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DYNAMICS OF THE REACTION OF THE N* ION WITH HYDROGEN

ISOTOPES AND HELIUM

- Walter Ernst William Ruska

Abstract

Molecular beam téchnidues were uged to_sfudy the
.feactivevand'non?reactive scattefingvof-the nitrogen posi-
tive :dion from hydrégen isotopeé and helium,vat energies
.above thé stability limit for Spectator stripping. Reactive
scattering was observed from H2 and HD‘targéts. The-inten-
sity maxima for NH* prbducf from bothAisotopés, abéve the
lstrippihg 1imit,‘were in the forward hemisphere at CM angles
from 20° to 60°. The position of these maxima were
dependentbon the isotope used and relatively insensitive to
collision energy. At the highest energies studied, a small
product peak‘appéared onAthe centerline. This peak wés
correlated in intensity with the amount of excited N (1p)
in fhé beam (<3% under normal conditibns) aﬂd is attributed
to the reaction of the excited ion. At-energiés élightly
above the stripping‘iimif, ND* product from HD target showed -
a similar distribution to that of the NH+ product? except
for an additional maximum at X = 180°. At higher energies
only, the 180° peakvwas_present. All reactive scattering'

was of low intensity.‘



Non-reactive scattering was observed from‘H‘2 and D, -

targets, and from He at one energy. With both H, and D,,
the scattered intensity was low at all angles.away from the
beam direction. The product showed_moderate endothermicity;
.and was centered about the system (ion-molecule) centroid
instead.of the impulsive (ion-atom) centroid at all energies.
Scattering}from He consisted of an. elastic component and a
component resultlng from the. electronlc tran51t10n
N ( P) N ( D) The total cross-section for charge
exchange at 70 eV was 1nvest1gated and estimated as 325 A
charge exchange is therefore the domlnant channel at higher
.energles |

A correlatlon dlagram for the system is presented and
compared with the avallable a prlorl calculations. Two
surfaces are expected to lead to reaction. One is a
: SAé - 3H surface,IWhich is essentially flat and produces
’VNH+(2H) An avoided cr0551ng on this surface may lead to -
'charge exchange 1nvolv1ng c0111near approaches and produc1ng‘
N( S)._ The other surface, _a,SB1 -vsz'-surface, has_a'l eV
barrier to perpendicular approach and produces'NH+(42_),
Charge exchange'is likely for perpendicuiar approaches
'Yielding N(ZD). ‘As a resuit,.colllnear approaches are

expected to be most reactive on the-3 - % -'surface; non-

1
collinear, on the 3Al - 3H shrfaCe,d
Theoretical models are presented in which-an incident -
hard sphere A, representing'the projectile ion, strikes one

of'a,paierf hard spheres B-C representing the B hydrogen _



, molécﬁle, After an impulsive A-B cOilision}van'impulsive
B-C collision may take plaée..“The relative energy of A to

B is then‘examined, and»a reactive event is considered to
have occurréd if the energy 1is less than the dissociation
energyvfor the A-B molecule. This model is tfeated both in
the collinear'case.and_in three dimensions. A graphical
Itechnique fdr the collinear case ié,summarized and applied
to reaction on the 3B1 - 337 surface: it successfully pre-
dicts thevobserved scattering behind the center of mass. An-
'inteéral_equation for the thfee—dimensional case is developed.
When’applied to reaction on the SAl - 3H surface, it
accurately predicts the observed scaftering fofward of the:
center of mass. A synfhesis of tﬁe twohtreatments, fepre-
seﬁting.the behavior of the system on both reactive éurfaces,
and considéring the chargé—éxChénge channel, correctly
p?edicts the observed product distribution.  Predictions

are also presented for the as yet unobserved case of reactive

scattering from D, target.
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of thé N+(3Pj ion in collision with He, H

CHAPTER 1
BACKGROUND
A. Introductory Remarks

Chemical reactions which occur in nature are remarkable
for their compiéxity.‘ The combustion of wood in air, for

example, involves .an almost innumerable array of chemical

species, both as reactants and as products; each species in

turn reacts under a wide variety of conditions and environ-

ments; and each of these cases involves a number of quantum

" states. The history of chemical kinetics, and even of

chemistry itself, involves in large part the successive

.removal of these layers:of’complexityr The ultimate goal in
- this process is to observe the interaction of reactants of

precisely determined relative enefgy_and internal states, .

reacting to yield produdts of'équally précise chéracteri—l.
zatiqh, under completely defined conditions.

 M01eCular bean techniqﬁes‘have éilowed.a'éloSe approach
to this goal. It is noQ_common to study reactions[in which
the initié1‘ré1ative energy and quanfum states of the
reactants,are.quite-accuratelyﬂdefined, and_thevehergy and
éhgular'distributions of the'feactants,éfe dbsefvéble; even
further refinements have been'achievéa'under cértain éircum-
stahcés{ This work will apply these methods to the study

2 HD, and D

molecules in their room-temperature equilibrium state

2



populations. The distributions in energy and in angular-
deflection of the reactive and non-reactive ionic products
will be measured, and the results applied to elucidate

features of the potential surface for the reaction.

B. Reaction Kinematics

~ Our goal in-this work is tovinterpret distributionvof
prbducts from a écattering'event in terms 6f’the detailed
mechanism of the reaétion,under-study.v First, however, we
must éxamine the fundamental constraints.bn the product
distributi6ﬁ impo$ed by the requirements éf momentum and
energy:COnservation. ‘In ordervto_do so,‘lét us consider an

arbitrary scattering event:
a+b+¢_+d. . : ' (1)

invwhich reactants a and h.éollide to prodﬁce productsbg and
v g; ‘To feprodﬁte our experimentai conditions, we will let g’-
be at rest relative to the.laboratory'and give a an initial
vvelocity v, - .After collision, thé produéts.g and g will
have laboratory vélocities;vé and vé respectively. Through-
vbuf thiSIWOrk, primes will indicate posf-collisionfquantities.
Also, we will use-tﬁe letter a to represent both the species
and the mass of the species a, and similarly fof-g, c, and d.
- This results in a simplification of notétion;vthe context
will serve to make the particular uéage clear. For example,
. the 1aborgtofy energy Ea of spécies'g prior to collision may

be written as:
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E, =3V, . I . (2)
Let M.represent the tota1 mass of the sstem:,

M=a+b=c+d - (3)

In addition to the laboratory-fixed (LAB) frame, it is

uséful to fefer to the center of mass (CM) frame of referencé.

This frame has its drigin‘at the center of mass of the

collision system and thus moves relative to the LAB frame

with a velocity §cm' 'This_velocity may be expressed in terms

of‘$a'by reéalling that the total momentum of a system of

_particles is equal to the'system maés times ch'l -Therefore:
- > ' :
MV ., = aya. | ' (4)
and,
- _a > : :
vcm — MVa- : (5)

To distinguish'Velocities measured in the CM frame, we shall’
use the letter u with the appropriate subscript; e.g., u_and

u_. Tw0'other‘goordinates"should also be defined: the LAB

and CM scattering;angles ® and X respectively. The LAB

scattering angle 6 is the anglé-betweeh the vector post-

yaw el . > - e e , . ) o
collision velocity vé'and the initial velocity 3;; similarly,

X ‘is the angle between'ué’and u . We can express our initial

conditions in terms of CM velocities by writing:

6)

=% -y =)

Ua a cm - M Va

-> > a-r' : . : :
G, = V.= - 25 . | 7).
b cm M "a » (_1



These reiationships are illustrated graphically in Figure 1.

The CM frame is particularly conVenient:for expressing

the conservation of momentum restrictions on ué and'ué; We
note that the initial CM momenta sum vectorially to zero:
-»> > ‘ . )
After collision, the same must be true; thus:
+ = . .
cu. dud 0.: | | Y(Q)

Theféfore-specification of either-of‘ué‘or'ué uniquely
specifies the other.

| Energy‘conservation considerations are most cgnvéniently
handled by sepératiﬁg the total LAB kinefic‘energy béfofe
collision into the energy of the center of mass and fhe

'energy'Er ‘of the reactants relative to the center-ofimass:1

el
>2 K o :
ch f Erel o - a0

whence E__, is easily found to be:

Erel -

=|o

Ea | N

Since, in the absence of outside forces, the system mass and
‘momentum are-invariant, the first term on the right in equation
(10) is fixed and only the relative energy is available to

do work on the system. We may therefore restrict our
‘attention henceforth to Erel'

Energy conservation prodqces the following expression:

Ere1 * U= Ereq

f U+ AEg. . | (12)

O
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Figure I-1. Velocity vector diagram for a + b - c + d.



1 1) . . .
where Erel and Ere1 are the CM kinetic energies before and
after collision, U and U' are the internal energies of the
reactants and products respectively, and AEZ the heat of the
reaction under study. We can define the translational

exoergicity, Q, by:
Q=E' . -E_ .. (13)
EQuatioh (12) then becomes:

Q=1U-u' - aES. (14)
In additioﬁ, we may write Q as a function of the velocities
u, and ué, usihg the definitiohs of kinetic energy in terms
of velocity, and removing uy and ué through the momentum
conservation expressions (8) and (9). The result is:

cM 12 _aM 2

Q=35gul’ - pu. S @as)
.This'relation shows that, for a given initial.velocity, ué
_vectofs of equal magnitude imply equal Q’valugs. If the.ué
Vaiues of products from a/single experiment'are plotted, then
lines of constant'Q‘will be represented by circles drawn
about the CM ofigin. |

'-By considering fhe‘restfictionsfon the,quantities’U and
u' in equation (14), we may obtain upper and lower bounds
for Q in’any givén réaction. We shall deal with reactaﬁts
which are essentially in fheir ground vibrétional and -
rotational sfatés, SO that‘UAmay be taken as zero, wifh the
exception of a possible electronic term. By considering'

varying electronic. states to represent different species, we



‘may absorb any eleCtronic'excitétion into the héat of
réaction, and_set U equal to zero for our pufposes. ‘In
addition; We shall deal with three-Body events, so that
either species c or d will be ah atqm, and have no interna1
énergy. U’ Qill then be iimited‘to values between O and
the dissociation energy of the diatomic species, Dg, if

stable diatomic product is to exist; That,isf

o
'<g
0<U" DO

(16)
which implies that:

0 5 A's N0 _ g0 S v
-AE) >Q > -D_ - AE. . oan

(Similar restrictions would exist;'of course, without:the
.simpiifying.assumptions of this paragraph, buf more |
qﬁantitieS-would be required to éxpress them.)

These 1limits are best illustrated using a velocity
vecfof diagram known ‘as a Newton diagram.A_An example of such
a diagramvhas already been introduced as Figure 1. Figure 2
shows .such a diagram for elastic;.inelastic-nonreactive, and
feactive events. In Figure 2a, an elastic event is 1illus-
trated: a = E; b =4d, and Q = O. ThuS,'by equation (15),
'ua and ué are. identical, and-the-scattered produtt‘may appear
anyWhere on a circle (the "elasfic circle') drawn thfough
the initial a vélocity and about the cenfer of°mass; In
Figure ZB, a non-reactivé,'iﬁefastic éventvo¢Cursi "a and ¢
are stillvidentical, bﬁt-Q is less than zero. The Scattered

product is thus found within the elastic circle. 1In
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(a)

LAB ANGLE ©

CINITIAL RELATIVE7 U

VELOCITY Q=0

(b)

PRODUCT LAB
VELOCITY ~

C.M.

Q=-D°-AE®
| XBL=~735-6039
Figufe I-2. Newton diagféms'for three types of

" scattering: (a) non-reactive elastic; _
(b) non-reactive inelastic; (c) reactive..



Figufe 2¢c, the reactive cése is treated. The elastic circle
~of Q = 0 still eXists, but ifs location is no 1onger obvious
by inspection._ Depehding on the mass ratios invequation (15)
and the heat of reaction, ué may.be greater than or.less than
u, for elasticity. | B
| Figure 2 also shows'the‘LAB velocity vectors vé for the
threé typeé of'éventé, together with the LAB and CM scatter-
;ing angles. 6 and X. It is worth-hbting that in.all_caées,
'vé is restricted to a relatively small areé'about‘vcﬁ. In
the nﬁﬁ-reactive case, for example, the elastic‘circle is an
outer bound to the product, and 6 is restricted tO:'v
1 Vem -1 :
< sin g = sin ..b7/a. , v(18)
_ L, _ : : .
It is'alSo'clear from the figure that, in_genefal, two values
of © may-correSpondvto one value of X, althoﬁgh fhe associ-

ated 3& vector will differ in magnitude.
~C. Reaction Models

fhe tonservation iaws ordain the‘broad.outlines of the
product distributiOns;_the_finer details'afe imposed byvthe
mechanism of thé reactidn‘concerned. A number of éimple |
models have been pfoposed_to expiéin various observed product
distributions. Sevéral of these models may be classified as
direct models, signifying that they assume thaf the inter-
action_fime between reactants is short in comparison to a

rotational period. 'T¢ describe these models we will consider



a more particular case of teaction (1), namely the

generalized reactive triatomic collision:

A+ BC> AB + C - (19)
and use the conventions for mass and velocity developed in-
the previous section.

_Of'particular interest is the '"spectator stripping"

model.z-s

In this quei, the A atom is assumed to Coilidé
only with atom B, imparting no momentum to atom C. Atoh:C. g
is tﬂﬁs.q "Spectatoff.of the ;ollision,'whence the name 6f
the model. - As a result, the AB product must'be'produced :

. with the velocity of the A-B center of mass, so that:

! o : .

The internal excitation must equal the energy of A:relativé'

-to B, so:

Qs = - a+5 Ea- | (21)
The product will thus be produced at an angle X = 0° in the
CM frame with a velocity:

— (ot - Z AC
= (ad o T Ven T TRTB) (BOY YA

P
W) (22)
In a related model, the "ideal rebound" model, the A
atom 1is conceived of as reacting completely inelastically'
with the B afém, and then: the AB pioduct collides elastically
with the C atom. As in'the_spectafor stripping model, the

internal excitation is the energy of A relative to B:



000045055,

However, the produét is formed with a velocity less than

that of the center of mass:

o (B (Be)v e

and‘therefore at a CM angle of 180° and a CM velocity of:

AC
(B+C) (A*B)

(upp) (25)

RB
vahis model'mey be generalized by ailowing AB collisions with
C 1ead1ng to CM scatterlng angles- other than 180°. The
product may then appear at any angle on the Q circle glven
by equationv(ZS). This»generalization is the "elastic.
v'spectator” model

A third 1mpu151ve model assumes that A flrst collldes .

1mpu151ve1y and elastlcally w1th atom C, ejecting the C atom

and reboundlng 1tse1f. It then reacts 1ne1astica11y with

the B étom_to form the preduct. This is the '"ideal knockout"

6-8

~mode1 In'the first step of the modei‘ atom A with speed

Va collldes head on w1th atom C with speed zero, so that the

center of mass_of the A-C pair moves w;th velocity (A/(A+C))VA.

The relative_velocity of A relative to the A-C centroid is
ﬁow'(C/CA+C))-v vAfter the colliéien,’the A velocity |
relative to the A-C centr01d is reversed, and - the 1aboratory
A.veloc1ty VA is glven by:

'. AV, Gvp A

. VA T A¥C T AsC T A5 ¢ Var

e

1]
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The A atom then combines with the B atom, which has remained
at rest in the laboratory. Its laboratory momentum is zero,
and the sum of the momenta of A and B represent the lab A-B

momentum:

{

(A*+B) v,p = A(%%%) Va o -"(?7)f

so that the AB product appears at the lab veldcity:

gt @D o

This product will thus lie behind the center of mass of the

system, with ¥ ='18d°; by’subtragting v,, above ffom the

AB
‘centroid velocity we can obtain aq’AB ve;ocity in the CM
frame of: | |
v _ _ AC(A-2B+C) ” -
(Uap) , = T&FO By BTy YA (29)

The Q value predicted by this model is perhaps most
easily bbtained»by accounting for the 6£her energy terﬁs.
After the A-C collision, the total‘energy of the systém is
| the sum of the A and C kinetic energies. After A and B
combine, the total energy 1is the,sum of.fhe AB kinetic énergy,
the (unchénged) C kinetic energy, and the internal energy -Q.

Thus :

12 _ C _ ' ‘
YA T2V 7 Vas T %o - G0y

or:

Qo T ZVA T TT Vam . RCivl



Substituting from.equationé (26) and (28),

2 2

_A(ACY 2 AtB AV [A-CYy.2 |
%o * 2 (A+C) VAT T2 (A+B> (A+C) Var - (32)
or, factoring out the initial energy EA ='% Avi:.
B |
_ B A-C\~ ’
: QKO._ A+B <K+C). EA' o '. (33)

'Thevpredicted.veiocities and Q values for the»mddels_afe
collected in Table I-I. | |

| ‘ We shall deal with the.effectiveness‘of'theseVmodels in
'expléiniﬂg observed scattéring in aCtuéi'SystémS 1a£er in
this thesis. At this poinf, however, it is intérééting to
nOte‘that-the_pfedicfed Q value fér éach model bécomes

~increasingly negative with increasing E As a result;vfor

A*
each model there is afvaiué of EA'at which Q.no 1ongér falls
within the limits of equatioh (17), and product iS no longer
stable to dissociation according‘to that model. Behavior
at this point turns out to be of considerable intérest'in
tciaSsifying ion-moleéule_reattions. |

- Each of the models so faf examined hastbeen'character-
ized'byga marked peaking of product eithef forward or béck-
ward of the center of mass. Markédly cOﬁtféSting'behavior-

is'predicted by the collision complex model.g_lz

In this
modél, the colliding species. remain in close contact for

seVeral rotational periods befdfé‘disSbéiatihg in a Statisti;l
~cal manner to productsl (The'word compiek is used heie to

ideritify this close association, and implies no special



-Table I-I

Kinematics of Several Impulsive Models

(AfB)(B+C) A+C

Model XAB Vi’ "A IV ~Q/Ey
Spectator 0° _ A _ AC' B

Strlpplng. _K?F +B +C A+B-
e a0 gy (A2:¢) - 2

ockowt 1000 by (&2) s (SEE) 2 (k

nAs



' assumptions regarding the'configuration or future behaviof
of" the atoms invélved.) As a result, the uniqueness of the
original direction of motion isllost, and prdduct is eqﬁally
likely to be ejected in either the forward or backwafd_'
direction. Due to the possible coupling of momenta within
the coﬁplex, it is.ndt a necessary consequence that the
_prodhcf be isotropically distributed about the center of mass;
it is, however, required that thé'prodﬁct be symmetric about
the X = +90° line. Rigorously, such a distribution is a
necesgary but not.sufficient'condifion for the existence

of a complex mechanism; practically, alternative explanations
ére sufficiently unlikely that forward—backward.symmetry is

usually accepted as conclusive evidence of complex formation.

13
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CHAPTER 11
EXPERIMENTAL
A. Apparatus

The apparatus used in this work has been previously
described in detail,1 Thefefofe;'only a brief éccount will
be undertaken here. A schematic diagram of the apparatus is
given in Figure II-1. As can be seen, it consists of an idn
sourcé, an. ion béam focusing Sectibn, a scattering region, a
“product analysis section, and a detector.

The experiments in this work were all performgd with a
~miérowave.di$charge‘ion source. in this source, a suitable
‘gas flows through a quértz tube, which is;surroﬁnded by a
Broida cafity'qf the type described by Fehsenfeld, et al.?
MiCrowave power radiated by the ca?ity Sustains‘a discharge
in the gas, which is maintained at avpressufe on the ordér
of 10;100 microns. Microwave power is supplied to the cavity
by a 3 GHz commercial diathermy power source. Two electrodes
serve to contain_the discharge ahd estéblish the poteﬁtial
of the plasmé. One electrode is mounted directly on. the
inlet flange Of the apparatus, and has a 2 mm hole to allow
gaé flow and ion extraction. The ofher is suspended in the
tube, and is perforated to allow for gas flow.

