000666

PRINT 1007

DO 669 I=1sNP

TH(IY=TBIT)

CALL GAUSHS60(1 sNP s THyTEMP s TEMP)

PRINT: 10405 GA»SUMB

GO TO IRAN

DO 240 I = 1s NP
IF(ABSF(PiI1*5;EPIE&1131&1005*20+ABSF(TH€T)}}“EPSZ) 240024609250
CONT INVUE

PRINT 1009s EPS2

GO TO, 280

GO TO JORDAN

IF{ ABSF{(SUMB-SSQ1/S5Q} oLEe EPS112605270

PRINT 10105 EPS1

G0 TO" 280

$5Q=SUMB

NIT=NIT+1

IF(NIT oLEe MIT)100:280 \

PRINT 2710

FORMAT (//115H0%*## THE SUM OF SQUARES CANNOT BE REDUCED TO THE SUM
10F SQUARES AT THE END OF THE LAST ITERATION - ITERATING STOPS /3

5 ' END ITERATION

PRINT 1011

PRINT"2001s {(F(I)s I = 1s NOB)
PRINT'1012 ‘
PRINT'2001s (R{I)s I = 1s NOB)
5$50=5UMB

IDF=NOB=NP

PRINT 1015

I=0 7

CALL MATINVIDsNPsPsIsDETSNP)

DO 7692 I=1sNP
E{1)=5QRTF(D(Is1)

DO 340 I=1sNP N

0O 340 J = 1+ NP

Ao 1) =D{Js 1N/ (ELTI*E(JD )
DIJsI)=D(Js I}/ (DIFZIII*TH{LII®DIFZLUI*THII))
DIiIsJi=DlJs 1)

ACLsJi=ALJs 1) ’

CALL GAUSHS60(3sNPsTEMPsTEMPA)
PRINT 1016

CALL GAUSHS60(1oNPSEsTEMPSsTEMP)
IF{IDR) 70589410 .
SDEV=55Q/ IDF
PRINTY1014sSDEVs IDF
SDEV=SQRTIF(SDEV)

DO 391 I=1sNP
PII)=TH{ T} +2o0%E( I )#SDEV
TB(I)ETH(I)=2oO%E (1) #SDEV



PRINT 1039 259
CALL GAUSHS6Q(2sNPsTBsPsTEMP)
DO 415 K=1»NOB
TEMP=0 00
DO 420 I=1sNP
DO 420 J=1sNP
420 TEMP= TEMP + DELZ(KeI)*DELZ(K;J)%D(I:J)
TEMP" 2. %#SQRTF(TEMP } #SDEV
. R{K)=F{K}+TEMP
415 F{K)=F{K)-TEMP
PRINT 1008
1E=0
DO 425 I=1+MOBs10
IE=1E+10
IF{NOB~IE) 4309435435
430 IE=NOB '
435 PRINT 20015 (R{J)sJd=Is1E}
425 PRINT 20063 (F(J)sJ=1+1E)
410 PRINT'1033, NPROB
RETURN
99 PRINT 1034
GO TO: 410
10000FORMAT {38HINON—L INEAR ESTIMATION: PROBLEM NUMBER  13»// 15,
114H OBSERVATIONSs 15, 1lH PARAMETERS )
1001 FORMAT(/25HOINITIAL PARAMETER VALUES )
1002 EORMAT (/5&HOPROPCRT IONS USED IN CALCULATING DIFFERENCE QUOTIENTS )
1003 FORMAT(/25HOINITIAL SUM OF SQUARES =  El204)
1004 FORMAT(//7///45X513HITERATION NOo I4)
1005 FORMAT{14HODETERMINANT =" E12.4)
1006 FORMAT(/52HOEIGENVALUES OF MOMENT MATRIX - PRELIMINARY ANALYSIS )
1007 FORMAT(/32HOPARAMETER VALUES VIA REGRESSION )
1008 FORMAT(////54HOAPPROXIMATE CONFIDENCE LIMITS FOR EACH FUNCTION VAL
1UE )
10090FORMAT{/62HOITERATION STOPS - RELATIVE CHANGE IN EACH PARAMETER LE
155 THAN  El12e4) 1
10100FORMAT (/62HOITERATION STOPS - RELATIVE CHANGE IN SUM OF SQUARES LE
1S5 THAN  El2.4)
1011 FORMAT(ZZHlFINAL FUNCTION VALUES )
1012 FORMAT(////10HORESIDUALS )
1014 FORMAT(//24HOVARIANCE OF RESIDUALS = * 9ElZ2e4slHsI4s
120H DEGREES OF FREEDOM ') ;
1015 FORMAT(////19HOCORRELATION MATRIX )
1016 FORMAE(////ZIHONORMALIZING ELEMENTS )
1033 FORMAE(//19HOEND OF PROBLEM NOe 13}
1034 FORMAT(/16HOPARAMETER ERROR ) '
10390FORMAT(/71HOINDIVIDUAL CONFIDENCE LIMITS FOR EACH PARAMETER (ON LI
INEAR HYPOTHESIS) )
10400FORMAT ( /9HOLAMBDA -510.3;40x933Hsum OF SQUARES AFTER REGRESSION =

