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ABSTRACT

 An icn,beam-cbllision cell method was used to measure the product
energy and angular distributions from reactions of Né with H 2 HD and Dé
in the primary ilon energy range 25-135 eV. The data include three con- .
tour maps each for the Hevand DE experiménts (taken at low, intermediate
"~ and high energies) showing the entire distribution of product intensity
‘in the center.of mass coordinate system. ihe distributions have a-crater-'
like snape around‘the center-of-mass point. " At large scattering angles
the intensity varles slowly with angle, and the velocity at the rim of.v
* “the crater is independent of angle in the'center-of-mass system, AIlL of -
ivthe distributions have a peak at O° scattering angle which shows little".
spreading in energy or angle over the spread in the primary lon beanm.
- The intensity of this peak is 57500 times that for the large angle
3 scattering. Kinematic analysis of the distributions shows that all
product ions are formed with high éxcitation energles, The amount of
itransfervof kinetic energy of-the.reactants terxcitation energy of the E
products 1is found to be ~1.75 eV for the large angle scattering, inde-
pendent of the primery ion energy. For the small angle scattering the
| energy transfer agrees?with predictions of the Stripping model for

collisions at low energies, but at high collision energles it reaches



v

& constant maximum.vélue of:~2.5 eV. This result ié.iﬁtérpretedgas'
evidence f&r N2.+'Hf a§:p§e-prin¢ipal dissdciatian pfoductsvof N2H+.
Only isolated feafgres_of,the produét fon distributions are found to
agree with simple gollision models, and at high energies strong recoil

is kinematicdily required by the data, even .for the forward scattering '

peakss



T. - Inbroduction

A. "Classical" Studies of Ion-Molecule Reactionsl

Considgring the long history of intérest in the kinetics of ionic
procésses in solution énd the great edvances in the underséanding of
éas phase kinetics made during and prior to the 1950'5*, it seems at
filrst remarkable that systematic investigations of ilon-molecule reactlion

2,5 The

kinetics in the gas phase were not undertaken uﬁtii the 1950's.
reason for this, of course, was that the experimental methods of homo-
geneous gas phase kinetics were simbly not applicable to the study of
ion-molecule reactions, since thg lons were avallable only under non-
v equilibrium cénditions and in reiatively extremelj small quantilties.
Consequently, until very recently practically all knowledge concerning
‘gas phase ion-molecule reactions had come from observations on the
composition of ﬁhe gas'iﬁ mass spectrometer ion sources. Although

' secondary reactions (éfter the primery ionization) has been known to
occur ever since the very beglnning of mass spectrgméﬁryT, the study
,Of the chemistry taking‘place within mass spectrom;£er lon sources was
generally confined until aftef 1950 to'merely discovering which re—v

actions occurred. With a typical electron bombardment ion source, these

Fo¥ example, tranﬁitioﬁ state theory was first applied to a specific
reaction in 1932. : ' : o
Even J, J. Thomson, with his originai mass spectroscope, noticed a

product from a hydrogen discharge with mass-to-charge ratio of 3,
* which was later shown to be due to the reaction

HE + H2 —fHB + H.
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experiments consisted of passing a mixture of gases into the eource,
bombarding the mixtufe with electrons of known energy and observing
the mass spectrum. Since ehe threshold for creation of a given ion
by electron impect 1s generally feirly sharp with respect to the
electron energy, the primary ion responsible for a given product could
often be identified by the electron energy at which the product began
to appear in the spectrum. . By then measuring the intensity of the
'seeondary ion peak as a function of the partlal pressures of the com-
ponents of the gas mixture, individual sﬁeps in the reaction could be
deduced. Variations on this method included ionization of the gas By
means of pﬁotons or alpha particles.