A minof modification was made to the source to allow
the easy removal and iéplacement of the rear discharge

electrode. PreviouSly,‘the'electrode'was made of platinum
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Figure II-1. Schematic diagram of the éXperimehtal appardtus.
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and sealed permanently into the quértz tube. The modified
configuration usés an.o—rihg seal to connect the fear of the
tube to a small chamber containing fhe gas inlet and a device
for'suspending the electrode. This aiiows easy replacement
0f>electrodes,.and.facilitates eiperimentation with various
electrode materials. While of limited importance in studying
the nitrogen system,vthiS'capability hés proven:valuable in
exploratory studies of‘halogen ions.

For the routime production of nitrogén ions, we used a
mixtu?e of nitrogen and helium in about 9:1 proportion as
measuredhby an ionization gage. The electrodes were made of
stainless steel. The best available ion currents proved to
be about 0.1 to 0.03 times the 0O Eurrenis'available with
the source, with a cbncomitant reduction in the appafatus
resolution. Winns has speculated that production of the
monatomic oxygén ion proceeds by a two-step process involvingi
dissociation of the O2 molecule (minimum energy 5.1 eV)
followed by'ionization (minimum energy 13.6 eV). If so, the
_higher,dissociation énergy of N2 (~9.8.eV) would explain the
reduced amount of N' ion produced.

. The advantage of this type of-soufte oVer the more
traditional eiectron impact method lies in the relative
mildness of the ionization environment. Whilé electron
impact ionization uéually required electron energies on the
order of 100 volts, the electron températuré in'our source
is about five volts.s' As é'result,'few if any of the ioné

produced should be in an excited electronic state. This



conclusion is supported by two previdﬁs*studies with this .
source involving O; and 07, For 0;; the first iénizatiOn
potentialvis 12.2 eV and the excitation energy of the first
excited state is 3.8 eV. Chiang et al.4 found only 3%
excited O;'in this case. Fbr o', the equivalent energies
are 13.6 eV and 3.3 eV; Winn'concludéd that the fesulting

+ ) . | . - .
O beam was ''mearly pure" ground state 1on.3 We therefore -

expect the N* ion”beam_used in this study to be predominantly"

in the ground state.

The.question of excited states was dealt with more

directly in this wofk‘by the use of alternate gas combinations’

as N soqueSﬂ Based on appeéfance potentials compiled by
Eranklin et al., the gases NH3 ané.NZO'might be expectéd to
produce at least some ion in the excited 1D state.> Thése
gases were diluted in a large amount 6f7argon (abbgt 20:1
proportion as‘measured by an ionization gage), and the

‘resulting mixture used to support a microwave discharge.

In both cases, a N* beam of comparable intensity and stability

to that obtained from the microwave discharge of N, was
6bserved.' The'resuits of this substitution will be presented
in'Sectidn_C of this chaptér. |

| Ions are extracted from the source region and formed
into a collimated, monoenergetic beamrby the focusing éectidh,
which is illustfated in Figure 11-2. The énergy of the ion
beam iﬁ.determined by the voltage applied to the ion source
electrodes and by the discharge plaéma potential. Other

focusing voltages are referenced to the ion energy voltage

20
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.So,that focusing conditions'are felativelyvinsénéitivé to the
energy setting. An initial focusing stage extracts the'ions
and focuses them onto the entry slit of a 66° magnetic mass
Spéctrometér, which sefves as a momentum analyzer. A pair
of quadrupole lenses in the initial focusing stage transforms
the beam from a cylindrital to a ribbon-1like configuration
for ﬁaximum transmission through the analyzer. The geohetry
:of the analyzer produces a momentum resolution of 2% FWHM; }v
The énalysis voltagé may. be varied independently of the ion'
enétg} for maximum efficiency of analysis;  Following analySis;
the‘beam is.reconverted to a roﬁghly circular.Cross-séction |
and'focuéed on the scattering region by the final'focusing
stage. | | |

' Provided that the mass of the extracted ions is fixed,
the momentﬁm analyzer serves to produce a monoenérgetic beam.
- On the other hand, if the discharge fegion is mohoénergétic,
the anainer serves as a mass seléétor. In précticé; the
beam is esséntially.fixed_both in mass and energy, since the
diécharge region is:equipofential to good accufacy. Howevér,
some méss impurities may be passed by the filter: the
~effect of these ﬁinor contaminants are diséussed'in»Section
C of this chapter. |

| Reaction with the neutrél-gaé takes placé in the

.séattefing’region within the main vacuum chamber of the
épparatﬁs. All of our'experihghts were carried out using-a
scattering cell'to:containAthe reactant gas. The "front'
aperture, a 2 x 2 mm square, iS'fixéd in line with the ekit_'

|
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point of the fdcﬁsing section, and feceivés the incident
beam. The rear épefture is a 2 mm diameter circle which may
be rotated. It is positioned in line with the detector
aperture, so. that the two rotate together to scan the angular
distribution of products. The'aﬁertureé are conical to
reduce streaming of the scattering gas into the path of the
beam,6 and allow cell pressures to:exceed the vacuum chamber
background pressure by a factor of about 1,000.

Gas enters the cell through an entry pipe from the 1lid
ofjfhé apparatﬁs. .The pressure is regulated using a
Grahyillé-Phillips variable 1eak,.and is monitored with a
MKS Baratron capécitance manometer. The manometer reading
répresents the pressure at thé toﬁ of'thé:entry pipe, and
must be éorrected to obtain the absolute pressure in the cell
ifself. Since only relative préssUres are usually of
‘interest in this. work, the correction 1is omittéd unléss
otherwise stated}, It is‘worth noting that the manometer
reads‘true.(mechénicél) pressure and is thus unéffected by
the nature of thé gas measured.

The productAanalysis-Section'provides.angular, energy,

" and mass characterization bf'the écatfered products. Angular
resoiutipn is obtained by rotating the detecfor in alignment
with the exit aperture of the scattering cell: the cell and
detector aperture dimensions determine a 2.5° resolution at
full width. A 90°'sphericél sector electrostatic energy
analyzer then selects ions of a desired energy with a

resolution of 3% FWHM. lons leaving the energy analyzer are



'fbcused by a set of lenses into a quadrupole mass spectrO*
mefer (QPMS) which rejects all ions'not éf_a preset charge- |
to-mass ratio. The resolﬁtion of the QPMS is adjustable,
and is‘set for a FWHM of abouf 1/2 mass unit for this,wbrk..
A second set of lenses then focuses the mass-analyzed ions -
_intb the detector. The detector counté'individual ion
‘impacté. | o o

The7detector is of the SCintillation type, and represehts
a modification'of the épparatus from previous reports. Thé
baéié;design and operation‘ofvscintillation detectors is

well'documented.’]’8

-This particular detector was designed
by Dr. James A. Farrar of this lab and will be desc?ibed by
him in a forthcoming report'.9 In fhis:déteétor,'the incoming
- 1ions aré first attracted to a metal platevheldvat-a V61tagé
of —ZS‘kV; causing'the ejection of setdndary.electrons, 'Thé:
plate vdltage then accelérates the electrons towards a sheet 
bf scintillafing material, which emits a burst of photonS: |
A phototube then reéponds to the photon burst by prdducing
a pulse which is'feéorde& by counting equipment. The coun-
ting equipment'is thatfpreviously employed with fhe solid-
state detector. | _7

The principal ad?antége of the scintillator over the‘
solid-state detector ié.bperétional simplicity. The scin-
tillator opefateé at room temperature with no warmup time,»
‘thle the solid-state detector requires cooling to liquid
nitrdgen‘fehpératﬁreg Als&, the scintillator does hof
inVolve"fhe replacement of sensitive and expéhéive

B . |
i . : i

24



25

semiconductor wafers. 1In additioh, the scintillator is
capable of a slightly‘higﬁer counting rate. In exchange,.
'the'new.detecfor has a slightly highef noise level. However,
thebvariation in the,number of background counts betWeeng
successive thirty-second collectibn periods is still nd

greater than one count per second.
B. Data Collection and Processing

To conduct an experiment, it is first necessary fo
obtaiﬁ-a~§tab1e énd intense beam 6f the required mass and
enefgy. This is done'by adjusting the potentials on the
various ion leﬁses and electrodes until the desired result
'is obtained. ;The beam intensityvm;y be ﬁonitored by con-
neéting‘thé ion lenses following the energy analyzer in the
producﬁ analysis train to an electrometer;_ The electrometer
current thus represents an angular- and energy-analyzed |
measure of the beam intensity.

When a stable b¢am is obtained, scattering gas is
admitted to the scattering cell and the énalysis and detection
equipment energizéd. The scattering gas pféssure is adjusted
to provide about 15% attenuation of the incident beam:
multiple scéttering.events are therefore negligible.

'Avsingle data point is obtained By setting the analysis
energy, angle, and mass to the desired Values and counting
the ions impacting on the detector durihg a known time. A
sequence of such observations thus proVides a set of numbers

representing scattered ion intensities as a function of beam
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enefgy; product mass, anglé ana eﬁergy;.counting_timeﬁand
scaftering gas pressure. The iaSt two of theée quantities,
along with the number of counts observed; are autdmatiéally_
_recorded on a teletypewriter; the other variableS'arev
entered by hand. 'A‘typical_scatéering map contains several
hundred Such observations.- |

In addition to product scattered'from:within the scat-
tering celi,'SOme ions will reach the detectbr following
collisidnS-betWeen.the-beam and the.backgroﬁnd gas iﬁ_thé‘
'Vacuﬁﬁ chamber. To aCcouﬁt for thesevépurious_incidents,
baCkground observations are conducted.'rThesé invblve
repeating a series of observations with the scattering cell
emptied. Scattering gaé is 1eake6.int6 the chamber until
- the chamber pressure, as measufedeithbanvionizafion gage,
is equal to the éhamber pressure observed with the‘5cattef-
ing cell.filled. The background intenéities_obsérVed are |
subtracted from the equivalént signal intensities_dﬁfing
data'analysis; |

While in ptinciple obser?ations can be made in any'ordéf,
it is most effiéient to minimize the humber.of settings which
must be changed between each point. When a combléﬁe Scat-
"tering map is to be'madé,-this is best acComplished by
fixing the product energy while Varying the anglé over the
range to Be,obServed. This procedure is referred to as a
" "cut," and most of'the daté to be presented here is made up:
of cuts. To avoid systematic errors, an effort is made fo |

make cuts in both directions (ascending and descending'angle)
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and in a random'ordef of energies. Nevertheless, in
examining-the,dafa, it is well to realize that points of"
consfant 1ab6fatory enérgy'are more likely to be subjeét to
a constant systematic erfor than points of equal laboratory
bangie. Background observations ére.usually made:in a second
‘cﬁt'immediately following the relevant signal cut.

It is ndt poSsible_to monitor the incidentvbeam inten-
. sity during the collection of data; since any such measure-
ment wbuld.absorb or deflect the beam. Therefore the
colleEtiqn of data is interrupted periodically (about every
30-45 minutes).and fhe beam intensity observed. These
measurements serve to'normalize the data.

Data 1s processed using a FOﬁTRAN“p}ogram written for
the Lawrence Berkeley Laboratory's CDC 7600 electronic
computer. . The prograﬁ input inéludes all of the observed
quantities listed in the preceding paragraphs. The program

then produces, for each data point, an intensity I given by:

7 (5-B)£(8)

I=10 (1)
Ti PE3/?
o}

where: S = number of‘signal counts

B = number of background counts

T = counting time, in seconds

id = incident beam intensity, in picoamps

P = scattering gas pressure, in units of 6-1"(,).6

10 . -
torr
E = energy setting of the energy analyzer, in volts
f(9) = detector angular viewing factor.
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The backgr¢und level B is set by the program to a nominal
value in the absence of a highéf observed reading; £he
nominal value is a. program input,Adetermined as described

in Section C of this Chapter. When successive obsérvatiéns‘
of i0 differ, the'program assumes the change betWeen | |
observations to have been 1inear'aﬂd calibrates I accordingly.
Due. to the geémetry'of the-energy analyzer, E is reiated to

the LAB energy of the'tranémitted ions by:
E = 0.44 EAB' | : (2)

The quantity I has been shown to ‘be invariant toithe CM to
LAB coordiﬁatevconversion;117 . N T | |

The ﬁrogfam then produces table éf I together with the
input quantities and‘useful deriyed quantifies both in the
LAB and CM frames. These t?bles are.also cbpied to én IBM
Dataceilvin.the LBL Computef Center, where they are access-’
ible to_othef programs for furthet analysis. Finally,’the
program plots values of-i in CM polar coordinates. A second
plot symmetrizes the first about thé beam centerline to
remové the effects of minor apparatus asymmetries. From the
plots, one can draw confour maps 6f I, which represént fhé

primary results presented in this work.
C. Considerations of Resolution and Error

 The basic data of this work are contour maps of the
quanfify I (X, u'). It is therefore appropriate to address

‘the resolution of the apparatus with respect to each of the



quantities I, X, and u' separately. The lasf two of these are
in turn determined by the 1aboratory quantities 6 and EAB

Resolution in laboratory angle 6 1is fundamentally limited
to the #1.25° limit determined by the cell and detector aper-
tures. In addition, it may be further restricted by the un-
certainty in the angular location of the primary beam,‘and by
the symmetrizing process in the production of the map plots.

Tbe width of the beaﬁ is usually less than 2° FWHM, or
comparable to the detector resolution. Small variations in
the béaﬁvangle have been observed in the course of an experi-
ment : thoy do not exceed a few tenths of a degree. In the
process of buildiné the symmetrized plof, the compufer pro; 
gram interpolates between the angles of observed points which
are not precisely symmetric about the centerline. This pro-
cess may diminish resolbtion somewhat, but hardly by more
“ than half the distance between points. This distance is one.
degree in all instances where’angular resolution 1s an
important'ooncern. Our angular resolution isbthus nearlthe
apparatus limit of 1.25°.

Energy resolution is subject to similar conéiderations.
The iﬁstrumebt reéblution is about +1.5% of the LAB eﬁorgy
being observed.b Beam widths are osually a fairly constant
1-2 volts HWHM, and'variations of sevefal tenths of a volt
have been obéerved between cuts. 'Tho computer program per-
forms no operatioﬁs affecting energy resolution. The energy
reéolution.is thus apparatus-limited at high energies (say
270 eV) to +1 5° and becomes 11m1ted by beam w1dth to about

1-2 eV at lower energles



As Figure 1-1 indicatés, the effect on X and u' of
uncertainties in 6 aﬁd_E depends in an involved way on the

actual coordinatés involved. It is clear, however, that a

fairly small range of coordinates in the LAB frame spans the

entire allowed CM area. The actual expressions relating

changes in (9, E) to those in (X, u) .can be found to be:

v'-v__cosH
nS

du'/dE = T c (3)
. . V"y
: v'ev__sin®
du'/de = e S @
1 vcmsine , , .
dX/dE = T ..z ) L : ' (5)
VY . ' '
Ty sin"6v'v . S ,
dx/de = —Y , (cose - — C‘“> (6)
t - . ! . ' .
v»v.cose vcm y
where y is an expression defined by:
2 _ a2 o, 2 |
yt o=V Zy'vcm cos® + v__ .(7)

-~ and the maés convention is identiéal-to that of Chapter I,
Section A. The quantity Q is frequently of more interest

than u'; the equivalent expressions for Q are:

v'-v _cos6

dQ/dE = - § ——C (8)
: _ - v' o
dQ/de = - Y& (v'v_ sine). | (9)
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A better intuitive conception of the magnitudes
involved can be_dbtained by concentrating on the area around
the primary'beam yélocity, where v' = v, and 6 = 0. There
the derivatives (4), (5), and‘(9) are zero, and expressions

(3), (6),.and (8) reduce to:

du'/dE = E%T | / (10)
dx/de = M/b- (11)
dQ/dE = b/d. (12)

Thus 'dQ/dE ranges from 1 for non-reactive scattering to 3

Z
4.5 for a D2 target. The effect on CM resolution of the

for ND product from HD, and dX/d® is 8 for a H, target and

LAB resolution limits is incfeaSed accordingly.

The resolutioﬁ of the instrument relative to I is more
complicated; since it involves all of the quantities in
eQuation (1). Most of these Variébles, however; are quite
accurately known. Counting time is determined by the
electronics of the counting equipment and is essentially
_ eiact. Gas pféséure is read by the BARATRON to about onei
part in 300. The aCcuracy of'the energy'detefmination waél
previousiy‘discussed. Thé viewing'factor_is obtained
graphically from the cell and detector dimensions and is in
prihCiple exact if the angle is known: the uncertainty in
angle is'discussed,above‘and'is of no'significaﬁf effect.

- Resolution in I, in the sense of minimum detectable

signal, is determined. by the differente between signal and



32

background counté observed at thé point (the quantity S-B in
équafioﬁ‘(l)).- fhe baékground signal varies rahdomly due to
noiseiand external radiation; and the size df-this variation
sets a minimum to the observable signal.. Since the detector
in use is new, we have carefully‘monitored the background
uﬁder a Variety of'conditions; Variations are of courseu
.décreaséd'by'longer cbhnting times: most of our obServétions ‘
involved times of 30 seconds, and the fo11owing figures per-
tain to thatvcase.v'Ah.éssentially cbnstént 1 cps is contri-
'butedhby,the_detector'with-the'electron émission cathode at.
ground potential. Field emissibh from the cathode contriQ
butes‘andther five orvso cps. The distribqtion of observa-
-‘tions about this central value isfapproximately‘Gaussian with
a half-width of 0.641.O cps. The pﬁint in this distribution
below which 80% of the observations lie has been taken as
the nominal background value in this wbrk; it is-Separatgly |
determined'for'each experiment; Thus the pOssibilify of
several higher-than-average backgrounds being mistaken for a
significant feature is reduced. The minimum significant
sighai is fherefore about 1-2 cps. The cfoSs-éection'reprg-
sented by this coﬁnting rate .is of céurse a function of beam
intensity and scattering gas'pressufe,

At signal levels signifiéantly'abbve hoise, ﬁdwever,
the reproducibility of I valﬁes_is essentially‘detefmined by
variations in the incident beam intensity io. The stability
of the beam varies With the system ﬁnder study and is usually
improved with.incfe;séd beam intensify.' Experience with-the

|
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N" system (including the periodic intensity calibratiohs
during expérimenfs and continuous observation of beam sta-
bility when experiments aré not in progress) indicates that
during a cut-bgém stability is usually constant within 10%,
~but may occasionally vary as much as 30%.: Thus, 30% is an
upper found to the uncertainty of Iata single point.