e = bt

¥

1E15.7}
1041 FORMAT{25HOANGLE IN SCALED COORDo = FbHe2» BH DEGREES )
1043 FORMAT{(28HOTEST POINT SUM OF SQUARES = - El2e4)

2001 FORMAT(IlOElZo@]
- 2006 FGRMATilOElZ &)
END

FEm
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Appendix D

Enlarged Views of Certain Important Figures.



Figures D-1,2,3

Enlargements of the laboratory KI flux contour maps of

3
dz"_ shown in Fig. IV-27.
d dv’
Figure D-1 E = 1.87 kcalfmols
Figure D-2 2.67

Figure D-3 3.62

261



Fig. D-1
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Figures D-4,5,6

Enlér};ements of the best c.m., KI flux contour maps of

3
-?fijz~ shown in Fig. IV-30
d wdw?
Figure D-4 ' E = 1.87 kcal/mole
Figure D-5 C2.67

Figure D-6 3.62
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Appendix E

Coefficients for Legendre Expansion Functions

This appendix lists the Legendre expansion coefficients bij for the c.m. contour maps

3 y )
of d7g « I (B,w") defined by equation (B2).

2
d wdw
For the three best c.m. functioms (Figs. IV-30 and D~4,5,6):
1) Fo(w‘) is a linear interpolation of fumction WCM(I), I = 1,22, defined
in PROGRAM I2LEG (Appendix C);
2; Go (0) = (0.25 - 0,2 % X + 0.75 ®# X % X) defined in SUBRCUTINE XSECT of
PROGRAM T2LEG;

3) m=4 (i.e. five Legendre terms im 9);

&)k

]

5 {i.e. six Legendre terms in w');
5) and the three sets (each arbitrarily normalized) of 30 expansion coefficients

bij are given below In the seguence bOO’ bDl’ b02’ b03, bOﬁ’ blO’ bll,A.., b54

a} E = 1.87 keal/mole

0015951 021000 0018072 0.09216 0.04013 0434534 00259431 0051662 0023812 0.11468
0045961 06852684 0278517 0043208 0013984 0050474 1200000 0o99395 0¢59121 0024418
0636739 0076392 080324 0.51893 0.20268 0.12060 0.22349 0,24020 0016235 0.09228

692



L) E = 2.67

0026501 0633107 0025381 0011444 0s04239 0051175 0087932 0070411 0230920 0007649
0457578 1200000 0.82666 0045197 0011189 0046333 0481161 071319 0+40498 0.059%90
0027514 0446829 0041166 0025517 0.07511 0009077 0.13992 0,13507 0-13312 0004946

¢) E = 3.62

0412559 0625609 0024372 0012761 0.03586 0632217 0071659 068693 0036468 0.10363
0044232 1,00000 0:97409 0053416 0:15491 0642622 097204 0096193 054370 0,15964
0026173 0059940 0059454 0.33609 0.09842 0,07577 017361 017345 0010273 0.,03087

For the “compromise" (assumed energy-independent) c.m. contour map of Fig. IV-42:
) T ') =’ exp(-7'%/320%), with w' in mfsec;
2) Go(e) = (0.65 - 0.7 # X + 1.05 * X % X)

3) m= 33
&) x = 4
5) and the (arbitrarily normalized) 20 expansion coefficients b,. are

1]
given below in the sequence bOO’ bOl’ bOZ’ b03’ blO’ bll’ Cas b43.

0054635 0013378-0014677-0055535 1000000 0028712-0038055~130806 078742 0619977
“0ol0823~1024687 0:31847 0.14459-0016791~0:68054 0.05524 0.10505 0.01668-0.20574

0Lz7
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