Later developmenté in the understanding of the influence of lon
source and extraction field geometry on the ﬁass spectra enabled the
determihation of rate constants analogous'to those'for'homogeneous gas
phase reactlons from the dependence of secondarj ion intensity<on the
ion repeller voitage. These studies were begun in the middle and late
1950%s by several groups of Workers.l Another technlque developed in
the same period was the use of a pulsed beam of ionizing electrons
through the source, foliowed by fasﬁ extraction of the created'ions
after a measured time lag.2 This method also ylelds thermal rate
constant data. | |

More recently tandem mass spectrometers for study of lon-molecule
reactions have come into use. In thls method the primary lons are’
created in a eeparate chamber, formed into a beam aﬁd mass analyzed.
They are then passed through a cell'containing the neutral molecules
and the products 6fiiion-molecule reactions in the cell analyzed with a

second mass spectrometer. Ionlc products of the collisions may be



._5_

quantiﬁatively extracted and their intensitiesvmeasufed under the con-.
dition that little mqmentum is transferred to the secondary_ions, in
whichvcase the ions are extracted perpendicular to the primary lon beam,
or under the coﬁdition that the momentum transfer is large, in which
case the secondary ions are extracted parallel to the primary beam. By
©varying the potential of the ion source in this.arrangement,'the total |
cross section for the process can be determined as a functlon of the
translational'energy of the primary ion and, of course, sinée the ion
5eam 1s mass selected, there is no ambiguity about the identity of the
reactants. The conditions necessary for quantitative collection of the
secondary ions, howevér, greatly restrict the number of systems amenable
to study by this method. | |
It 1is clear,that studies with conventional or tandem mass spectro—.
mefers,'though véluable in d;scovering and,chaiacterizing some general
features of ion-molecule reactions, cannot be expected to yleld any
direct informetion on the details of the dynamics of elementary processe§. 

" 'B,  The Molecular Beam Method for Study of Reaction Dynamiés5

" The ﬁost fundameﬂtal concelyable experiment which ﬁight be doné to *
.‘ study the details'of a bimolecular chemical reaction (barriné the
possibility of directly observing the atoms during the collision it-
,sélf) would be tp prepafe the two molecules»in'the desiredlelectronic,
vibrational and rotational states, cause them to collide with known

- veloclty and angle of impact, then measure the veloéity; angle of de-
flection and Internal states of thevproducts. In féct_it has been the

practice of chemlsts since fhe early deys of molecular theory to think
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about and describe reactions in terms of models in which these para-
meters are known. Though it has always been presumed that chemical
rearrangements are due to more or less elementary dynamical inter-
actions between the atoms involved in the colliéion, and though many
of the basic ideas of modern chemical kineties have arlsen from the
success of models for the collisions in explaining some macroscoplc
properties of reactant systems, there had until very recently been no
direct éxperimental deta produced on the dynamics of even the most
elementary bimolecular collision. Molecular beam ﬁethods provide, in
principle at least, the means of performing such experiments.

A molecular beam (which may be & beam of ions) is defined as a
directed stream of molecules moving through a vacuum. By passing a
célliqgted beam through a toothed-wheel or other velqcity selector
(for an ion beam, an electric or magnetic field) then through selectors
which preferentially focus molecules with the desired internal states*,
the initial conditions of the molecules can in principal be selected to'
any degree of accuracy. If two.such beams are crossed, and simlilar
éelectors used to measure the distribution of products resulting from
éingle collisions in the intersection volume, the "1ldeal" experiment

is very nearly achieved.

For example, the rotational states of polar diatomics can be selec-.
tively focused with an electric quadrupole field, an electric six-
pole field can be used to select symmetric top molecules with the

same dipole moment components and rotational angular momentum orien-
tation, and individual spin states of paramagnetic atoms and molecules
can be separated by a magnetic six-pole field.10
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Thé present staﬁe of molecular beam‘research, however, falls far
short of this ideal due to the low intensitieé availeble in the primary
beams and the high cost of each additional selection component in terms
of inteﬁsityv  Only baré1y émerging from infancy,xmolecular beam re-
search on reactions between neutrals has so far been confined princlpally
to alkall metal reactions with halogen-containing molecules because of
the ease with which the alkali metals and their halides may be detected
via surface ibhization, the very large reaction cross sections, and the -
high pumping speed of cryogénic surfaces for these materials, which is
necessary to reduce the background to manageable proﬁortions. Even the :'
most elementary early studies, where two thermal beams were crossed and.
the ahgular distributions of scattered products measured, ylelded direct
informetion on the kinematics of the reactions which allowed inferences
to be made concerning the reaction probability as a funcfibn of the im- .
pact parameter of the collision and the relative orientation of the
'partners,5 The later addition of velocity analyéis in the alkalil metal
| beam and then velocity enalysis of both the alkall metal beam and the
product beam has-allowed very detailed study of the dynamics, including
| the dependence of the reaction probability on relatilve translgtional
energy and the determination of the excitation energy of products as &
function of scattering angle and the tfahslational energy of the re-