The interpretation of a scattering map is'not; however,
dependent solely on the value of I at‘any one poinf. On the
contrary, trends iﬁvdlving séveral points are alwéys required
toﬁregchla_conclusion. Without entering into a complicated
analyéis, it_seem§ reasonable to aSSert that the perceived
behavior of I at a map point is based on at least four
independent measurements: the point as ﬁeasured; the sym-
metricipoint (aé g - —e)§ the adjatént points on a lineVOf
constant lab enérgy, and the adjacent poiﬁts of constant 1lab
angle. It also seems reasonable to estimate the effect of
additional determinations of a valﬁe_by thé relation valid
for normal distributions: 1i.e., that ﬁncertainty is
inversely proportional to the square root of the number of
observations. The uncertainty of a feature on a map can
then be estimated as no greater thén:

15y = 22 | (13)
‘No important conclusioh in this work is based on differences -
“of less than a factor of 10 in I. | |
At this point a possible'systematié errof‘should be.

considered. Our results are obviously quite sensitive to.the
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chemical and quantum purity of the primary beam. - The quantum
state of the reactant'is not selected at any point in the
reactant.analysis, and is therefore dependent on the output
of the source. We have described above evidence based'on
" previous studies using.this Source for concluding that the
reactant ion is'predominantly in its ground state. In
addition, in studies.ofvthe_non-reactiVe scatteiing of.N+
off.He, we observed no transitions except those involving
the'electronic ground state. By contrast; when'TSao'conduc-.
ted similar observations using an electron impact source
with”this instrument; transitions involving the excited
(1D)‘state of N+_wefe obsetved.12

The N* beam composition has been more directlyiinvesti—’
gated using the attenuation method of Turner et alils. As
~applied onvour apparatus, the method anpears capable.of‘”
resolving excited state concentrationscwith'an accuracy of'n
about 3% of the .total beam intensity. Ion beams from elec-
tron impact were fonnd to be:about 15% excited. By’contraet,
the Nz‘microwave discharge produced'no detectable excited
.ion (<3%). Dischargeoof NH3 in argon showed indications of
an excited state concentration at the threshold of>
detectability (~3%),rwhile the nitrOus‘oxide-argon discharge
produce& about 6% excited ionms.

In additiOn, the beam may be contaminated by Seyeral
'poesible ions ofuéimilar masses. Since the source region ié
not ideally equipotential, small amounts of ions of neigh-

boring masses may pass through the analysis magnet.  Likely
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candidates are the nitrogen 'isotopes'15

0.37%), and 16

N (natural abundance
O, which'may be present in the discharge region
as an impurity frém the afmosphere. Thése ions can be dis-
tinguished from product ions by two principal features.
First, while product ion intensity decreases with decreasing
scattefing gas pfessure, primary ion intensity increases.
Secondly, these ions, having the same momentum but greater

‘mass than the desired reactant, will be found at a lab energy

given by the expression:
E - (14)

where m and Ex are the impurity mass an@ energy, and mA.and
E, the similar quantitieé for the primary ion.

Impurity ions have been observed at masses 15 and 16 in
the course of.this work. Ih each case they represented a
maximum'bf a few tens of counts per second, in compérison A
with primary beams of at least 106 ions per second. In these
~concentrations, the magnitude of scattering of the impuri-
ties is entirely hegligible and background measurements

serve to remove the spurious counts entirely.
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CHAPTER II1I
FEATURES OF THE (N+H2)+ SYSTEM
A. Potential Surface

The energetics of a chemical reaction are usudlly
described in terms of its potential surface. Ih general, a
system dflg particles réquirés 3n cobrdinates to specifyvits
condition. When the absolute posifion of the system is not
of iﬁﬁortance; as is true in gas-phase kinetics, the three
coordinates specifying thebposition of the system center of
‘mass’mayvbevneglected. The energy of the system may be |
considefed-as_a function of the remaining 3n-3 coordinates.
The resulting functién'constitutés a hypersurface in
(3n-2)?spa¢e,‘referred to as the pqtential surface. The
projections of this surface into two or fhree dimenSions can
be plotted graphically, andvusually give considerable
intuitive.insight'into the characteristics of the reaction.

In principle, the potential surface may always bé
obtained by solving the Schroedinger equation for the system.
In practice, reliable apprdximationé to the surface are
extremely hard to obtaih, even for'the comparatively simple
A+ H2 systems. in the éase of ion-molecule reactions, the
situation is further complicated by the‘existence of multiple
low-lying electronic states, each.giving rise tqia sepafate

potential surface which may interact with the others. It is



most useful, fhen, to have a method Qf éfedicting the méin
features of the reaction surface from basicnptinCiples.

An effective means of doing just that involves cor-
relation diagrams. Proposed in a seminal paper by Maheﬁ,l
the.technique has been .applied with eﬁecess to éeveralvv

> The only data required are the

experimental systems.2
states of the pfoducts, reactants; and significant inter-
mediate configurations, together withUan ordefing.of'them
ih terms of energf. Thermodynamiceinformationeabout the
actual relative energies of’the‘efates improves the preci-
sioh of fhe results.but is not essential. The method may

be applied either to molecuiar stétes.er_erbitéis,:but
experience has'showﬁ the state version-to be more reliable.>
- We will therefore deal eiclusively‘With state cofreletidns
in this work.

The first'step_is to assume a plausible:geemetry’for:the
collisien.6 This.geometry will'theﬁghave_certain syﬁmetry
elements, which can be.used to'identify it with one of the
symﬁetry point groups of grpup‘theory. Group theory states;
quite‘geherally,-that any entity.with a Symmetry corfespondiﬁg
to a point group can be expressed as a linear combinafien.of |
~_the irreducible repreSentatiQns of that greup. For ihsténce,
a moleeﬁlar orbital may be expressibie_as the sum of seVeral:
irfeducible repfesentations, each representing_a separete
potential surface. The representations are dendted by the
familiar Toendies symbols (e.g., ZHg). To avoid a cata-
strophié descent into jargon, Qe shail.referuto that componen;

of a molecular state represented by the irreducible
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representafiqn an; for example, as the ZHg surface, or as
haVing the symmetry ZHg

Two general principles are now applied. The first is
that the symmetfy of the states is conserved throughout the
collision. The other is that suffaces of the same’symmetfy
do not cross.’ As a result, the product and reactant states
can be linked uniquely by a small number of lines, each
répresenting a cut through a potential surface. These lines
can be modified by plausible assumptions (either from
chemi;alxintuition'or brbital correlationé) about.the
behavior'df'the surfaces near the stable configurations.
The résult is a quite useful approximation to significant
portions of the potential surfacé.v

This somewhat abtruse discussion becomes more meaningful
with the considefation of a qoncrete’example. Figure III-1
displays the molecular stafe correlation diagram_for the
NH; sYstem obtained.by Mahan and-Fair.S' On both the extreme
left- and right-hand sides are shown the energy levels for
the 1ow-1yiﬁg states of (N+H2)+. On the left-hand side, it
is assumed that the N atom approathes _the'H2 molecule along
the perpendicular bisector of the molecule. This geometry
has the symmetfy of the CZV point group, and the resolution
of the states into the'irreducible-representations of that
‘group is shown at the left of the diagram. The hext column
from the left shows the states of the bent intefmediate HNH+,
and next io'it are the linear HNH' states. The linear states .

are of (. geometry, and are also special cases of Coy
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geometry. Immediately to the right of them are shown the
(HN+H)+ states, fepresenting the products in va geometry;
The correlations drawn between the columns represent slices
through the potentiél surface parallel to one coordinate, '
the others being held constant. Moving from the left, the
pertineﬁt coordinates are: (1) The distance from thé N atom
to the H2 bond midpoint; fZ) The HNH bond ahgle; and (3) one
of the NH bonds, the other remaining fixed.
. On the fight-hand side of the diagram, the assumed
colligibq geometry requires the N atom‘to approach along the
: HZ internu;lear axis. The point grbup of this symmetry isv
Cooy? and the reactant states are resolyed into the irre-
producible representations of tha£ groupl The correlation
proceeds through the NHH+'intermediates’to the (NH#—H)+
products.' |

More probable than either the exactly perpendicular or
the exactly collinear.approaches, of course, is the inter-
mediate case. In thiS-instance, the -only symmetry. element
is the plane défined by the.three atoms,.aﬁd the point group
is Cs. The reduced number of symmetry elements causes sur-
faces,‘previously of different symmetries, to become of the
same symmetry. As a result, some crossings becOmebavoided.
'_The most important of these is the crossing between the 3A2‘
and 3Bllsu.rfaces, shown'as.avoided in the dotted 1ines‘iﬁ
the figure. | _ |

The energy 1evels of H+, N+ and H2+,_and of the ground

states of NH' and'NHZ+ shown in the figure are based on
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spectroscopic determiﬁations as tabulatéd by Moore. S The
relative positions of the'excited stateé of NH+ are the
results of ab initio éalculations by Liu a’nd_Verhagen.9 The
excited States of NH2+, in the bent and linear configurations,

were determined using theoretical calculations by Chu, Sui,.

10 by Walsh,11 and _by’Gimarc.12 The resulting

ahd Hayes,
diagram should thus have QUantitative as well as qualitative
significancef |
 Examiﬁation_of the.diagfam shows fwo prinéipal‘paths
from feactants‘to prOdUéts. One is an eésentially flat =
surface connecting ground state reactants, the‘3A2 and 1
states of.NH2+5 and thé ZH state of the_product NHY. It
is accessible from both the collineaf'énd perpendicular
.approaches,.as-well as:in the intermediate Cg geométry; The
other surface connects ground state reactants to_the'4i-
state of the products,vand to the deep well occupied by“the
3B1 ground state of NH2+. This surface is freely accessible
by collinear approach, but there:is}a signifiéant bérrier to
perpehdicular'apprdach,: In thé.Cs geometry, the avoided
“surface crossing allbws acceés‘to the well.

Avoided crossings arevpafticularly interesting featurés_
because 6f the bhénomenon of surface-hopping. The reactioh
is fngrOusly,festricted to a ;ingle surface only wheh'the'.
motion of ‘the atdms ié infinitely‘slow. Otherwiée; there 1is
a‘finite.probability ofAthe reaction cro;sing'from one sur-

face to another, particularly'when théy are close together.

The Landau-Zener expression has been used to estimate this

. ' 9
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probability, and is given by:ls_15
P = exp(-w)
2
o M o e
hv [Hyp-Hol 00

Here P is the probability of surface-hopping, v is the radial
velocity at the crossing point, and the Hij are elements of

the perturbation Hamiltonian. H is the coupling between

12
surfaces,_and'is hence one-half of the separation between
them ;tlﬁheirvclosest.point; Hllv- H,, may be shown to be
~the difference in'siopes between the two surfaces near the
crossing. Equation 1 is rarely applied quantitatively to
ion-molecule reactions, éhiefly beéausé.of the difficulty in
ascertaining the radiai velocity V. prévef, qualitativel}
it aierts»us to the possibility of velocity-dependent surface-
hopping behavior when surfacesrapproach closely, and de-
scribes the characteristics of the surfaces favorable to
such behavior. In.addition tQ the croésing mentioned in the
previqus paragraph, thére is another ciose approach in the
area betweeh the NH--H and NHH configurations, where two 32—
surfaces converge;’

Recentstheofetical calbulations have confirmed‘signifi-
cant features of.Figure ITI-1. AGittins'and'Hirst used -

unrestricted Hartree-Fock calculations to examine the 3Bz,

3Bl'and 3A2 states of bent HNH and the 32- state-of 1ineér

16

NHH. In the HNH case, they investigated the energy as a

function of the bond angle and of the distance from the N'
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iqn to the Hz'bond midpoint (N-H2 disten;e)_.ﬁTheee are the'b\
'portions‘of the surfaces represented-bylthe second andifirst.
correlétions from the left, respectively, in FigurevIII#i.
The results were essentially as predicted.v The'deﬁendence on
bond angle of the 3A2 and 3Bi surfacee small. in any’caSe |
may be of the opposite sign. There may also be a sllght well
in the 3A2 surface between reactants and bent HNH. In the N
linear caee, the SZf state energy was exam;ned as the N-H
and'H-H distances.wefe ?aried: these are the rightmost two
cortelations.of Figure IIIel. The results here were'exactlyn
as.pre&ieted, with a well-depth of hbqnt'1.07 eV between°g'
reactants and products. | B |

Schaefer and co~workers'heve.app1ied cenfignfation;
interaction caltulétions'to a full two—dinensionai.study ofli

3, + 17

the A2 and 3Bl.states of HNH The N-H2 distance véried_'

from 1.25 to 3.00" bohr,'and the H2 intetnﬁcleat distance

(H-H dlstance) ranged from 1.2 to 2.6 bohr. 1Their resulte,
like those of_Gittins_and Hirst, show>a shallow depressien

in the 3A2 surface, with a minimum ofgsome 2 eV at H-H = 1;8
bohr, NFH2'=.2.1 bohr. ThevSB1 surface is essentiaily' |
identical to that of.Figure III-ivwhen examined:at'the
equilibrium H- H distance. However the energy of thlS sur-
.face 1is 51gn1f1cant1y lower at greater H- H separatlons
vapproachlng -4 eV (relatlve to reactants) when_H-H = 2.6
bohr, N—H2 = 1.25 bohr.' Perhaps the most interesting ques -

t10n about these two surfaces is the shape of the av01ded

crossing which develops in Cs-symmetry. Thls problem Wthh
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requires three dimensions for its description, was not

‘addressed by Schaefer et al.
‘B. Relation to Previous Studies

So far we have dealt with spééifics: facts and conéepts
required to present the eXperimentai results and conclusions.
At fhis point, we shall become more general, and seek to
place our work in context as part of a ¢ontinuing research

effort. The ion-molecule reactions:

AT . H, AHY + H ' (2)

where A represents a second- or third-row atom and H,

inclu&es the isotopic variants HD and D,, are a fruitful .
domain fbr a brief survey. These reactions are complex |
enough to show chemically intefeéting behavior, yet suffi-
ciently simple not to Béffle our intuitiqn. They are also
near the limit of complexity which can be dealt with a priori
by theoreticians with any reliability. For this reason,
théy have excited appreciable experimental interest. We

shall restrict ourselves to a review of those works which,
like the,present one, prodﬁce'angular and energy distributions

of the reaction products.
. S ] )
‘Workers in this laboratory have investigated reaction

2-5, 18-20

(2) with A representing C, O, Ne, Ar, and N. In

addition, Koski and co-workers have studied the C and F

systems;zl’22 Doverspike et al. have eXamined'the C and Ar
re<':1c"c:ions;23"-24 Wolfgang and co-workers have investigatéd
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the Ar example;zs’26

and Henglein and associates have looked
at some aspects.bf.thé N case.27 Théée efforts have led to
some tentative classifications of the‘resulting scattering
‘disfributions. We shall refer to three-general typesvof
behavior, each répreséntative bf‘é different energy.range;
which we shall call complex, stripping; énd frans—stripping
behavior. |

At the outset, we should stress the oversimplifications
.inherenf inﬂsuCh abclassification. The most prbminent'
_qualitaﬁive éharacteristics of the scattering are abstractéd,
at the pfice of ignoring finer structure which‘may be both
marked and significant. NeVertheless; undefstanding-beginS'
with classification, and fhe'scheMe‘iscuéeful ahd-informative
if applied with caution. We shall endeavor to poiht out the
limitations relevant to each cétegory as we examine them in
‘tufn. | |

Complex behavior is representedvby scéttering distribu-
fions which héve the forward—béckward symmetry of'the complex
modelﬁdisgussed in Chapter I. This behavior implies a complex
witﬁ the characteristic lifétime %c long with respect to.a' |
‘rqtational period Ty This 'in turn requifeé'a‘well in the
pdtentiai surface,bf depth -V which is”lérge with_fespect td
the\enérgf E o1 of the collision. Obviously this conditipn
will fail at some pointzasiErél increasesg complex behaVipf,'
if oBsérvéd{ is thus restricted to_the.lowest énergy regime..
In practiée, there‘iélusually'a smooth ptogfeésibn_frqm

nearly Complete symmetry at low energies to the strongly



asymmetric distribﬁtions characteristic of impulsive models,
and we shall thue generalize the term complex behavior to.
describe distributions with'“substantial" forward-backward
symmetry. This is equivalent to reetating the lifetime and

: iti > - -V > .
energy condltloms so that T2 Tos vV > Erel

Complex behavior has been reperted’for'the C and F cases

of reaction (2).4’22

In neither case is the symmetry complete
at the lowest energy studied. ‘In the C" system only a slight
asymmetry is seen at a collision energy of 2.86 eV; a well-
depth?of:4,3'eVlis expected on the basis of correlation
arguments. ‘It ie interesting,,however, the DoverSpike et al.
have extended the energy range studied down to 0.64 eV and
hoted_nd further increase in Symmetry.ZS- In the F' system,
almostrcomplete symmetry 1is reported at 0.21 eV. Correlation
diegrams inditate_a FHZ+ state with an energy of -9 eV
relative to reactants, but Suggest that this state isvnot
accessible to the reaetants.22 Further'study appears war-
rented on this problem. | | | |

At intermediate energies, all scattering distributions
bbservedvso farvresemble the predictions of the spectator
.stripping model to a considerable extent. It seems reason-
able to characterize such patterns\as stripping behavior.
This designation in particular must be applied with caution.
Kuntz, Mok, and Polanyi defined stripping as a process pro-
ducing predominantly formard scattered products;29 we concur
with Winn thet this definition is overbroad to the point of

28

being uninformative. ~ We shall apply the term to direct or
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‘short-lived (relative to Tr) interactions in which there is
little transfer of momentum to one of the reactant atoms in
a substantial fraction of cases. In scatteringfdistribntions,
this corresponds ;o:the‘existencé of a.gnbstantial peak af
the location predicted by the spectator strinping model..
Mahan has emphasized the oversimplificntion inherent in
.the spectator stripping model, obserVingi""WithoutIQuestion,
the idea that atom B can be transferred to A with no force

being exerted on C is quite remarkable.">’

We should
certainly not allow the fascination of our classification
scheme tojbeguile us into. neglecting scéttering awéy from
the stripping.peak,vwhich is fréquentlynsubstantiay. We
should also:remember that the prominence‘of the stripping -
peak ié to some extent an artifact, baééd 6n thé cOliection
of prodnct only in the.detector plane. This weights the
observed distribution by a factor of (sine)—15 giving |
'exceptional pfominence to small angle scattering. Despite
311 £he$e caveats, however, stripping.behayior femains the
predominant feature of scattering distfibutions at inter-
mediate energies. | |

- The two systemé displaying 1ow-energy compiex behavior
~exhibit a gfadual shifting'of the peak intensity tdWards
higher Véiotities'as.énergy increases. In the E' system,
_ the peak has moved close to the strippingvpoéition at 0.39 ev.
Increasing energyvimproves the apprOximation, until the |
coincidénce:is essentially Compleﬁe at the diésociation 1imit
22

for stripping product, 0.81 eV. In the C° system, the



transition is slower and never complete: at the dissociation

limit the peak still lies at a slightly lower velocity than
prediétéd by the spectator stripping model.'4
In_thé Ar' and 0 systems, which do»not display complex
behavior, the stripping model-is a very good approximation
at all energiés étudied up to_the dissociation limit, 519
In the Ar case, there is also a mafked peak behind the center
of'mass, emphasizing the limits of the stripping modél.
Behavior at ehergieé'aboVe the stability limif for
~ spectator stripping will be classified as'trans-stripping
behavior.. It was originaliy expected that, ét this point,
the forward intensity peak would diséppear.31 In the Ar’
system, however;Aan intense peak remains at X = 0° and near
the dissociatioﬁ limit in energy, even though fhe stripping
predictibn.lies in the unstable'zone.19 Angular distributions
for the F' system were:not repofted'in this zone, but the

x: In the

energy of the forwgrd peak shows similar behavior.
ct system, the peak continues to coincide’with the stripping
prediction,'indicafing the formation of excited electronic
' stateéa4

Dramatically differént behaviof Was observed in the 0'
;ystem.ls Above the instability 1limit, the peak intensity
méves off the centerline to lérger CM angles, remaining near
the instability limit in energy. The position of these.
maxima is isotope-dependgnt and nearly-independent_of energy

within the trans-stripping regime. This difference has been

+ .
attributed to the fact that the Ar andvF+ reactions are

49
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considerabiyfexothermic, whilevthe'0+‘systém is ésséntiéily
'thermdneutrél.: The exothermicity of the formér‘reacinné- |
- may be ekpended as repulsion betweénvthekpréducté, thus
stabilizing'the impulsive stripping mechanism. In»the 0"
system,ithiS'method is not available, and alternate mechan-.
isms must come into play. For this reason, the behavior of
the neariy thermoneutral N' reaction in the trans-stripping
regime was df particular interest to us.

The gqattéring of niﬁfogen ion froq H21was among fhe
firSt“systehs.Studied'with our apparatus. The energies in-
vestigatédrranged from 2.5 to 8.1.eV,vand_spanned the stripeA_
ping regioﬁ.'-The intenSity observed was concentréted in-a‘
forward peak at the specfator stripping iocation:and a
smalier, backward,.peak near the ideal knockout Ve1ocity.20
'SubSequentfy,‘Fair and Mahan reac'ted,N+ with.HZ, Dz,
at lower energies and in a different'apparatus. Ih this

anthD

lowest energy regimé, cbmplex behavior was observed, with.
‘symmetry néarly'compiete_at 0.79 eV. The transition to the
'stripping regime .is complete above about il79 eV, They |
explained this behavior as due to the avoided‘crdséing
_ between the 3A2 And SBi surfaces, diScﬁssed in the first
’ séétion‘of this chapter. At low relafivé.energies,'reaétion'
6cqurs.adiabatica11y on the iower sufface'and.iﬁ dominated
bf t.hevdeep'NHZ+ well; at higher energies, transition to the
upper surface atuthe‘crbssing becomes predominant, eSéentialj§~
closing off the well and producing NH;(SAZ);

 Othér sfudies of thé N+ HZ reaction have concentrated

mainly on total cross-sections. Fehsenfeld et al. measured .



a thermal cross-section of 5.6 x 10*10 cm3 sec-1 in 1967.

32
Recently, Henglein and co-workers studied the energy dis-
tribution of NH' and ND® from HD target over the stripping
range, ‘Their results were essentially those of Tsao, Mahan,

et al.26

They also observed the total cross-section as a
function of energy in the range from 1-5 eV. The current
study extends our knowledge of the System into the trans-

stripping regime, and serves to test the tentative generali-

zations summarized in this section.
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CHAPTER 1V
RESULTS
A. Scope and Presentation

The principal experimental results to be présented‘in
this work are a series of fifteen experiments, each comprising
a determination of the product intensity from a given reac-
tion at a given beam energy. These experiments each include
an ex;minatioﬁ of the entire-accessible range of product
energy and SCAttering angle. Using these determinations as
a‘guide, an-additionalrthirtyroné experiments.were.performed
'cbvering a more restricted portion of the theoretically
availablevproduct range;

The order in which thesé-résuits will be presented |
follows almost irresistibly from the characteristics of thé.
experiments theﬁselves. A fundamental separafion is into
reactive and non-reactive processes. Within the reactive
category, the results are further subdivided according to

the reactions studied. They are:

N* + Hy > NH' + H (1)
N* + HD » NH' + D (@)
N* + HD > ND* + H. 3y

The logical fourth member of this sequence is the reaction:

N+ D, » NDT + D. | (4)
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An effort was maae to;study thié feactidn, but observable
product intensities were not found. This was hardly sur-
prising, since the signal from reaction (4) may Coﬁer a
laboratory Qelbcity space about eight times the volume of
reaction‘(l) and since the produét intensities from the
first three reactions were near the resolution limit of the
apparatus. | | |

| In the catégory'of non-reactive experiments, we dealt

principally with the two prbcesses:

NT ¢+ H, >N+ H, | (5)

and

.
N b

> N" + D,. ‘_ - (6)
For kinematic reasons, experiments at lower relative energies
were performed with Hz‘target, while those at higher energies
used'D‘z as the scattéring gas. Despite some overlap, the
pair of reactions basically comprise a single study, and

will be presented together. Experiments 1involving the

process:
N" + He » N* + He =~ o

were performed chiefly for comparison with the results of
reaction (6), and will be presented in that context. As a
final contribution to the non-reactive section, we will pre-

sent observations bearing on the charge exchange reaction:

+

N+ H, > N+ H; o | (8)



B. Reactive Scattering

Our examination.of reaction (1j.commeﬁces{with Figure
IV;l, which represents the intensity -of NH* praduct at an:
initial relative-veldcity of 6;87\éV} ~The figure is a plot
ofvproduct_intensity contours iﬁ CM polar coqrdinates, which
we shail refer to as a map. The large cross at the'centcf
of the map marks the location in velocityvspace of.the;'
center of mass. The small dot near'the right-hand edge

marks}the'CM velocity of the incident beam'and is surrounded'

by a dottéd'1ine marking the beam‘spréad; - The product inten- -

sity contdurs'are shown in terms of the quantity I of
equation (II-1); Also shown are twbicircles,'correéponding
‘ﬁo'lines of constant translational exqé;gicity (fovalues”);
They mark the loci of Q = 0.6 and Q = -4.6, the limits of
.producf‘stability implied by equatidn (I—i7). |

As mentioned in Chapter II, 6ur data_protessing program
yields both Symmetfized and unsymmetrizgd map plots. -Thé
maps. presented here represent the'Symmetrized output.
Howevéf, it is frequently also of interest to kﬁowvthé
location of the maxima obtained pn,each cut. These maxima
'afe_marked by’the'small'circ1¢5nin the figurés, and are
_Bésed on thé,unsymmétrized values of the results.

The relative éﬁeréy'of Figure IV;l, 6.87 eV, lies in
the fange pfeviouSIy'eXémined by Tsao ét al;:',this é*peri_
meht thus serves as our point df departure from known to

unknown territory. - The predominant feature of the map is the
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large peék_forward 6f the center ofAméssg on ﬁhé centerline,

and at,about thé veldcity.preditted by the épectatdr sffipf.

- ping model. bThis predicted velocity i§“marked with a émall

"x". There is also a smaller peék behind.the center of.mass.'i“
These features characterized the\entire‘stfipping range.ih
'eariief.work.l | | o

Figure IV-2 éhows the same reaction at an energy of .
8.75 eV. The Stripping peak is still evident, and a ridge
of intenéityvstill appears behind the centrbid. Tﬁe strip—v
“pihgnieak has now moved to the inner edge of tﬁe stability
1imit, énd the observed intensity has diminishéd coﬁsiderably.

In Figure IV-3, thé'energy.has beén increased.to’

12.5 eV. Sﬁéctatorlgfripping doeé not‘ﬁroduce.a stable
.product.at.this'energy, and we obéerve that the peak at_0°
~is no Idﬁger'iﬁ evidence. Instead, thé m%ximum iﬁténsity
éppearsiin two symmetrical lobes at a CM angle of abpﬁt.GO?;
The maxima of the‘c#ts, markéd by‘the small circles; fall
near the:inner'limitfof ﬁhe.stability-zone}_

Figure IV~4;btaken at 15.6 eV, reveals an interesting
'development. The two ‘lobes at about X.= +60° are stili in
“evidence, albeit weaker;"However,-there is also evidence of -
product again appéaring on the Centerlihe; All of the
product intensities afe extremely low, énd lie at the very
1imit.of the abpatatus:resdlufibnw_.Thé rather uhéxpecfed_
centrai.peak‘in Figure IV-1 motivated us to exémine_the
identical reaction and ehefgy using'beams from éltefngte

source gases. The results, using ammonia and nitrous oxide
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Figure IV-4, N* from NZ/He discharge, as usual: <3% exCited

state concentration.



62

. + . . '
respectively as N sources, are given as Figures IV-5 and
IV-6. We notice an inéreased-intensity of the central peak,

relative to the side peaks, with the NH, source and an even-

3
greater‘increase when'NZO is used.

-~ With Figure‘IV-7; we commence our study of reaction (2).
Shown are the reaction products from collision at a relative
energy of 9.71.éV, approximately the same as that of Figure
1v-2. The fWo'figures resemble each ofher closely, Figure
IV-8 shows the Sameifeaction at‘lz.SS eV,-avsimilaf energy .f
to fhﬁt of Figure IV—3} Again, the two distributions are
quite similar,'with the emergence of two>symmetric lobes.

In this case, the CM aﬂgles of the lobes are near 30°. In
Figufe»IV—Q, the energy has been increaséd to 17.65 eV. fhe
side 1lobes have completely disappeared, and a small.residual
.peak on the centerline has appeared anglogous-to that seen
in Figure iv~4 to IV-6. At 22.1 eV, in Figure IV-10, the
same pattern éppéars with exceedingly low intensity;'

Our 10wésfjenergy examihétion of reaction (3) 1is
dépicted'ianigUre IV-11. At an energy’of.6.54'eV, the
spectator'stripping:velocity rests just‘on the edge of inner
sthility circle, and is marked by a small cross. We
observed the presence of'lobes.in the'forward hemisphere
,_and.a ridge about the centerline in the baék scattered
region. rThis map'bears a qualitative resemblance to those a
 previous1y preéeﬁted for reactions (1) and (2).

At'higher energiesQ-howéVef, fﬁisvcomforting‘similérity

diséppears. In Figure IV-12, at a relative energy of 9.71 eV,
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the scattering is concentrated almost exclusively in the rear
hemisphere, peaking on the ceﬁterline.- Increasing the energy
to.12.35 eV produces the results shown in Figure IV-13: the

concentretion in the'180°_direction is even more marked.

In addition to the maps just described, additional
experiments were undertaken to locate the intensity peaks
atdenergies iﬁtermediate between those of the maps. All of
thesevresults are presented‘in graphical summary by Figures
IV-14, IV-15, and IV-16. In Figﬁre IV-14, the location of
the peaks in energy is shown as a ‘function of beam energy
fqr reaction (1). Also shown are the predictions of the
spectater stripping ideal rebound and the knockout models,
the Q value of the centroidd(equai to the relative collision
- .energy), and the stability limits of various products.

Figure IV-15 showe a simliar plot for reactions (2) and (3).
“In Figure IV-16, the angular dependence on energy of the
principal peak is shown for all three reactions. On the
abscissa is plotted, not the relative energy of the systenm,
but the "impulsive relative energy,' that is, the relative
energf of the ion relative to the atom with which it reacts.

Flgures Iv-14 - IV-16 bear out the impreseions given |
by the reactlve maps, and allow us to summarize the behav1or
of reactions (1) - (3) Below the stab:llty limit for
spectator strlpplng, there is a large forward and a smaller
back peak, both on the centerline; the energy of the forward.
peak is elose‘tb ﬁhe'spectator stripping prediction.. Above

the limit, the forward peak splits into two lobes located in

the forwardvhemisphere. For reactions (1) and (2), the lobes
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remain at an essentially constant CM angle and are thé
dominant feature of the ﬁap up to the highéstvenefgies.' At
the upper limits studied,.a small residual peak on the
centerline is observed. For reaction (3), the maps aré'v
dominated at all higher energies by a peak 1océted at 180° :
in the CM'system. Above the stripping 1imit, the energy of

all peaks tends towards the center of the stability'region.
C. Non-Reactive Scattering

bur_investigation of the non-reactive scattering events
describe& by equatidns (5) and (6) covered thevrelative.en;
ergy range from 6.8 to 15.6 eV. Five méps were oBFaihed; in ’ 
~addition to centefline product-enérgyxdiétributions §tva
number of collision energies. The maps aré_preSentedbaér
'Figufes IV-17 through IV-21. The Q circles_shbwn'in.the'n
figures represent the energies of a number of possiblévendo%"
thermic processesf Table IV-I'colleCts the various values.

Two features stand out. in each of the maps_preseﬁted.
The first is_the'cratered shépe of the.distribUtion;.with‘
product at all angles found.at an esSentially éonstant dis;
_ﬁance from the centér of mass. .The.area_ﬁéar thé,centroid
 i§ devoid of scattered product, and the maximum intensity.
lies at’moderately.endothermic values of.Q. Fbr.éxample, inf
Figure IV-20 the peak intensity is found‘at a Q va1ue,of'
—6.4 eV, far less than the maximum pdésiblevendofhérmiéity_
~of 15.6 eV.‘ These'reéults contrast with the behavior |
observed by'Winn fof thé 0" ion, where the product was scat-
tered impulsively about the N-H center of mass instead 6f

the system centroid.?
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TABLE IV-1

_Energies for some Transitions of Interest
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N (lsy +
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N (3s)
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Also prominent in the figures is the overwhelming con-
centration of the product at very small angles, near the
beam position. This tendency, while marked at all energies,
appears to increase somewhat with increasing beam,enefgy.

For comparison, we also invéstigated the noh—reactive
seatfering of nitrogen ion from helium\at 15.6 eV. The
energy and masses in this experiment are the same as those
in Figure IV-20; thus we would hope to retain the kineﬁatic
- features of the scattering while removing those due to the
chemistry of the system. The result is shown in Figure IV-22.
The'scateering lies on the elastic circle, and shows con-
siderably more intenSity at moderately large anglee»than:the
' H2 and D2 maps. Also apparent is.a'secohd ridge of inten-
sity at a Q value of about -11;4 eV. This corresponds to

3

the excitation of nitrogen ion from the °P to the 3D state

with an energy of 11.8 eV. We do not observe a tranSition

ls..

corresponding to excitation of 1D nitrogenvion'to the
state. Such a transition was observed by'TsaQ using elee-
tron impaet idnization.of nitrogen; our failure to observe
it supporﬁe the arguments of Chapter II regafding the greater
state purity of ion beams from miefowave discharg.e.3

Qur results so fer have ShoWnllow intensities of_both.
reactively.and non-reactively scaftered ﬁreduct over most of:
the energy range studied;i Since the scattering,gas pressure
is chosen to provide a beam attenuation of about 15% for
each experiment, the question arises as to how the remainder

of the reactant beam is. consumed. The most plausible channel

not yet mentioned is that of charge exchange, reaction (8).
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Unfortunately, the energf of the'iqnic.producf from 
. Charge eXchange'wbuld be in large part below the detection
threshold of our appératus; The principles of Chapter I

allow us to write the maximum laboratory velocity_of-the

_séattered hydrogen molecule: | |
2A
M

_vl'{+ <2v._ =

: cm V,_. | (9)

a

The corresponding laboratory energy is thus:

A
o E, (10)

or.ébout 31 eV for a 70 eV beam. The Bulk of the product
would lie at considerably 1ower'energies.still;

As an alternative to a complete measurement of the
charge-exchangé product distribution,'however; we can collect:
the ldw-energy ion cﬁrrent and at least obtain a total cross;
section for the process.. Our'apparatus is'equipped to per-
form such a collection. An electrode near the wall.of the
scattering cell,'rdughly pérallel fo the beaﬁ, may be con-
nected to an electrdmeﬁer and floated at -20 volts. Ions of
an energy less than the float voltage should be_draWn‘out of
the beam regionAto the electrode. In practice, of course,
whether an ion is collected dependé not Only on the magniQ
tude of 1its kinetic,ehergy, but also on its initia1 1ocation
and direction of motion. Ions with trajectories which reach
the cell walls or exit the cell beforé reaching the electrode

will not be counted.
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- We have measured the low-energy ion cufrent resulting
from scattering a 70-eV beam from hydrdgen as a function of
the hydrogen gas pressure. The current is found to be
proportional to pressure, and its magnitude is‘equél'to
about 60% of the corresponding béam attenuation. The
pressure dependence is that expected for a reactive process
such as charge exchange. The measured cross-section atv
70 eV.is about 25.;2, which is probably a lower bound td
the acfuai value. The magnitude of the cufrent, considéring
that ghe1collection efficiency is almoét'certainly less than
unity, compels the conclusion that charge exchange is the

predominant reaction channel at higher energies.

+
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CHAPTER V
CONCLUSIONS
A. General Observations

Séveral conclusions may be draﬁn immediately ffom the
.experimental results of Chapter IV. One df these is the
obvious importance of charge exchange in the dynamics of the
system. We have previously mentioned that charge exchange
appeé}s to be by far the most important reactive channel at
energies in the trans;stripping regime. While we have no
direct evidencé as to the details of the process, some in-
direct information may be gleanedffrom'the non-reactive
scattering shown in Figures IV-17 to IV-21.

" We noted in Section IV-C the predominance of small-
angle—scatte?ing-—or, conversely, the dearth of larger-éngle
scattering--in the non-reactive fesults. In addition, the
reactive cross-sections above the stripping limit are |
exceedingly small. .It seems only reasonable to assume that
the "missing" N* product has been consumed by charge exchange.‘
Small angle scattering is associated with grazing céllisions,
while more substantive encounters produce scattering to
larger angles; the evidence thus implies that essentially
all close-in collisions lead to charge-exchanged product.
Supporting fhis conclusionbis‘thé distribution of fhe:non;
réactive-scattering about the system center of mass; Close

interactions of an impulsive nature, in which the projectile
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"sees''clearly the bimoleculéf nature of the target, should
prodhce scatterihg centered about the A-B and A-C cehtroids,
as was observed in the 0 -:HZ system.

None of the potential surfaces shown in Figure III-1
connects the reacténts to the charge-exchanged products.
Charge exchange musf thus involve a transition from one
sufface-to another, which we would expect only where surfaces
of the same symmetry become close. There are two clpse
~approaches of appropriate surfaces in the diagrém. One is
the previously mentioned convergence of tw§ 32- surfaces as
the lineér NHHf.configuratiOn dissociatesvto (NH +_H)+. A
transition at this point éould produce N(4S) and ionized
vhydrogen. Anothef possibility is in the‘area of the corre-
lation diagram répreseﬁting perpendicular approach of the N'
“ion to form bent HNH'. Here there is an avoided crossing of
two 3B1 surfaces, one arising from the reactants,'and>the'
~other from hydrogen’molécular ion and N+(2D). This crossing,
while avoided in the state cofrelation diagram, occurs as
.shdwn,by the straight dotted lines in the poorer approxi-
mation of orbital correlation. Both transitions are ener-
geticallybpossible at-all energies involved in our study:
the first is endothermic by 0.94 eV and the secdnd by 3.31 eV.
An interesting object for futufe work.at lower energies
would be to investigate the charge exchange threshold energy
in an effort to discrimihate between the alternatives; |

General conclusions may also be drawn from the reactive

data presented. ' The direct nature of the reaction is marked,



as 1s the qualitative similarity to the 0" + H2 system. One
exception to this resemblance is the small centerline forward
peak which appears in Figures IV-4 and 1IV-9. It is our

belief that this peak arises from the excited state reaction:
N (') + H, > M%)+ . (1)

vStrdng evidence for this conclusion comes from the dependence

of the center peak intensity on the method of beam preparation,

reinforced by the attenuation results for the alternative

beam sources. Table V-I presents the ratio of the center

peak to the two side lobes in the N* o+ HZ reaction at 15.6 eV,

together with the excited state concentrations determined by

attenuation experiments. The proﬁortionélity is convincing.
Since excited state concentration is independent df

beam energy, why is the center peak not found at lower col--

lision energies? We should first clarify exactly where such

a peak is expected to occur. Previous experience with similar

exothermic systems, as extensively reviewed in'Chapter 111,
Section B, of this work,'indicaté that we can expect specta-
tor stfipping to predominate within the appropriate energy
region; The predicted product velocity for stripping is
independent of the heat of reaction; however, the stability
.limit for the model is not. We therefore expect a peak-ét_'
the stripping velocity when the resulting Q‘value_eXCeedS
-2.1. eV. Above that energy, whaféver meéhanism becomes‘pre;
éminent,.we may expect a reasonably smboth progression of

the peak towards Q = -4.6 eV, where we find it at the highest

90



TABLE V-1

Dependence of High-energy centerline peak
upon beam state composition

-Ratio of center Excited state
Ton SourcevGas to side peaks® concentration
N, E 1 N <3%
NH 2 3% + 3%
N,0 4 6% + 3%
* I
For N* + H

, > NH' + H at 125 eV LAB.
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~energies. Experience also calls for a marked‘drop in product
intensity in this'region.