' actants.5, Similar experiments Whefe the product molecules Weré defleétea.‘
v, in an électric fieid to separate them according to their averagé rota-~:
tional velocitiles (the most rapidly rotating molecules were deflected
~less because thelr dipole moment s were more nearly averaged out to zero  ]
over all orilentations of the molecules) even allowed estimation of the ; 

relative amounts of product excitation energy in rotational and vibra-.
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tional msdes.ll”The o.rilyirea.ctive scattéring ex’per'i_me»nts/: reported
where interﬁél étatés of moleculeé in £he pfimary beams were selected .
are two meésurgments of the angular distributions of products scattered :
from collisions'bf K and Rb with orientation-selected CﬂEI.lg’l5

It ié antiéipated_that with the further advénces in technology
necessary to do_ﬁore‘cémplefely definitife experiments, molecular beam - .
techniqués will comeito-occgpy the same status with regard to the
sﬁudy'of dhemical reactions that,épectrosgopy now occuples in the
"undérstanding of molecular étructure.‘, |

- - +
C.- Summary of Previous Work on the N2 +MH2, HD, D2 Reactions

The N;'+ Hé reactioﬁ was one of the veryififst éas phase iénF .
| molecule reactions to be positively identified,2 and, along with other.
isotopic hydrogen atom transfer reactions with noble‘gas and organic
idné, has been one of the most extensively studied. In early experi-

ments designed to measure rate constants at near-thermal energles

'_Gut’t)ielc',lLL and Schissler and Sﬁevenson15 studied, respectively, the

reactions
+ . +
+
Ng‘ Hé - NEH + H
and
+ ' +
-+
Né D2 - NéD, +D.

in conventional mass spectrometers and reported results neglecting the . : A

'possibility of the reactions

+ ‘ N
H2 + Né - N2H + H

and.
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D, + 1, - N2D+ +D
in fﬁe mithré leading to the same product s
The later experiments of Glese and Maier,16 using -a tandem.mass
.spectrémeter with extraction of secondary ions parallél.tO'the primary
beam,.deterﬁined the energy dépendence of the total reaction cross

-+
section for N2 +_D2 from about 0.5 eV to 15 eV, and showed that the

o + ‘
reaction with D2 was not negligible in the previous work, Due to the .

inability of the apparatus to collect all the product ions emerging
over the entire possible angular distribution, however, Giese and Maier
found 1t necessary to include a correction of about +25% based on the
. form of the product angular distributlion, which they assumed was iso-
tropic in the center of mass (CM) coordinate system.

Turner, Fineman and Stebbingsl7 extended the total cross section
| measurements for Ng + D, to 70 eV, using a tandem masS spectrometer
~where the ion beam was crossed with a neutral beam., They also reported
the first croésed beam measurements. of fhe product angular distribution-fl
from an lon-molecule reaction,'using NZ + Dye Due to poor resolution
the angular distribution.results yielded little informatlon concerning‘vv "
‘ fhe_dynaﬁics but clearly:contradicted the assumption of lsotropie

scatteringo The fotal cross section results agreed wilth those of Gieseﬁ;.

and Maier within about a factor of two in the region of overlap. R

+
Previous work on the NE + HD reactions has been limited to measure-

| ' 18

ments made with a conventional mass spectrometer by Moran and Friedman.
' + -+ ‘

The total cross sections for formation of NEH + NéD and the isotope

‘ratio were determined at average lon energies up to about 6 eV, The

theoretical analysls included reactlons leading to these products from



‘elther Né or‘HD ol,if;;t"' T S
The reactlons of N Ar and CO with 1sotop1c hydrogen molecules
 are natural ch01ces for first studies of ion-molecule reaction dynamics v
'because of the:Lr large Cros8s slect:.ons e.nd the hlgh ion to neutral mass
ratio of both rea.ctants and products, whlch by conservation of momentum . '