A re-examinatipn of the lower enérgy scattering maps now
expléins the elusiveness of the excited-state prddUct peak.
At fhe lower energies it should strictly cdiﬁcide in 1ocation‘
with the ground state product peak. In the intermediatej
energy fange, wherebground state stripping is stéble but
excited-state stripping is not, the latter will be at best a
small peak very near the maximum intensity of thevformer,

At yeflhigher energiés, when the two lobesioff'thé centerline . .
come to dominate the maps,_they remain linked with a bridge

of non-zero intensity érossing the'centerline.which_may

either mask or comprise tﬁe excitea-staté scattering. Only.

at the highest energies, when the ground state Séattering
intensity essentially disappears, will the excited-state |
product become clearly observable. |

If the centerline peak does indeed ariée’from the
stabiiization of impulsively-formed product by prodﬁ;t
repulsioh,_then the potehtialfenefgy availablé for such
repulsioh must at least equal'thé exCesé.intetﬁal energy -
of the product as initially formed. The fglative energy of

the ion to the abstracted H atom is 7.8 eV in the H. case,

_ _ 2
and lower in the HD case. Some 3.2 eV of this must be lost
to produce the stable product observed near Q = -4.6 eV..

The exothermicity of reaction (1) is 2.5 eV as written. If

the barrier shown in the correlation diagram, Figure ITI-1,

exists as shown, an additional 1 eV or so will be available
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to product repulsion, and_fhe energétics,of excited state
explanétion are reasonable. On the other hand, if thevargu—
ment is'reversed, our evidence may be used to suggest an
activation energy of at least some .7 eV for reaction (1).
To draw more detailed conclusions about the reactive
dynamics of the system, some mathematicai treatment may be
necessafy.' The fesemblance;of the N' to the 0° scattering
suggests that the same methods may be applicable. In the o’
case, considerable insight was gaihed from consideration of
sequerice of hard-sphere collisions. In this model, the
incident‘ion, A, collides impulsively and elastically wifh
one member of the target molecule, B. Atom B then collides
with C elastically and impulsivel?. .The‘tréjectdries of the
~three particles are théﬁ examined'to see if AB product |
results. We shall refer to this meéhanism as the SeQuential

impulse problem.
B. Collinear Sequential Collisions

We shall commence our consideration of the‘sequentiél
impulse problem with the collinear'speciai case, where a1l
three atoms are constrained_to lie in é‘line. This restric-
tion achieves an immediate simplification of.the'problem;

Of the nine degrees of freedoﬁ availablevtobthree Bodies,'

three define the location of the system center of mass and

two_the absolute orientation of the System in space. There-

fore, only four coordinates are required to describe relative

motion of the bodies, and two of these are used to describe
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the bending angles about the center particle. Fixing these
angles equal to ﬁ is the equivalent of the collinear assump-
tion, and allows reduction of the degréés of freedom to two.
Two coordinates fit nicely on a plain piece of paper, and
allow easy visualization of the entire process.

The trajectories of collinear collisions may of course
be obtained from the solution of equations of motibn, but
the method is lengthy if'Straightforward, and provides little
intuitivévinsight. A pfeférable technique, sometimes refer-
red to as the "skewed coordinate" method, allowsvsolution:of
the entire collision problem by graphical means.1 We com-
mence by defining convenient coordinétes. The "natural"v
coordinates for three bodies in céllinea}.alignment are the
iwo internuclear distances: JTq» the distance from A_to‘B;
and rz,vthe distanée ffom B to C. However, we shall use two
.other coordinates: X, the distance from the B-C centroid to
the A atom, and Y, which is again the B-C distance. They

are related to Ty and T, by the equations:

X=xp ey, o (a)

Y=1r, - © o (2p)
where: | | | ‘.

Y = C/(B%C). S | - (3)

"Also, we may write the total relative kinetic enefgyfT in

terms of X and Y as:

1BC 2

_ 1 A(B+C) ;2 .
T=z=w— % *75c | S
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Now consider the effects of the substitdtions:.

-x =X : : | (Sa)

y=Ya (5b)

~where a is a constant to be defined later. Substitution of
these coordinates into equation (4) produces a new expres-

sion for the energy:

1 : - ,
t 5 a B+C yo. | (6)

It is-useful to define a so that the coefficients of the two

_velocityfterms are identical, that is:

R )

With:
2 o ABrO? N
BCM : ' .
Equation (8) has a useful signifitance. " If the coufse of
the cbllisidn is plotted in the X - y sysfem of Cartesian
coordinates,-if'will describe the same motion as a pérticle~_
of mass A(B+C)/M, sliding fricfioniess on a poténtial‘surface.
The probiem of the motion of three_bbdies in space is thus‘_b
‘reduced to thaf of one body on a surface. |
The simplest potential sufface with a»pretension'td
féalism‘is the‘square—well type pofential. Here the poten-
tial energy is:considered infinite if the quies approach
within é certaiﬁ minimum distance, and finite and posifive
beyond a given maximum; The enefgy is takep as zero between

those bounds, producing a qualitative resemblance to the



attractive potential well between attracting atoms. Such a
surface may be drawn in the x - y coordinate system if we
can define lines of constant T, and rz. Equations (2) and

(5) may be made to yield the relations:
- Lt-or xrp (9)
y a 1/ | Cb

Therefore lines of constant T, parallel the x axis, while

lines of constant Ty ha?e the slope l/ya. The angie between

lines  of constant Ty and r, may be shown to be B,'whére,
canZs = (1)° - B (10)
' - Yg AC ° _ '
The potential surface representing the.square-well potential
in the X -y system is shown in Figure V-1.

We may now release our frictionless mass point on this

surface and observe its motion. If the reactants are atomic

A and molecular BC, the point must begin in the attractivé
well at large X and small y; collision will occur eventually
if motion is toward the left. Métion parallel to the x-axis
represents zero vibrational energy'in the B-C bond. 1If the
trajectory has an initial angle 6 to the x-axis the vibra-

tional energy E, is given by:

E = E sinfe oAb

where E is the total kinetic energy of the system.

A reactive collision will eVentually produce a particle

trajectory in the attractive well for AB and moving toward

large y. Agaih,;vibrational energy will be represehted_by
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XBL 741-5402

Figure V-1.. ‘A square well potential for collinear
| A+ BC~> AB + C. |



an éngle 6' between the trajectory and the lines of'constant
T, analogously to equation (11). If the collision sequence
does produce product, simple geometry allows us to calculate

' as a function of § and g, and produces the relation:

E; = E sinz(H-SB-lel). (12)

Figure V-2 shows the effect of vibrational energy oh several
trajectories which occur when B = 60°.

Refinements may be added to the'simple square well eur-
face as desired. An obvious change is to'aCCqunf for exo-
or endothermicity on the surface by means of energy wells
and barriers. Simplicity is retained by introducipg.square
Potential energy steps. The result is‘e:reflection or re-
fraction of the particle trajectory as the step is encoun-
tered. Reflection results if the energy of the particle is
less than the height of a barrier. cherwise, the_trajectory
is refracted according to an analogue of Snell's‘Law:

E1/2

1/2
1 2

sing; = sing,. . | (13)_

Here E; and E, are the total kinetic energies before and after
crossing the energy step, and 61 and éz are'eorresponding-

- angles between the particle path and.fhe' ormel to the* |
barrier. The effect ef energy stepébin the entrance and

exlt channels is illustrated in Figure V-3;"We shall aeply
these merhods with profit to the N* system, but first we
shall examine the more general sequential impulse problem,

‘'where the atoms are free to move in three dimensions.
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Figure V-2.

reactive. (b) Ev =1/2

XBL 741-5401

Effect of reactant vibrational energy E, on
trajectories on a square-well potential surface,
with B = 60°. (a)'Ev = 0: all trajectories

E all trajectories
non-reactive. (c) EV < % E, shdwingﬁconstruc¥
tion for finding 6'. (d) E_> 7 E, showing

construction for 6°'.
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V=¢ | V=0

£y = (E-9)sin?(38)  Ey =Esin?(3R)

XBL 741-5400

Figure V-3. Effect of an energy step ¢ on trajectories on a square-well

potential surface. (a) Step across entrance channel. (b)-Step:

across exit channel. As shown, ¢ > 0.

00T .
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C. Three-dimension Sequential Collisions

bThe collision_séquenée in which A strikes B, and B then
Strikes‘C, has been examinéd in three dimensions by Winn,
who used trajectory methods, and -by Mahan, who obtained a
mathematical solution. The‘tréjettory'treatment, which was
~ applied wifh cOnsiderable‘Success td the 07 + H, reaction,
has beenvexténsivély documented elsewhere and will merely be
_ske"‘cchedvhere’.2 |

Winq used a FORTRAN program called BALLS to examine what
he referfed to as the Carom Model. Initially, the B atom,
with yadius Tps is locatedvat the origin, while the C atonm,
BC in a
direction defined by the angles y and © from B. The angle

with radius r. = rp, is located at a distance

from the Z axis to the B-C internuclear axis is y, and the
angle from the internuclear axis to the x-z plane is 0.
| Atom A of radius T, approaches B pafallel_to the z axis in
the x¥z plané,.with unit velocity and an impact_parameter b.
Thé_rgdii rA;_rB =.rc;‘rBC, and the particle masses are téken
from known properties of the‘reactant species, while ¢, 0,
'and'g are varied to produce .a number of initial conditions.
The BALLS progfam‘pfoduces 6878 sets of initial conditions
for each of the four mass combinations possible when B or C
equals'H or D.

A collides with B, and the post—collision_tfajectories
are computed from the laws of motion using hard-sphere
potentials. B may then collide with C under the same coﬁdi-

tions. The relative motions of A to B and to C are computed



and’examined;'if fhe relative energy ofjeither_paif ié less
than the dissdciétion energy of the cdrréspdnding moléculé,
a reactive event is considered to haVe occurred. It is
‘weighted by the prbbébility ;f the initial conditionS'which_
produced it. Anguiar and energy"distributions are obtained
for the reactive events and cbmpared with the expefimental
results.

Numerical téchniques, despitevtheir frequent effective—
ness, are inherently less satisf?ing thaﬁ analyfical solu-
tions. A version of the Carom Model was cast into an
integra1~equation by Mahan.3 The result Wiilkbezreferred

to as the Sequential Impulse Model (SIM).

The results of the Carom Modél indiéa;ed that the effect'

of AC product on the distribution of scattered product was
small. 'TheVSIM thus concentrates ‘exclusively on the AB
product distribution, again using the dissdciation.energy
criterion for detérmining reéctivé_events, Thé interhal
excitation and vector velocity of the AB producf i$ felated
uniquely, by conservation of énergyvand momeﬁtum,.to thé'
vector velocity 6f the asso;iated-c prbduct} The AB
scattering map may thus be_éonstruttéd if the_C scaftering
map.is known. | |

The C scattering can in turn be derived from the col-

lision sequence by using a general result presented by Mahan.'

Let particle 1 with an initial velocity'$1 strike particle 2 .

with initial velocity v, = 0. A simple graphicai construc¥
tion relates these values to the post-collision velocity of

particle 2, vé, and the CM scattering angle X The

12°

10z -
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12 and to

‘pass through the 1-2 centroid, which lies at (ml/(ml+m2))

31. The resulting formula for the magnitude of vé is:

perpendicular bisector of ;é is found to bisect X

m X
1 . 12
sin(—5%) v; | (14)

my+m,

]

vy = 2

where_m1 and m, are the particle masses. The sequential
impulse scheme is a sequence of two collisions, each involving
one partner at rest in the laboratory. Equation (14) may

thus be applied twice in succession to obtain the final C

velocity‘.vC

X, X
ks ndiS . as

. This result is shown in graphical form in"Figure V-4. The

?A or 31 vector is the beam velocity, and the 3& or 3; vector

is.an arbitrary C velocity. Also shown are two vé or ;é
vectors, representing pqssible outcomes of the first colli-
_sion_which'méyllead fo the desired Vglafter'the second
collision. ngobsérve'the 35 Véctors to terminate on a
'éircié drawn about the A-B céntroid and thfough the origin.

As we found in Chapter I, all $é vectors must end on this
circle. For any 3', moreover, the B-C centroid after the
first collision must lie on Vé at é'distance (B/(B+C)) Vé
from the origin. As a result, the locus of all B-C centroids,
after the.first collision, liesvbn a circle.of radius R,

\

drawn about RGA. Here R is given by:

R GER G VA - ae
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XBL 748-7056
Figure V-4. Construction for finding -\;2 from Xl and X,
' " by the Sequential Impulse Model. :
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and GA is the unit vector in the ;A direction. This circle

shall be referred to as the centroid circle.

"We are now able to find all of the Vé vectors which can

1"
.

give rise to our arbitrarily chosen GC The centroids of

these vectors must lie both on the centroid circle and on
1"
. C.

~there are only two such vectors, and they are the two shown.

the perpendicular bisector of v In the plane of the figure,
In three dimensions, the centroid circle becomes a sphere
and the 3% perpendicular bisector becomes a plane. Their
intersection is a circle, designated by Mahan the '"magic

circle.” On this circle lie the centroids of all $é vectors
" '
c*
“this construction is a limiting eduatioﬂ for the possible

capable of giving rise to v An interesting consequénce of

loci of vi.. It méy be shown that, in order to have a per-

pendicular bisector which intersects the centroid sphere, a

vg vector must have a magnitude given by:

1"

v

. o Ve < 2R(1+cose) | (17)

where € is the angle betweenvvg and»vA. We shall call the

cardioid resulting from the equality in equation 17 the
limiting cardioid.
Let us now turn to a quantitative evaantion of the.

scattering predicted by the Seqhential Impulse'Mode1.4 We

1"
C
surrounding an arbitrary vg vector, which we shall indicate

seek the flux of events into a differential volume, d"v

by FC. ‘This flux will have units of time ! velocity >, so

"

‘that FC dSVC will have units'ofvevents/time.' Wé may easily



express the number of initial A-B collisions in the same
units of events/time. For unit scattering gas concentration,
this‘quantity, Ry follows from the definition of the A-B

cross section OAB as:

_ RA = NV, opps ' (18)

where NA,iS the beam density. Once a B atom has been scat-
tered, its probability of producing a desired VE by a given
route, de, depends on a chain of independent probabilities.
The‘fifse is Pw, the probability that”vé will be such as to
produce a B-C centroid in a given surface angle element dzw
on the centroid sphere. The second is Px,vthe likelihood |
that the subsequent B-C collision.wi11°nave'the Xgc required
to give VE, according to equation (15). The product_of‘these
two probabilities is the chance of obtaining VE'by a chosen
combination of XAﬁ end Xgc* There are‘a number of such com-
binations leading to v", and the total probability Pc of any
A-B collision producing the required C vector is given.by
summing over the combinations: |

PC ) Ja11 comb PX.P“ | ' : (19)
Multiplying this probability times the rate of A-B cqllisions

vgives FC d3vE in the proper units:

106

3w _ .
FC d VC = NAVA 'U_AB J Pxpw - (20) )

The volume element dsvg may of course be expressed in terms

of the solid angle element dZQ-and the velocity element dvE:
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Foves %0 dvi = Npv, o4p J PPy - (21)

AA "AB
The prdbability P, of scattering B into é_given solid
“angle element is found easily from the assUmpti%psofvhard;
sphefe scattering. The differeniial cross-section for hard
spherés ié a constant; and thﬁs the vé vectbrs, as seen from
~ the A-B centroid, are distributed uniformly in all direc-
tions. As a result, the centroid sphere is also populated
uhiformly, and the Weight of any solid angle Qiement dzw
ié-siﬁpiy equal to its area divided by the surface area of
/the-sphere: |
.
4mR

Py
The probability PX requires somewhat mbréveffort>to

obtain. Figure V-5A shows the B-C pair immediately after
the A-B collision, and serves to define some useful quanti-
ties. The likelihood that a is in the range a,oa+da is
equivalent to PX’ and is given by:

P, = -A sinadady | (23)

X am A - '

It is clear from the figure that:

sina = b/rB_C : o g (24)

da»: db/rBC cosa ' | (25)

so that expression (23) becomes:

_ 1 bdbdy o
PX 4mr2 1-b2/r2 i ’ (26)
" IBC BC

s R%%, - T )
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(A)

XBL 766-8342
Figure V-5. A. The B-C pair immediately after the first

"collision. B. The solid angle elements of
equation (31). ’ ‘ '
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We can rewrite this expression in terms of molecular para-
meters and the scattering angle X by recalling the classical

scattering formula:
bdb = IBC_S}nX dx (27)
and the hard-sphere scattering result:

b% = dp. co;Z.X/z, (28)

" where dBC is the sum of the radii of atoms B and C.

Substituting these into equation (26) gives:

(29)

P 2 sinxdxdy
X IBC/4anC ) > 2
o v&—dBCcos (x/2) /Ty

Finaily,‘we.note that sinxdxda'is simply the B-C CM solid
angle element d%w' and write: '

I, d%w ,
: 2 v -
p.= B -al/rl (cos (/) M2, (30)
X 4ﬂrBC . A -

It is useful to convert PX into LAB instead of CM
coordinates. Figure V-5B shows the relation of dzw to the
LAB solid angle element a%q. we may apply the standard

LAB-CM volume element conversion:-
vgz dZQ = uzdzw' cos8. . , o (31)

The gedmetry of the figure allows this to be-réwritten as:

|
W
Jd
=

2 2 _u? X | .
d QBC/d w' = n . - (32)
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The CM velocity u lies on the perpendicular bise¢for of.vg
and thus has the value:
V" )
C 1 '
u = = — e - (33) .
BC 2 51n(XBC/2) _ |
Therefore: )
2 Yo 2 | |
and:
41, .sin(Xe./2)d2g
Py = 1 BC BC - (35)
X 2 2 \1/2 - '

2 2 VE)
4nT_ (1-dg.cos®(Xge/2)/1h.)

The next step in our derivation is tovintégfate.qvef
all possible‘routes,to‘vg; as feq;ired Sy equation (19).
Figure‘V-6 shows a.method of carrying out this_integrationf
The dotted circle is the magic circlé forvg.‘.The sphere is
the centroid sphere with radius R; The coordinates 6 and ¢
serve to define the volume element dzw invsu;h a way that we
may sum over all_points.on the magic circle by integrating
in ¢:oﬁ1y. The magic circie, we recall, contaihs all of th¢ 
With:

points which may prbduée VE.

d%e = sineded¢ | ' - (36)

we can write the intégral by combining Pw and Py: -

P, = {Xmax sin8dede 4Igesin(x/2)d’a (37)

min



(A)

Vi

. . ' , - XBL 766-8344
Figure V-6, Relationships used to integrate the SIM problem. A. Overall. _
B. Detail of the VC/Z,s,m-triangle. C. Detail of the %,s,p triangle.

I1T
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The'term'dZQ is a property of vgiand will femain unchanged
during the integfation, as will the functions of é. The
fuﬁctions of X,‘however, are dependent on ¢. :

Therefore X and ¢ must be expressed in.interdependent;”
terms. Two triangles, shown in perspective in Figure V-6A.
and in plane in Figures V-6B and V-6C, allow this conversion.
USing the Law of Cosines in the 1, s, p triangle of Figure |

V-6C, we may write:

s2=2%+ 0% - 20pcosp. - (38)

The VE/Z, s, m triangle, shoﬁn in Figure V-6B, illustrates
the relationship: | | | |
L) " B -
.s/(vC/Z) = eot (XBC/Z)f o , .(39)'
Eliminating s between the two equations yields:
X

gc) - :1.2 (’L,zfpz-up cos¢) = Z. (40)

Ve

cOtz(

The quantity Z, definedvby equation (34), proves useful in |
simplifying the integral. We may use it to express the

functions of X:

ese?v/zy =z +1 (412)

sin (X/2) = (Z +'1)'1/2" (41b)
cos (X/2) = (Z/z + 1l/2 (841c)

and to express functions of ¢:
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|l2 2 2 1

cos¢ = (Zv. /4-% })(- 713) (42a)
X 2, 1/2
—16(22—p2) +8v 22(2 +p ) v"4 2
' 642" p
. vgz 1 ﬁ o
. d¢ = mm dzZ. (42C)

'Combining and simplifjing gives equation (37) in terms

of Z:
. 2 Xmax
o singded™aly . 2
Pv =" > Ve {[- 16(2 -p ) +8v Z(z +p ) s Z ] x
_ 41 Tsc X . _
min

[Z(l-dgc/réc)+1]}-1/2 dz} O (43)

A series of further substitutions produces an integral of a

more easily recognizable form. Let:

| s 2 | o an
§ =1 - dpe/Tpg | | . (442)
Y = /ZFI73 o | (44b)
nd - oo S | |
o = -VC ‘ : | - (44C)_
g = 8vii(af+o?) + 2a/6 - | (444)
y = -16(2‘-p2)2 - sv2(a%+p2)/s - /s, (44e)
Then:
- chsinede vgz mexo 2 -1/2 o
P, = i (aY" + 8Y" + y) -7% 4y (45)
' -.ZH_rBC X : o
min

- We recognize thls as an e111pt1c 1ntegral, as may be made

clearer by the further set of substltutlons



t =
C = y+/y- | | : ' (46b)
yt =k (-8t/BTdan). (60)

These yield the familiar elliptic form:

dt
jcay vay2ey) /2 gy = iy ] Ja-tha-cFh T an

Elliptic integrals have no analytical solution, although
they have been extensively studied and theirﬁpfoperties are
well;known. For the moment, we shali indicate the integral
as written in equation (43) by the symbol I:

. 2
_— 51n6ded'QIBC

;" — 1. o ‘ (48)

41 rBC

We note that I and PV are both dimensionless, as befits
probabilities. |

We»are now iﬁ_a,position to return to equation (20) and
write an expfession containing the dééired flux FC. |
Combining equations (20) and (48)Agivesﬁ

2

o | d°ql, .sinede o
"2 . 2 " BC .
FCVC a-Q dV = NA AAR p > 2 ‘ 1. ) (49)_
: : : 1I BC o

Referrlng again to Flgure 6, we may eliminate the functlons

of 6. We note that:

v"/Z-Réose

Y/y+ | ~ (46a)
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So that:
ode = - L av". (51
sin = - 5 dve. (51)
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Since we are using dvg'as a length in veloclity space, the
negative sign is not significant and may be dropped. We
may also write'IBé and o,p in terms of the molecular para-

meters by using the hard-sphere scattering_rélatidns;'

C a2 :

And:
I..=a% /4 . (53)
BC "BC" " . _ .

Substitu;ing all of these results into equatlon (49) and

simplifying gives the SIM equation for the flux

1/320 1] Rv!'Z

_ 2 42

c = Nava dap 9ac (54)

where [ iequires numerical integration.

The SIM flux‘equation has several interesting character-
istics. For instance, while the_B;C-mutual diameter dp. is
.found in.the‘inteéral and thus effects the relative intensity
distribution, dAB enters only as a multiplicative constant.
This fact reflects a subtle approx1mat10n in the method. We
have 1mp11c1tly assumed the applicablllty of the hard-sphere
differential cross~sect10n, which is a constant at all
scattering angles. This cross-section, however, ié'accurate
only at infinite distance. Eachjcollision parfner sweeps
out a'cylindrical shédow zone, directly "behind" it, into
which its partner'cannoﬁibe scattered. At infinite distance
frdm the collision, this chinder subtends zero solid ahgle,

but at the moderate distances involved in the SIM the
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shadows are of significant size. When we test the SIM, we
will be in part festing the reasonableness of this épproXi—
mation. |

it-is also worthy of note that the SIM equations, again
excepting multiplicative constanis, do not ‘depend on the beam

velocity v, or the masses A, B or C. This means that the

A R
relative magnitude of FC,iwith vg expressed in units of R, |
is independent of the beam energy and the reactant masses.
This result is surprising to our intuition, and whiie it
shouid not be overstated, neither should it be undervalued.
The masses do, of course, enter explicitly into the momentum
conservation relations which allow construction of. the AB ‘ : t
from the C product distribution.'-Both’fhe magses aﬁd the
beam energy are used to locate the stability circles dividing
bound from unbound‘AB product, and thus determining the
observed reactive scattering. Thus, the‘insensitivity of
FC to mass and energy results both from our focus on the C
product and from our normalization of‘vg‘to the mass-dependent
quantity R. Nevertheless, the SIM allows us to visualize
the reactive collision process inAterms independeht of the
two most obvious collisién variables. If the model is ac-
- curate, this ihsight may prove to be not insignificant. - We
shall be particularly interested in the dependence of FC on
dAB’ Vo and the masses as we test the Sequential Iﬁpulse
Model.

Finally, we shduld note the behavior of equation (54)
‘at some limits of interest. As VE apprbaches'zero, the co-

efficient grows without limit, while the integration limits -
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- on I become undefined. ~Scattering at VE = 0, representing

spectator stripping, occurs when B does not interact with

c, aﬁd thus is notxproperly described by the arguments we

have used. The integration limits on I become identical

when ¢ ¥_O, cbrresponding.t013caftéring on.the-cehterline:

the flux there is ﬁhus zero. . This is becauSé there is only

- one XAB - XBC combination leading to scattéring on ‘the centef-
line, while there are many for other values of €. As a |

result; cénterline_scattering has zero relative probability.
D. Preliminary Application to the EXperimental'System

Let us now compare the Carom and Séquential Impulse
Models with each other and with expériment. To évaluate the
SIM flux equation we used a computer program,_written in
FORTRAN IV for the LBL CDC 7600 computer and designated
SIMPLQT.‘ A listing of SIMPLOT comprises Appendix B. The
program first establishes a grid of points‘spanning the
.1imiting cardioid, eéch representing a possible value of VE.
Equation (54) 1is .then evaluated at each grid point. The
integral is eVaiuated nﬁmerically, ﬁsing the form of equation
(37), which appears to be smbofher than equation (45). The
integration routine is an adaptivé Simpson's Law program |
supplied by the Lawrence Berkeiey Léboratory Computer Center.s
It was set to meet a rélative errof béundlof .001. Since
oﬁly'relaﬁivé intensities are of interest, the multiplicative

factors of equation (54) are omitted, and a constant factor

of 103 is introduced to produce output intensities on the
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same order of magnitude-as our arbifrafy experiﬁental units.
The hydrogen atoﬁ radii were taken to be 0.25 R, a vélue
appropriate to relative energies ardund 8'¢V. ‘The infer¥
nuclear axis Tpe was taken as.the eQdiliBriUmlvéluC of 0.74 R.‘
As discussed in the pfevious secfion; the A atom radius does
not effect the relative results.

After the value of F was obtained fﬁr each grid'poiﬁt,""
five plots were prbduced showing the results. The firstv
displays the VE intensity contours in LAB velocity spa;e;
in uﬂitslof R; The other four show thé AB product inten-

sities .in units of Uy for each of the four mass combinations _ i

]

péssible_when A= 14 and B, C = 1 or 2. These plots afe
wholly COmparable tb-our experimeﬁtél'biots fOr_the same
ﬁass system. The fiﬁe SIM maps are reproduced in Figufe5jv~
7 through V-11.

In Figure 7,.the'1arge crosé repreéents the LAB ofigin,
while‘the arrow.td the right marké the position'of the 2§
vector,-which is parallel to VA. The shape of the 1imiting
-cardioid is evident in the configuration of the'outer contouf
iine. The contours are interrupted croSsing the'éénterlihe.
due to the singularity there, referred fo in the previous
section. In Figures 87through_11, the cross is the CM
origin for the feacting system, ahd the x shows eifher
GA/Z or EA/S, as marked. In each case, the small square
represents the grid size for the VE evaluation. As pre-

viously mentioned, the position of the stability circle

dividing bound. from unbound AB product depends on the beam



10K

~ XBL 766-8346
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energy.. The radii of thesevcircles is_one of the outputs
of'the‘SIMPLOTvprogram. Figures 8 through 11_display the
stability limits for the designated mass combinations'at
"several experimentally significant energies. The circle
marked Moot is the Q = 0 circle and thus'marke-the outef
boundary et which any product may be formed |

To predict: experlmental product dlstrlbutlons from the
SIM we take the approprlate one of Flgures 8 through 11,
and flnd the. stab111ty circle correspondlng to the experi-
" mental energy All product 1nten51ty out51de of thlS circle
is bound ‘according to the SIM assumptlon, and the F(VAB)
distribution 1y1ng out51de the circle should represent the .
experlmentally observed map. We may use-thls method to
predict the angle of maximum product intensity as a functlon
of beam energy. These predictions are shown graphically in
Figure 12. The abscisSa again represents'the impnlsive
relative energy EA(A/A+B). | |

Since the Carom Modelvis essentially a_etetiStical
solution of the SIM problem, the predictions of the tno
Should coincide. To test this equivalence, a modificationv
of the BALLS program>wes prepared and christened NEWBALL;f'.
The atomic and moleculér radii were-faken equal to those of
SIMPLQT. Here the A atom radius.is alSO_required, and was
initially taken as 0.48 A. |

The BALLS progfam produces predictions for_four lab- -
orafdry energies which were fixed by Winn:at 100;-150,-200,

and 250 eV. To fit:more closely the energy range of our
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experiments, tﬁey were changed to 70, 100,_150, and 250 eV,‘
- with an assumed dissociation energy of 4.6 eV, A'subroutine
was written to evaluate vg explicitly for each trajectory.
Another subroutine collected the VE predictions into bins
_béccording'to two separate methods. |

Both colléctions émploy a grid in velocity space iden-
tical to that in SIMPLOT, and constrﬁct a bin cénteréd'on
each grid point; The in-plane collection siﬁply,counts each
‘event into the biﬁ and within 2° of the detector pléne, The.
all-sbacg collection system collected all eVents of the .
proper a.and vg, regardless of inclinafion to the detector
plane. The events were then weighted by (&E sin-lg. ‘This _'
method in effect expands the bins.into~ahnular rings about
the VA vector, and.weights the collection by the rélatiVe
volume of the ring. The advanfage is that all séattéred
intensity is collected into some bin: the eéffect is iden-
tiéal to choosing more values of the azimuthal angle é inv
the initial conditions. No statistiéal discrepahcy arises,
sincé/all values of O'are equally pfobable. j

After preliminary results were obtéined,,a_few addi-
tional modifications wérevfound necesséry in NEWBALL. The
in-plane collection method failed to prdduce statisfiéally
significant préduct intensity; and even the.aii-space method
vleft many unpopulated bins. The bin size was thus'multi—
plied by nine by collecting a three-by-three square-arra&
of bins into the center one. A'multiplicative tonstaﬁt,of
104 was introduced to produce vaiues similar in magnitude tb

the SIM and experimental results. At the lower collision
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velocities examined, numeious trajectories produced both AB
and AC bound prgauct. These'trajectories,wgre assumed to
produée AB product, on the grounds that in the ovefWhelming
number of instances A and B reapproach before A and C.

| The'output of NEWBALL‘was converted into CM plots of
product inteﬁsity analogous to thé experimental and SIMPLOT
output. The_results are shown ih Figure V-13. The effect
of the enlarged bin size is obvious; the actual collected
amplitudes are shown in the lower hemisphere.' Figure V-13
may'ﬂé compared with Figure V-7, with one teéhnical proviso.
Strictly speaking, the figures are not fully equivalent:
Figure V-6 shows value of FC at the grid points; ‘Figure
V-13 shows Fc'integrated over the-volumé:surrounding the
grid point, i.e., S Fdsvg. As-longlas the surfaces are
reasonably smopth, the difference should remain only nominal.

The Similarity in the figures is most reassuting.

Within the accuracy of the grid size, they appéar identical.
Figure V-14 shows the Carom Model predictions for peak angle
as a.function of impulsive relative energy, and corresponds
to Figure V—lZ. Even though Figure V-14 includes both AB
“and AC product, the predictions ére quite similar. Also of
interest is the Carom Model dependence bﬁ mass and on dAB’
predicted.by the SIM to bé zerb. By presenting only one .
plot of C product inténéity for the Carom model, we have
implicitly anéwered the former question, for both BALLS and
- NEWBALL present separéte results for each of the four mass

vcombinations;- With the exception of a single trajectory in
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the H2 case, the four results were compietely identical.
The degree of similarity is both sUrpriSing and éonvincing?
the single exception provides a welcome reassurance that the
identity does not arise from a programmihg error. As a test
of the sensitivity of dAB’ NEWBALL runs were made with two
extfeme values of the mutual. radius: dpp = T - and dAsz d

BC
Within the expected multiplicative constant, the C product

BC*

distributions were essentially_idéntical. Both of the
 .unexpected predictions of the SIM are therefore supported
by the trajectory results.

| 'This agreément between‘theoretical.modelé is gratifying,
but does not guarantee the correspohdence of either model to
uncdmpromising reality. For this'coﬁfi£matioh, we must
compate_the theoretical and experimental résults. In over-
‘éll appearance the SIM plots, Figﬁres 8 through 11, afé
indeed similar to the experimental maps in Chapter V.
Stripping predominates in the region wherevthe product 1s
stable; at higher energies, the intensity peaks move to
larger angles. The angles are isotope—dependént and not
highly energy—dependént. For a quaﬁfitative comparison, we
may examine Figure V-12 and its expefiﬁental equivalent,
Figure IV-16. For the two reactions producing NH+ §rodu¢t,.
the results are quité similar. For ND' pfoduét, however,
there is a disturbingjdiScrepancy; While_the_SIM predicfs
a peak angle below 90°, the_expefimental maximum lies at
180° at all higher'energies. The,partial success of the

model argues that it contains a profitable measure of truth,
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but the partial failure indicates that further refinements
are necessary. |

Hewever, before proceeding te the modification of our
hypothesis, we should consider a‘plahsible alternative
versien of fhe Sequential Impulse Model. Thus far, we have
assumed that the incident ion must react with the atompB
which it originally struck. However; it is natural to ask
whether it may react instead with atom C. We shail call this
alternative the "wrong-atom'" version of the SIM. This
probfem involves the final B atom vector; v;, ih the same
manner that the "right-etom" case-conCentrated on the vg
vector. In general, the probability weighting of_;his veetor
presents a considerably more compiex’sifuatidn mathematically,
and.a solution has not yet been found. However, some of the
- characteristics of the problem have been determined, which
may allow us to judge the plausihility‘of the wrohg-atom
mechanism. These results will merely be stated here;
Appendix A contains the mathemat1ca1 detalls.

.For homonuclear targets, the right- and wrong-atom
versions turn out to be equ1va1ent. We mayutherefore focus
on the heteronuclear-cases.v These are profltably discussed
using the factor n, where n = C/B The magic c1rc1e in the
heteronuclear case is no longer glven by the 1ntersect10n
.of the centroid sphere w1th a plane. Instead _the centr01d

sphere intersects a second sphere of radius:

1"
B
l-nz

nv

p = | - (55)
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centered on the point:

-> ' .
d = Vg/(1-n?y (56)
which lies on the extension of the vector Vg. The limiting

cardioid for this case is the equality of the expression:

c2
1

vp < 2R(cdse¥n).“ | (57)

In order to perceive ﬁhe experimental implications_of
the Wrong-atom case, we must shift our perspective soméwhat.
So_faf,'we have focused on the mechanism, defining B as the
struck and C as the unstruck (by the ion) atom. Experi-
mentally, however, we observe all product of a'givén mass,
which may originate in either mechanism. Thefefore, let us
designate by B* an& C* the reacting and non—reaétiﬁg atoms

respectively. The right-atom case then corresponds to:

' * %
B =B c=cC (58)

while, for the wrong-atom mechanism:

L . *
C=B B=C . (59)

The vector of interest becomes the v;* vector in each case.
The right-atom cardioid from equation (17) is thus:

v vg* ='2R(cose+l) o ' | (60)
and the wrong-atcm equivalent is:

ik = 2R* (cose+B*/C*¥). o (6D)



Here R* is the wrong-atom value of R in terms of B and C.

Converting it-te a function of B* and C¢* results in:

+ _ C* A C* A+B* o .
R™ = ¢%33% Xsc¥ B AsCF R (62)

And therefore the limiting wrong;atom_cardioid, in B*-C*

terms, is:

n A+B

The right- and wrong-atom cardioids, for both mass combina-
tions, are shown in units of R in Figure V-15. We observe,

in each case, regions where the right-atom product is for-

bidden, while wrong-atom product'is allgwed. For NH+‘product,

these are at CM angles near 90° and gteater; for ND* product,
at small angles and forward of the stripping location. If
the wrong—atom mechanism contributes significantly to the
scnttering pattern, it is here that we should ekpect to |
obsefve the product most clearly. |
The wrong-atom resuits.should be reflected in the BALLS

program output, since that is a trajectory-solution of the
SIM problem. Histogtams presenting the angular product
distribution predicted by BALLS, for 3_250 eV LAB ion energy,
are presented in Figure 16. Each bar'represents.the relatiVe
| intenSity of stable AB* product scattered into a'10°.angu1ar

range of X. The lower, shaded area is the right—atom"

134

~component and the upper, blank portion the wrong- atom component

The results agree w1th what we expect from the limiting

cardioids. In the homonuclear cases, the wrong- and right-atom



135

N* + HD — NH* + D

| : ~Wrong Atom"
"Right Atom" -~ 100

"Wrong Atom" "Right Atom"
XBL 766:—834,0-

'N*+HD — ND* + H

Figure V-15. Limiting cardiods for heteronuclear “Right-" :
and "Wrong-atom'" cases.



136

O 40 80 120 160
O —T—T—TTTTT

404  Nt+H, —NH*+H {
30- ~ A
2041 11 | -
10+ I
O 44Lst ]
40+
.30
20
10+
o)
404
304
20-
10
O-
404
30-

204 J
o ">

O 1 ) | | | | ‘
O 40 80 120 160

XBL 766-8343

Figure V-16. Angular distribution bins
from the Carom Model,
showing AB and AC product.



CO0 U455 U206 28

contributions appear to be proportional across the angular
range. For_NH+ product, the wrong—atom.component is concen-
trated at larger angles, and for ND+ product, at smaller’
angles. In general, the wrong-atom component is of con-
siderable, though somewhat 1esse; intensity. It does not
significantly change the prédictedvangle of peak intensity,
but it does noticeably, influence the shape of the distri-
bution.