conflnes the product ions to a sma.ll range of laboratory scatterlng

angles. 9 The flrst exper:.ments Whlch directly ylelded information on o

th_e dynamlcs of .:Lon-‘-molecule reactions were those of Lacmarn and i
Henglein,go who measured the velocity spectfa of ions. scattered near
. zero degree.s. :in_th‘e la.boré,_tory (IAB) coordinate system from reactions
. of-‘Ar+, N; amd CO+ .With H, and D, asv.-abfunction of primery ion energy '\
¢+ in the range 25-200 ‘eV.. I.n_thleirv apparatus a,'.no'rrl-‘se'lected primary lon' o
| beam W'asv'. paseed:. 'tldrough‘a. ‘cell comtaining thev target gas and the pro- :

~ducts emerging nearly parallel to the primery beam analyzed ty means of..

| a cros'sed magnetic and electric field.velocity selector .(Without mass
. analysis). These authore found that the product.ion distribution'was"
. vstrongly peaked forward of the CM velocity at all beam energies. The&:.fl |

‘ 1nterpreted these results in terms of a "stripping model" (SM), . in which

the hydrogen atom not picked up by the lon recelves no momentum from

the colllslon, though the dats showed considerable deviation from the
Predlctlons of this model at the higher energies.

- With e much more sophisticated lon beam-collision cell appara.tus

B employing mass and energy selection of both the primary beam and product‘ L
" ions » Doverspike, Champion and Baileyel measured the energy (and some
"'angular) distributions for the Ar and N, reactions with D, between - 0

... .2 and 100 -eV. Obtaining results in close agreement with those of
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Lacmann‘and Hengléin for the peak veloéity of forward scattered products,
these workers found in addition for some primary beam energies a small
peak:at velocities smaller than that of the CM, corresponding to 180°
CM scatféringO. They drew'thevconclusioﬁs that the energetics are con--
sistent with "activated complex" formstion at low kinetic energles, a .
"pickup™ mechanismvat mode?ate energles,:and a third process at the high
energies.which leads to less intefnal excitation in the product ion than '
predicted by the stripping models No significant differences were found
in the energetics of the Ng'and the Ar+'reaétions;

. Finelly, & study has very recently been_reported by Herman, Kerstettex,
Rose and‘Wolfgang,22 who used a crossed beam apparatus (without primary
ién mass sélectioh) to determine the energy and engular distributions of

w products from thg N;.and Ar+ +1Dé reactions at energles between 0.7 eV
“and 25 ev. Evén at the lowest energles agreement was obtalned between
- the experimental date and a "modified stripping model™ in which the tra-
jectories of reactants and products are influenced by an I'-LL pélarizdtion :
attraction, though the étom transfef itgelf 1s subject to the stripping

model conditions. The ides of a long-lived collision complex at any '

relative energy was rejected.
Do The Present'Experiments

Results afe‘reported here for the distributions in energy and. anglé'

B for both‘NQH+ and. NéD+ products from reactions of Ng‘with HQ, HD and DE'[.:,
These'experimenﬁs_Were undertaken in order to investigate the isotope |

. effects on the dynemics and to determine unambiguously ﬁhe features of“.i
B the.CM angular dlstributions of products which, particularly for the

large CM angle scattering, were barely touched upon in the previous worke
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The datazcover the pfimary ién energy range_fromv25 eV}'where the large
angle 3cattering is bare1y resolved,»up_to 135 eV, and include dafa on
the énergy>variétion of the inteﬁsity'at-éach-part of the angular dls-
ﬁribution, in additién to.the energetic data. TFor three primary beam
energies each i# the_Hé and D2 reéctions, contour maps showing the
complete product ioﬁ velocity and angular’ distributions in the CM
coordinate'system.aré presented‘in-order to=demonstra£e clearly the
isotope and relative kinetic energy effects on the features of thé
distributions. These aré tﬁe only such complete distributions yet
r?Ported:for.a chemical reactions. .

As expected, the correlation of energetic, intensity and lsotope
effect déta provide the basis for a much more rigorous comparison with.;_
various models for the dynamics than is possiﬁle from the limited data} ﬁ

reported previously for these reactions.
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T, instrumentation.and Operating Procedure

A. General Description of the Apparatus

The apparatus_and procedure used for these experiments have been
described in detall in a previous reportjl9‘ therefore only a brief
description i1s ineluded here.