Examination of the experimental data does not reveal
hny effect from the wrong-atom alternative mechanism. We
observe neither Iargé-angle NH* scattering or small-angle,
high velocity ND+ product at higher ene;gies. Instead, the
experimental distributions more closei& resemble the right-
‘atom SIM distributions of Figures V-7 - V-11 and the right-
atom part of the BALLS histograms.. The exception; the ND'
scattering, 1s more ihtense than expected at large, instead
of small, CM angles. Based on what we know of the wrong-
atom mechanism, then, it appears likely fhat it does not
contribute Significant1y>tovthe observed scattering.' This

fact is not extremely surprising.. Our dissociation energy-

criterion for determining reactive events is clearly extremely

simplified: proximity, as well as feiative energy, should
determine the reactivity of an. atom pair..'It appears rea-
sonable that the stfuck atom will be closer fo the incident
ion than the unstruck atom for a good part of the fime'span
of the reaction, and it is thus also.reesonable that the

struck atom contributes more reactive product.
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E. Refinement of thé Model

Having examined the wrong-atom version of the
Sequential Impulse Model, and found it of limited experi- |
mental influence in our systém, we may concentrate henceforth
on the right-atom variant. The Sequential Impulse Model is
.a hard-sphere model operating freely in three dimensions.

It should thus be ﬁost effective when the potential surface
for the reaction is essentially flat. By concentrating on
the SIM we have been‘implicitly restricting our attention to
events 1ikely to occur on the 3A2 - 31 surface of Figure
III-1. There is, however, another surface conhectihg
reactants and’products; and that is the sBz - 3y surface.
Perhaps by considering events which are more likely on this
surface we can bring our modél into better accordance with
experiment.

This surface is also essentially flat in the area
representing collinear approach. For perpendicular épproach,
however, there is a barrier of around an electron volt on

3

the sﬁrface,_leading to the avoided crossing with the B1

component of the N(%D) + H) surface. The barrier will
discourage perpendicular approach on this surface in any

case. If the avoided crossihg is a significant contributor

to charge exchange, as suggested in Section A of this chapter,
most perpendicular approaches will be removed from the surface
entirely. In any event, we may expect nearly collinear

events to dominate the 3Bl - 337 surface.
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Collinear eveﬁts on an impulsive éurface are predictéd.
by the skewed cdbrdinate method of Section B. Application
of this method to the nitrogen system may thus be enlighten-
ing. First, however, let us collect in tabular form the
experimental data which a Succeséful éollinear model must
predict. Coliinear_eventé necessarily produce product at
180° in the CM system, for there is no way for the incident
ion to ''get past' the target molecule in one dimension.
Collinear models will thus be concerned with NH+ produét
scattered directly backward from thé centroid. We recall
that sucﬁ a peak is seen in the lower energy work performed
by Tsao, ahd re—examined in our Figure IV;l; We also note
that, although therevis‘consideraﬁle baékscattering at some
energies under the SIM, a backwards peak with a maximum at
180° doés not appeér. In the collinear model, as with all
others, there will be somé isotope-dependent collision energy
E* abdve which stablé product willlnot_be formed. We can
test the applicability of the collinear.model to the observed
~back peaks by examining the experimentél results for.inten-
sity maxima‘af'180°; If they are present at energies below
E*, for each set of reactants and products, and absent ébove
.E*, wé may place sbme confidence in the model.

In Table V-II are collected the maximum laboratory
energies at which 180° peaks are foﬁnd, for thé_three
'réactions studied. For HZ target, an indefinite rear ridge_
may'beipresent at 70 eV; certainly the back peak is present’
below and absent above that'énergy. For NH' product,fromiHD

target, a backwards peak is never observed, and the upper



Table V-1I

Maximum Stability Energies for Collinéar Impulsive Collisions

Isotopic Variant: . R N'(HH)NHT  NT(uD,D)NHT N (HD,H)ND N"(D,,D)ND"
Value of B: | 48.81 ~ 31.26  67.62  52.13

Value of E*f

‘Experimentai : - o N _ ~70 - <37 | 270 _ -
Square Well, Dg = 4.6 : | 120 , ', 26 173 , 129
Square Well, Dg‘# 3.7 | 91 . 19 129 95
Genéralized'Attraction, Dg = 3.7 >83 , '._ '13.5 ' 123., : 91
Localized'Attraction;'Dg = 3.7 . es.2 . 12.8 / _‘ 152.4 101

0t
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limit is the ldwest enérgy studied. For ND* product from

HD, backscatteriﬁg.dominates the méps at the highest energy
for which detectable intensity remains., 1In this case, the
disappearance of the peak.may be due to the decreasing Cross-
section fdr.reaction, and E* may lie at still'higher energies.
| Now we épplyvthe skewed coordinates technique to pre-
dict E* values from theory. The experimental reacfant
molecuies are overwhelmingiy in the groundbstate, and it is
thus proper as well as convenient to assume zero initial
vibfa%ional energy. As a first approximation, we shall
ignore the slight exothermicity of the reaction and use the
simple,square—well potential of Figure'V-i. When § 1is

zero,bthe angle §' is given by:
le'] = 1 - 38. | (64)

Each mass combination will correspond to a different value
of B; they are‘compiled in Table V-II. From this 8 arise
differing values of 6'. These in turn yield vaiues for the
ratio,EV/E according to an analogue of expreésion (11). E*

is the 1aborét6ry energy where:

D% = E*(E,/E). | (65)

_ * ,
Using Dg equal to 4.6 eV, we obtain the E values listed in

Table V-II under the designation of_"Square Well, Dg

=.4,6."
The agreement with experiment is qualitatively respect-
~able, especially for a crude approximation. If we accept

that we are dealing with the 32— Sufface, we can make some
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immediate refinements. The first is to realize that reaction
on this surface produces 42- product, which dissociates, not

to N'(°P) + H with a D% of 4.6 eV, but to N(*s) + H® with a

o
(o]

0° of 3.7 eV. By using this‘more appropriaté value of the
dissociation energy in equation_fS7), we obtain an immediate
improvement in the predictions. The new valuesvof E* are
listed in the table as 'Square Well,'Dg - 3.7." -
More realism is added to the model surface by explicit
inclusion of thé energetics‘of the reaction. To begin with,
the réacpion is'about:0.6 eV exothermié. ‘In addition, the
correlation diagram, Figure III-1 shows a well in the
collinear portibn of the °3” surface of about 1 eV, which
has been confirmed by'theoretica1 ca1cﬁ1;tions. One way fo
introduce this fact is to place a 1.6 eV drop in potential
energy perpendi;ular to the entrance channel and a 1 eV riSe.
perpendicular'tobthe exit channel. Such a surface is a
combination of the two examples shown in Figure V-3. vThe.
E* Valﬁes resulting from this modification are presented in
Tabié_v-II With the label ﬂcéneralized-Attréctibn."g The
effect on the reliability.of the predictions is—fairly‘
minimal. Several alternative arrangéments'of energy -steps
also have iittle effett. | |
| - A significant éonséQUence does result, howé?er, if the .
1 éV-energy step'ih-the exit channel is placed perpendicular
to thevx axis instead of the x channel. .This is nof an
unfeasbnable configuration. It implies thaf the attrabtion

is exerted solely between the B and C atoms, instead of
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between C and thé AB centroid. Since in a collinear configu-
rafioP B and‘CAafe adjécent, and particularly sihce they are
bound at the outsét, such localized attraction ‘is not only‘
possible, but likely. The vaiuésvof E*'conéistent with

this assumption are on the line of Table V-II marked
"Localized Attraction." The effect of this step is to re-

fract all trajectories towards larger angles from the X‘aXis,

~ preferentially stabilizing those reactions with small values

of B. The result is a significantly higher value of E* for

+ - . - . .
NH product from HD, and a modest increase in the other

figures.

': It is_most likely that the true nature of the product

attraction on the collinear surface lieés between the two

‘extremqs:b partly, but not entirely ‘localized. The appro-

priate>va1ue of E* wili:then lie between the generalized and
localizedbvalues of Table V-II. These ranges are consistent
with experiment. The addition of an adjustable paraméter
would aliow_even»greater precision ‘in prediction, but such

a procedure is hardly justified given the crudity of the
modei. It is fairer to conélude-at this point with the

assertion that the collinear impulsive model, with scrupu-

#fously reasonable assumptions, reproduces the observed

behavior of the 180°_productvpeaksiwithin experimental

accuracy. We have now produced two theoretical models of

‘the N' * Hz system, each 6p¢rating on a separate potential

surface. The SIM effectively describes the behavior of

peaks forward of the‘centérline,"and the collinear impulse
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model justifies the peaks in the backward direction. A few
additional comments will weld the two componenté into an

integrated structure capabie of supporting the full weight
'.of‘expérimental examination. We shbuld first deal explicitly
with the status of the collinéar~impulsive mode1l as‘a special
case of the SIM. The events of the simple square well
collinear model are exactly those of the SIM when collin-
eafity is present. The predictions of thg collinear modéi
should thus appear in the SIM scattering at 180°. There is
zZero Entgnsity there in the SIM:solely because exactly col-
linear evénts_haVe a Vanishing prdbability on'a flat poten-
tial surface.n Only if a mechanism eiists on the surface to
enhance the probability of néarly-collinear collisions will
the 180° peak become prominent. The‘energy barrier to
perpendicular approach on the S5” Surféce,xand the.
pfobébility of charge exchange for trajectories sufmounting
the barrier, nrovidé that mechanism. Theyfthus‘constitute
an éssential link‘in our argument. -

;Subjéct to these considerations;_We regardvthé bbserved

scattering as resulting from the sum-of two components.
One occnrs on thelSA2 - 3n surface, is scattered accqrding
to the SIM, and produces. product in_the 2H‘state. The other
‘occurs on the collineér part of_fhe 331 _ 32_ surface and
prodnces the 42- statevof the pfoduct.as predicted by the
;bllinear impulsenmodel. For ﬁz'target, bothbforward‘and
backward scattered produtt'isfobserVed-up'to.about 70 eV;"

the rear peak then becomes unstable and'the forward scattering
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dominates the map. For NH' product from HD, the result is
~similar, except that the rear component becomes unstable
at consfderably lower energies. When ND* product is formec
from HD, however, both components fémain stable,up to con-
siderable energies. Experimentally, the rear component
dominates the map at the higher energies, and this dominanc
must be based on other grounds then stability. Howevér,
Figure V-9 reminds‘ué that the. expected intensity from th-
forward-scattering mechanism is low at the predicted high
CM anéles. in addition, such events result from strongly
- interactive collisioﬁs, which we have inferred to be most
conducive to charge exchange from our non-reactive data.
Thus charge exchange from the 3H surface fé producé 4S
product will lower the forward ND+'scattéringihtensity
even further. The result shoﬁld be weak product intensity
soméwhat forward of X = 90° such as appears in Figures
IV-12 and IV-13. |

All of our_models have provided predictions for all f
mass . combinations possible when B or C is either H or D. |
As a result, we are in a position to predict the distribut

of ND' product scattered from D, target, which we could no

2
observe experimentally. The forward'compoﬁent is predictc
by'the SIM té be formed near 45°, 55 shown in.Figures'V-ll
and V-12. TaBle V-11 indicates that the rear peak will be
stable at energies up to 100 eV. We therefore expect both
forward and back peaks tovbe promiﬂent in the reaction of

with Dz'
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'F. - Summary of Conclusions.

ThlS essentlally completes oor examlnatlon of the
reaction of n1trogen ion with hydrogen 1sotopes. It-seems
proper, however, to summarlze_our conclusions, statihg
COncisely the most important of the observationsvwhich"are
dlspersed through the precedlng pages.

Two electronlc surfaces are found to dominate the

reaction. One of these is the 3A - 3H surface, producing-

2
'ZH product.  The dlstrlbutlon of the product is: essentlally
as predlcted by the SIM calculatlons The other is the
SBi'- 3p° surface. Only essentially collinear traJectorlee
}proceed to product on this surface. The product is in the
4i- state, and behaves'consistentiy with the chllnear
impulsive model, as adjuéted to the expectedhcharacteristice
of the surface. | | |
Charge exchange'becOmes the predominant reactive channel
‘at higher energies, resulting from most ofvthe'highly inter- .
active collisions.b It ﬁay occur either from the 3B1 surface
to produce N(ZD), or from thevSH_surface to produce Nt4S).
Charge exchange'by the'former channel,contribUtes'to the
'coilinearity of the reactive scattering on that surface,
while exchange by the latter route may explain the low
magnitude of forward scattered ND from HD target Both.
channels are therefore expected to contribute.
| A number of predlctlons arlse'from these conclusions,

which may become testable-in future work. Two of these

appear to be 1nev1tab1e if the model proposed here is
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substantially correct. For one, the distribution of ND'

| product from Dz.target shoﬁld exhibit both a rear peak and
fwo forward lobes at angles_near 45°,. Secondly, the forward
and rear components of each scattering'map~shouid-be of
different states as dehoted in the pfeceding paragraﬁh.
Other predictions appear to-be probable, but not vita1;
consequences of our §onc1usions. - The nitrogen product of

2D and 4S states, and

charge exchange‘should be of both the
should not show a sharp threshold at 3.3 eV. Reaction (1)
probébly‘has an activation barrier of at least 0.7 eV.

As a final note, we. may cbmment on the significance of
‘this work in the'largef context of chemical kinetics. It~
tends‘to support the general suppositféns of Sectiqn III-B.
regarding energy regimes and the effect of exothermicity on
product stability. vit also shows that a rather complex
‘reactive system, involving extensiﬁe pdrtions of two poten-
tial surfaces and the probable interaction of twd others,
can be effectively treated by the use of corfelation-diagrams
and Simple hard-sphere models. As a result, it encourages

the hope that Kinetic theory need not be mathematically

impenetrable in order to be effective.
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APPENDIX A
THE '""WRONG-ATOM" SEQUENTIAL IMPULSE MODEL

This appendix examinesvthe '"wrong-atom" case of the
Sequential Impulse Model, defined in'Chapter V, Sectioh'D.
Figure A-1 showé the approbriate conétruction for the problem.
We observe thatvthe.qﬁantity of interést is nbw the final
B-atom velocity;'vg. '
cussed in this appendix, and will be indicated by v. The

This will be the ' only velocity dis-

quantity-n is defined as C/B. Three results will be deduced.

" They are: (1) The identity of the right- and wrong-atom

cases fbr homonuclear targets; (2) The"locétion of the

heteronuclear magic circle; (3) The location of the hetero-

- nuclear limiting cardioid.

1. Homonuclear Case

When n = l;vthe Vectorsvg andvg become of identical
length in Figufe A-1, énd the construction is identical to
that, of Figure V-4. However, the scﬁttering éngle X' in
Figure A-1 is-SUppleméﬁtary to . the 5caftering angie X.of :
Figure V-4. Using the properties‘ofvsupplementary angles,

we may write:

sinX' = sinX ' (A1)

cosX' = -cosX B o - (A2)
So that: | |

cos?X' = cos’x. | | - (A3)
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But\Coszx'fand sinX' are the only functions of X' required

in expression V-(37), and the magic‘Circle'and:Vector

'relationships are identical. Therefore expression V-(37)

and thus the SIM results are invariant to the choice of -

‘reacting atom, for the homonuclear case.

2. Magic Circle
Referrihg to Figure A-1, we may define geometrically
the problem of finding the magic,circlegin the general case.

We désire the locus of all vectors b ahd ¢ such that:'

v=>b+2¢ (A4)

 under the constraint:

Ce/b o= . S (AS)

'This locus may be shown to be a sphere either by construction

or by analytic geometry. We therefore require only the
N . .
radius p and center d of the sphere.
Con51der the maximum values of b and ¢, b, and c_

They w111 be parallel and thus be related to v by

(A6)

'Simiiarly, the minimum values b_and c_ are related to v by:

Sl

Since the magic circle is defined by V. v is invariant for a
given magic circle The deflnltlon of n-allows us to remove

¢ from equations (A6) and (A7), producing:
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v = b1
But the radius of the sphere
20 =

so that p is found to be:

he]
f

-n| = b_llfhl-

(A8)

of interest is clearly given by:

b, - b,
|| - (A10)

>

We may then use p to find the center of thévsphere, d, from

the relation:

yielding:

The vector d may thus lie on v or on 1ts negative exten51on,

' depending on the sign of 1- nz

both p and d are infinite.

We note that when n ='1,

- This 1is con51stent with our

i statements regarding the homonuclear (n=1) case in Part 1.

of thie appendix.

TheihomOnuclear case is equivalent to the -

right-atom SIM, where the intersecting '"circle'" is the

perpendicular bisector plane of V.

of infinite radius.

3. Limiting Cardioid

Figure A-1 defines coordinate angle £.

angle to wrlte the Law of Cosines for the v - b - ¢ trlangle"

A plane is a "circle"

We may use this

(A9)
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as:

(222€ Reosg - 2Rcosg)? = v2 + (2Rcose)? - 2v,(2RcosE)cos(e-£).

(A13)

After straightforward manipulation, this expression may. be

written as a simple quadratic in coszg

L cos4g + mcoszg +n =0 : ’v (A14)
wherg:
2 = v2R% + R*(a®-20)% + 2vR® cose(a®-2a) (Al5a)
m= - 1R cose - 3 R%vZ(a?-20) - R? Zsine  (ALSb)
@ = Bgc.= 1+n. o (A1sd)

If £ is to be real, the condition:

m? - 4 an >0 | | © (A16)

must .hold. Substituting the values of equationé (A15) into
(A16) givés: ’
(- % vz) [Rvcose + Rz(az-Za-ZsinZe)] =
| 4 | 5 9 2.
4(%) RZ{V2+2vaose(a2-2a)»+ nz(a2~2a2)_]’(Al7)

Collecting terms, removing common factors.of (v/2)4,.and>R2,

and converting terms in Cosza into terms in sinze,-produces;
vzv- 4Rvcose + 4R2(a2-2a2-sin2€). (A18)

append = O,
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Solving for v:

Av_=_4Rcos§+j(16R )(c652§+51nze+a Za )]1/2 (A19)
" which féduces fo; . )
v = 2R(cose + (o? 2a+1)1/2) 20
or,'since ﬁ = (B#C)/Bﬁ
v = 2R(cose + C/Bj o '{.' . (A215

an ekpréésion for the'iimiting cardioid.  When n is less than‘
: ﬁnity, chobging the.positivé root produces ? poSitiveﬁx for
all . then n is gfeater than unity;_;he,negativé root
produces_the inner lobp of a cardioid whiéh'lies'completely
~inside the outer loop produced By the‘positive root. The

positive root is thus chosen.
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APPENDIX B
LISTING OF PROGRAM SIMPLOT

The followiﬁg pages contain a complete 1isfing of the
proéram SIMPLOT, uéed in‘Chéptér v, Séction D, of this work
to évaluate the results of the Sequential Impulse Model.
The program is written‘in‘FORTRAN-IV for use on the LBL
CDC 7600 computer. The main program evaluates the SIM
expréssion at a number of grid points, and then determines
the coordinates of the gri& and of the stability circles
for various'mass.cdmbinatidns. The subroutine MAP PLOT
performs the actual piotting,-with the aid of the.subroutine
SEARCH. Funcfion ASM?SN carries out the Simpson's Law
integration of the SIM integral, ﬁsing the functional form

stored in function FINIG.
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PROGRAM STMFLCT (OUTPUT, PLOa,aAPEQ CUTPU!,TAPE98,TAPE99 PLCT)
DIMENSIGH CTMMX(244)y ULIM(4),8(4) 4C(4) »
DIMENSICN BC(4),AB(4),VCORR(4),UCORR(4)

DiMENSTICN UX(4,700),UY(4,700)

EXTERHAL FIMTG .

COMMON/INTEG/ EL yRHO,0DCyV

COMMON/MAP ARAY/CGX(TO00) sGYUTO0)TY(T700),12,TCTPK
COMMOM/DEFINE/VR,VCM

CCMMON/ID/CCMMENT (6)

DATA R7ERO,D23,PT,D12, IJ/O.74O 0.5043.141592654, 0.73 o/

DATA A,ByC/l"o’lo'lo,Zo'Zor1012.71-'2 / :
DATA COMMENT/10HSEQ. IMPUL,10HZE MCDEL- ,10HC PRODUCT,IOH FROM A

" $+.,10HBC, UNTTS ,10HQF 2RV(O0)./

DATA COMMX/10HNH PRODUCT, 10HH2, UNITS o 10HNH PRODUCT,10HHD, UNITS
$9 LOHND PRODUCT yLOHHD, UNITS ,10KND PRCDUCT,LOFC2, UNITS /
SIMPLO™ IS DESIGNED TO PLOT TH EXPECTED FRCCUCT DISTRIBUTION
FRCM MAHANS 'S ANALYTICAL SOLUTICN OF THE SEQUENTIAL IMPULSE
MODEL AS A CCNTCUR MAP, THERE IS NC INPUT. QUTPUT CCNSISTS OF
FOJR MAPS, ONE FOR EACH AB+C COMBINATICN, REPRESENTING AB DIST-
RIAUTION IN UNITS OF THE BEAM RELATIVE VELOCITY, AND ONE MAP
REPRESENTING THE C ATOM DISTRIBUTICN, IN UNITS OF BEAM VElOCITY
DIVIDED BY TWO Ry WHERE R IS MAHANS MASS FACTIR R.
THE PROGRAM 1S PRESENTLY CONFIGURED FCR N+ + H2,HD,D2s TC CHANGE
70 ANOTHER REACTICN, VALUES IN THE FIRST TWC CATA STATEMENTS
AND THE CAPTIONS IN THE SECOND Twl DAYTA STATEMENTS MLST BE
ALTERED APPROPRIATELY. AyByAND C ARE MASSES OF REACTANTS IN AMU, -
D23 AND D12 ARE BC AND AB DIAMETERS, ANC RZERO IS THE BC DIAM,
ALSD CHANGE THE VALUE OF QSEVERAL STATEMENTS AFTER STMT, 500.

 WRITE(9,1001)

WRITE(9,1002)
WRITE(9,1(03)
WRITE(9,1004)
DOD=D23%D23/{RZERO*RZEROD)
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THIS LnooP. ES:ABLISHES USEFUL MASS SUMQ FCR THE FCUR
DO 110 K=1,4
BC(K) =B(KI+C(K)
AB(K)°A+B(K) : ‘ o

“VCRRR AND UCCRR CUNVERT V(C) TO U(AB). o -

UCORRIK)=AXC(K) /{AB(K)*BC(K)) ' .
VCORRAK )=2 4 #B(K Y= (A+BC (K )Y)/ (AB(K)®XBC(K))
CONTINUE
DO 100 I=1424

D7) LOOP SPAMS FANGES CF X ALLOWED TO V3.
X=—0. Z*"’Oo.‘.*l

REACTANTS.

HERE THE MAX VALUE OF Y FOR A GIVEN X ARE CCMPUTED.

RRAN=14 44 o%X

1F{RRAD) 31,31,32

IF {RRAD-9.) 33,33,34
CMAX=,5%{SQRT{RRAD}~1.)
YMAX={CMAX+]1. ) *SQRT (1. ~CMAXXCMAX)
IYMAX-YFIX(IO.#YNAX)+I

GC 70 3v

TYMAX=21

Gl v 30

1YMAX =1

CONTINUE

07 200 J=1, IYMAX : '
DO -LODP SPANS RANCE OF Y PERNITTED FCR GIVEN Xe

- ¥Y==0s1+0.1%J

C
c
110
C
.
32
33
34
31
30
C
C
c
23

TMCREMENT .1J THE PUNN[NG INDEX OF PGIhTS.
1Jd=1J+1
~ CALCULATION OF ANGLE EPSILCN FCP GIVEN X ANC Y.
V=SCRT{(XXX+Y%xY)
IF(V EH».O:.C Yo EQ.O.) cC TC 29
COSEP=X/V
SINEP=Y/V

LST
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C

CALCULATION OF INTEMSITY GIVEN BY S, 1. M, FACTOR OF 1,000

i$ ARBITRARY. NOTE CMISSION OF SEVERAL CGNSTAN’ FACTORS.
EL=SINEP/2.

RHCSQ=1,~(COSEP=-V ) %x%2 S .- o
REHOSQ o«LEe O MEANS V IS OQUTSIDE LIMITING CARDIOD, TY= C.
1F(RHUZQ.LE.O0.) GO TO 20 '
RHT=(SQRT(RH3SQI )/ 2,
SIiNTH=RH(O/2,
pOn= 1.—(023*023/(RZERO*RZERU’) '
NawW CALL THE NUMERICAL INVEGRATION., THE FUNCTION FINTG WILL BE
TNTEGRATED 8Y THE ROUTINE ASMPSN OVER THE RANGE FRCM O TO €.28318.
THE RELe. ERRCR BOUND 7S 001, AND THE RESLLY 1S STIRED AS ANSWHR,
TF THE FRROR BOUND 1S NOV ACHIEVED, THE PROGRAM WILL JUNP TO 61,
TFCASMPSN(FINTG, 04164 283189.0019AN5hR).LE 80.) GO TC 61
TYUIII=1.0E3%ANSY RILV=V)
6N oTO 22 _
61 NRI*E(QvélOO’ V95!NEP9€L{RFO
20 TY(iJ)=0.
22 CLNT'NUF '

GX AND GY ARE THE VALUES PASSED TC THE FLCT ROUTINE,

X 84D Y G TO GY AMD GX BFCALSE THE PLOTYER PLOTS SIDEWAYS.:
GX{TJ)=Y ' ' : ~
CY(TJ)=X
D" 300 K=1l.4 '

THE UX AND UY FCR VARYING MASSES ARE TFE RELATTVE AB PRCDUCTS DISTS.
UXTK,y 1J)=UCORRIK)I*(X*VCORR(K)=1,0)*(=1.C)

UY(Ky IJ)=UCCRRIK )= (Y&VCORR(K))
300 CONTINUF

OYTPUT THE VALUES OBTAINED FOR THIQ PARTICLLAR Lcee,

WRITE(G,2001) TJ,TYLIJ)eXyY UX(1y1J), UY(l,IJ)1UX(201J’0UY(291J),UX
$(2, T, UY(3,10),UX(4,TI),UY(4,1).

SYMMETRIC (Y=-Y) VALUES ARE CINE HERE I\STEAD OF RECALCbLATINGo_

- NOTE THAT THEY CO NCT APPEAR IN TFE.PRINTUUT, CNLY THE MAP,
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IF(Y) 41441442

42 14=1J4+1

TY(IJ)=TY(1J-1)
DO 450 KK=1494
UX (KK TJ)=UX(KK,1J=- 1)
UY KKy I1J)==UY (KK, [J~- 1)
450 CCNTYNUE :
. REMEMBER, THE PLCTTER PLCTS SIDEhAYS.
GX(1J)=-GX([J~-1)
GY{(1J)=GY(1J-1)
99 CUNTINUE
41 CONTINUE

2200 CCNTINUE

100 CONTINUE
NOW DO THE MAPS...FIRST THE V3 MAP,
IZ IJ
" CALL MAP PLOT ‘ : : ‘ '
' NOW THE FOUR Ul12 MAPS NITH.APPRCPRIATE LABELS. ' S
COMMENT (4)=10H FROM N + ' : -
CCNMENT (6)=10H0F U(0).
DC 500 K=1,4
COMMENT (3)=COMMX(1,K)
CGNMENT(S)-COMMX(79K)
DO 400 L=1,12 -
X AMD Y GO T2 GY AND GX BECALSE THE PLOTTER PLDTS SIDEN&YS.
GX{L)I=UY(K, L)~
GY{L)=UX{K,L)

" 400 CCNTINUE

C

CALL MAP PLOT
S00 CONTINUE
THE REMAINDER OF THE PROGRAM PQGVIDES THE RADILS OF THE STABILITY
CIRCLES TO BE DRAWN ON THE FCUR U122 MAPS, FOR SEV. LAB ENERGY

69}

00
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INCREMENTS UP-TO 240 EV.
WRITE(9,5001)
WRITE(9,5002)
Q IS THE STABILITY LIMIT IN EV.
Q=-%.,2
DO 600 L=1,40
Eﬂ=20."’5.*L
DO 700 K=1,y4 o ) '
PARFN= ACIK)I*(1+(A+BCIK) I®Q/(BCIKIFED) I/ (BC(KI*AB(K))
BELOW A CRITICAL ENERGY, THE VARIABLE PAREN IS NEGATIVE. THIS
IMPLIES ALL PRODUCT IS 80UNDs AND ULIY IS GIVEN AS ZERQD.
[F(PAREN) 51451,52
€2 ULIM(KI=SQRT{PAREN)
€O TO 50
51 ULIM(K)=D,
. 50 CONTINUE
700 CONTINUE
WRITE(9,6001) EG.ULIM(I),ULIM(Z),ULIM(3’,ULIM(4)
600 CCNTINUE
2001 FORMAT(LIXyI392X9E1043y2(2X+FB844)95Xy8l2X,FEL4))

1091 FORMAT (1H1,41Xy IHN,4XyOHINTENSITY2X,17HC CCGRDS Vo UNITS,ZSX 4 1HAB

$ PRODUCT CM CUORDINATES, UNITS CF G(AC))
1002 FORMAT (1H=444Xy15HN + F2 = NH + HySX,15HN + F0 = NH + D,SX;ISHN,+
$HD = ND + He5X,15HN ¢+ D2 = ND + D) ' '
1003 FnRMA.(sz,ZHVX'8X92HVY'5X.4(8X,2HLX,8X.2HLY))
1004 FORMAT(1H-)

5001 FOPMAi(lHI'GX,51HRADIUS OF INSTABILITY LIMITI(C==5.2), UNITS'OF V(A

$01)

5002 FORMA*(bX.bHE(LABD,6X,9FN(P2,H)NF,4X99FN(hCoC)kaﬁX,QHN(FD,P)ND'4X

$+9HN{D2,D)IND)
6001 FCRMAT(5(5X,F8.41))
6100 FORMAT({36H INTEGRATICN ERROR AT VvSINEPyEL,RHC94(2XF6 3))

STOoP

U
-
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800

801

C FOR.

Al

EhD
SURROUTINE MAP PLOT
COMMON/NONSYM/CARE(600)
CCMMON/ID/CCMMENT(6)
COMMIN/MAP ARAY/CY(TOO)’GX(7OO’,TY(7OO)9129TCTPK
CCMMGN/DEFINE/VR,VCM
COMMON/CCFACT/FACT
COMMCN/CCPICLY/ XMIM,y XMAX, YMINqYMAX,CCXMIN’CCXMAXQCCYM[N9CCYMAX
DIMENSICN B{l4)

DIMENSION PEAKX(Z’;PEAKY(Z)'GMAX(Z,
DIMENSION ROUND(L14)1,XP{2),YP(2) '
DATA(CIRCUND(I) 41I= 1 14)=1e91e291eb91leT92e92e593493e 5'4.y4 845 5
%9659 Teb6yGa)

THE SUBROUTINE MAPPLOT IS TAKEN CIRECTLY FRCM JUHN WINN'S PROGRAM

DATAMAP, WITH THE FEATURES FOR MAKING A SYMMETRIC MAP REMOVED.
FACT=1., B . :
TCTPK=1.
bC 10 1=1,600
CARE(I)=0.0 . . . o
CCXMIN=100, & CCXMAX=1100. $ CCYMIN=70., ¢ CCYMAX=107C.

‘DO 800 J=1,12 $ GX(J)==GX(J)

GY(J)==-GY(J) & CALL SEARCF(GX’IZ,PEAKX(I)) '

CALL SEARCH(GY,1Z,PEAKY{(1)) $ DO 801 J=1,1Z ¢ GX(J)=—=GX(J) .
GYUJI==GY(J) & CALL SEARCH{GX,1Z,PEAKX(2))

CALL SEARCH(GY,IZ,PEAKY{2)) $ CALL SEARCH{PEAKY,2,GMAX{1)) " o
CALL SEARCH{PEAKX2,CMAX(2)) & IF(CGMAX(1).EQaeCs) CMAX(1)=CMAX(2)
CENTERLINES - - Co
XRAT=GMAX(2)/GMAX(1)

IF(XRAT.GT,2.0) XRAT=2.0 o

IF(XRAT.EQe2.0) GMAX(1)=045*GMAX(2)

PART=20. '

GMAX{2)=-GMAX(1) $ CALL LINEUP(GMAX;Z’PSUND'141PART YNIN,YNAX)

19T



XMIN=XRAT®#YMIN ¢ XMAX=XRAT*YMAX $ CCXMAX=6C0.+500.*XRAT
CALL SEARCH(TY,IZ,PK) ¢ PK=PKXTCTPK ¢ TOTFK=FK
PK=TQTPK .
TOTPK=TCTPK%,1
55 DO 803 J=1,1Z & CX{J)=GX{(J)/YMAX®5CQ,
803 GY(J)=GY(J}/YMAX®500. :
XLIM=PEAKX(2) /YMAX%*500., $ CCLIM=CCXMIN+500.+XLIM
115 DO 8924 J=1,12
ENCODE(10+48,INT) TY(J)
. 8 FORMAT(1PES6.O)
IF{TY(J)eFQa0e) INT=4H OE+
CCX=CCXMIN+494 ,+¢GX(J)
CCY=CCYMIN+491,.+GY ()
CALL CCLTR(CCXyCCYy0919oINT,42)
CCX=CCX+9, & CCY=CCY+T,
INT=LEFY(INT,18)
CALL CCLTR(CCX,yCCYy1ly1sINT, 1)
CCY=CCY+5,
INT=LEFT(INT,12)
CALL CCLTR(CCX,CCY91,y1,INT,1)
804 CONTINUE
DT 920 MI=1,17 & GX(MI)= GX(M!)*Y“AX/500.
920 GY{MI)=GY(NMI)®*YMAX/500. ’
901 XP{1)=YMIN ¢ XP(2)=YMAX ¢ YP(1l)=YP(2)}=C.
XMIN=YMIN ¢ XMAX=YMAX ¢ CCXMAX=1100.
CALL CCPLOT(XP,YP4294HUOIN,s3,1) & CALL CCPLOT(YP,XP92'4HJOINy7 1)
CCXMAX=XRAT=S00.+600s $ XMAX=XRAT*YMAX & XMIN=XRAT%YMIN
CALL CCGRIC{1,6FNULBLS,y1)
CALL CCLTR{CCLIM +70.43CCYMINt GT.,1, 29C(NMEAT,60)
GNOM=(VR=-VCM)71C00./YMAX®500. $ CCX=5CG.+CCXMIN+GNCWM
CCY=494 +CCYMIN ' . '
CALL CCLTRICCX,CCY»143,1HX,1)
CALL CCNEXT
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-

RETURN
END
SUBROUTINE SEARCH(A.N,P)
DIMENSICN A(N) '
SEARCH IS A SUBROUTINE OF MAPPLCT.
P=A(1) $ DO 1 I=2,N
IF(A{T).GT.P) P=A{(])

RETURM

END
FUNCTION FINTGU(FI)
REAL L

"CCMMON/INTEG/L 4P 4DyV

FINTG CONTAINS THE FUNCTION INTEGRATED BY ASMPSN.
BICA=4.*(L&L+P%xP=-2, *L*P*CDS(FID)/(V‘V)
SINCH=1.,/SQRT(BIGA+1.) '

CSOCH=BIGA/(BIGA+1.)

FINTG= SINCH/SQRT(I.-C*CSQCH)

RETURN

END

FUNCTION ASMPSN(F,XA,XByEPSyAREA) o o B
ADAPTIVE. SIMPSONS RULE S S
NIV. 3, 1966 C o ' :

INTEGRATION ROUTINE, FRCM LIRRARY SOURCE, SUBSET ASMPSN.

SEE COMPCEN LIBRARIAN FOR DCCUMENTATICA. .

DIMENS ION x(7.15),Fxt7,15).AEST(3.15),ox(151,TOL(15).4(15)
DATA LMAX/15/ :
THREE=1. ¢ FIRST=0 -
ABCVE CAN BE REPLACED BY THREE'.. AND FIRST=1.
TCL=A3S(EPS) . - o
LSMPS=100
LSAVE=]
Al=0 -
IF(EPS «LTe O ) AI=AREA
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50

100

150

X{(7r=X8B
FX{T)=F(XB)

X(5)=XA § _
FX(5)=F{XA)} $
EST= FX(5)+FX(T7) ~
LX=(XB-XA}/18
DO 5 K=2418
X=XA+{K-1)*DX
EST=cST+F(X)x(4=-2%M0OD(K,2))
EST=DX/3%EST + Al
X{6)=(X{(5)+X(7))/2
FX(6Y=4xF{X(6))
DX=(X(T7)=-X{5))/2
AEST(3)= DX*(FX(5)+FX(6)+FX(7))/3
ERRSUM=0
TCTSUM=EST
L=1
J=3 :
BEGIN ADAPTIVE PROCECURE
ITNCREASE LEVEL :
Ll=L
L=L+]1
LSAVE=MAXO(LSAVE,L)
TOL(L)=TOL(L1)}/THREE
J1=J{L1) '
DX(L)Y=DX{L1)/3
PUSH DIWN .- CLD COORDINATES
J=2% J1-2 _
DO 110 KK=1,3
KA=K J+KK
K=23%KK=~2
KL1=7%L1
KL=KL1+K
(KoL) = KL
KLA=KL]1=-7+KA
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119

120

135

130

200

~¢

(KA,L1)=KLA
X{KL)=X{KLA)
CEX{KL)=FX(KLA)
CALCULATE NEW COURDINATES
DXL=DX{L)
H=DXL/3
JiL)=1
DT 120 KA=2,3
DC 120 KaKAy6,43
KL=T%L 14K
(K’L) = XL
X(KL)‘X(KL 1)y+0XL
EX(KL)= F(X(KL)’*(4‘3*VGD(K!2))
SUNMK=0 ‘
DO 130 K-193
KA=2 %K=-1
KB=KA+2
KL=3%L1+K
{KyL) = KL
AEST(KL)=0
0T 135 KJ=KA,KB
AESTIKL)=AEST{(KL)+FX{KJ,yL)
AESTIKL)=HXAEST(KL)
SUMK=SUMK+AESTI(KL) .
DSUMK=SUMK=-AEST(JLl,L1)
SUMK=SUMK¥DSUMK/80
ABC=ABS (DSUMK))
IF{L.LE. 2) GO TG 100
TOTSUM=TOTSUM+DSUMK

IF(ABS(SUMK*EPS) ,GE. ABD «OR. TOL(L)I%TOTSLM

IF(L +LT. LMAX) GO TO 100
HIT BOTTOM CF . TREE
ERRSUM=FRRSUM+ABLC '

+.GE. ABD) GO TG

200

(?n
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205

210

220

300

AEST(J1,L1)=SUMK

IF(JY .CE. 3 ) GO TO 210
J1=J1l+1

J(L1)=J1

60 T0 150 -
IF(L .LE. 2) GO TO 22C
L=L1 :

Li=L-1

Jl=J(L1)

L13=3%L1+1

(lyL)=113 _
SUMK=AEST(L13)+AESTILLI3+41)+AEST(L12+2)
GC YO 205

AFREA=AEST(3)+Al
ASMPSA=MINO(LSMPS,LSAVE)

IF (ABS(EPS*AREA) .GE. ERRSUM/80.) RETURN
IF(FIRST .NE. 0. ) GO TO 300 ’
LS¥PS =0

FIRST =1,

THREE=3, .

GO TO S0

ASMPSN==LMAX

RETURN
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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