The NZ ioné are created in a low-pressure source (ZLO_5 torr) by
bombardment with electrons of 50-T0 eV energy. After extraction from
the source with a potentiél.of about -250 V, the lons are focused with
2 series of.electrostatic lenses‘into a magnetic momentum analyzér,
bwhich gives both mass and velocity separafion of the ions; The anslyzed
beam is then collimated wiﬁh a second set of electrostatlc lenses,
passing finally, under field~free.conditions, through the entrance
apertﬁre of the collision cell containing the target gas, The exit
-aperture of the collision cell and the product lon analysis and detec- -
tion system are coupled and rotate in the horizéntal plane to measure

the angular distributiong Tons emerging at the preset angle enter first

a 90° spherical electrostatic energy analyzer, then are focused at low -

energy into an RF quadrupole field mess filter from which they are ex- RN

tracted by a high potential and detected with an ion counting system, -
B, . Operating Conditions and Procedure

Regardless of thetfinal desired lon beam eﬁefgy,‘the magnetlec mé-‘
"mentum analysls of the N; lons was done at anienergy of 25 eV and the 1;‘
final acceleration accomplished in the last'focusing stage. This pro-
cedure gave & uniform full-width at half maximum_(FWHM> energy distri-

bution in the primary beam estimated to be less than 0.5 eV.
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Afﬁer preparat}Qh of‘the.primary beam and measurement of its energy

and angular diétribution, the collision cell‘was'filledAwith the target .
gas to a pressure of 8-10 % fl.O")‘L torr, and date, collécted,by setting
the detector ﬁéss fiiter to the appropriate mass number and scanning
‘either theAenerg&:distribution at fixed angle or the angular distribution
at fixed éﬁergyy-recording at each poin£ the number of counts, the ﬂtme-
interval used (usually 20-30 sec), the angle and energy analyzer settings -
and the céllision‘ceil pressure; The peak primary beam intensity was |
. recorded at intervals of 20-~30 minutes and the small drift taken into
géc@ﬁnt by using § Llinear interpolation for the intensity‘cqrresponding'31 
to each point in the interval. Background signals due to reactions
outside the collision cell (where the pressure was a factor of 1000

.lower than thé collision cell pressure) were measured in the same way
'-’by'emptying the.coiliSion cell and leaklng gas into the main vacuum

chamber to give the same background pressure of target gas. In the HD .

!

’ B

experiments howéver, it was necessary to monitor the collision cell
pressure with the main chamber ion éauge to avold isotoplc mixing on
the hot filament. ALl the data were normalized to the same pressure '
scale, and all the measured signals were linear with respect to the
target gas pressure,

For most primary beam.energles only the product lon energy dis-

tribution at zero degrees and the angular distributlon at a velocity

""near that of the CM were measured. The contour diagrams were generated

from the intensities measured in an approximately 25x25 matrix of energy

andvangular‘coordinates covering the enjire area of the distribution.
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C. Factors Affecting thé Accuracy of Measurements

Isotopic pufity

Since the ion beam was mass-analyzed, the purity of the gas used
was not particularly impbrtant; The magnetic momentum analysls elim-

inated virtually all of the mass 29 ions. due to the natural abundance

15 1&N15)+

of N”. The background due to the few remaining (N ions did not

interfere seriously with measurement of the NéH+‘distribution because
the peak energles did not colnclde.-

The target gases used were of the followlng sources and ilsotopic

purities:
H, | - IRL _ Naéurdl Avundance
HD  Stohler Isoﬁope 99.3%
.De | Liquid Carbonilc o8%

Peaks in the distribution profliles due to HE in the HD experiments and
~ HD in the D2 experiments were detectable, but sgince they were sma 1l and

resolyed from the other peaks, they did not affect the results.

Calibration of the energy analyﬁer

The spherical electrostatic energy analyzer in the detectlon system
' w@s‘calibrated by comparison with retarding potentidl measurements of'.
ion energy and_by the slope of the dependence of the peek intenslty energy
analyzér-voltage on the ion source potential. An absolute accuracy of

R vabéut 1% is estimated, but since the analyzer‘is an intrinsiéally linear

.. instrument, relative energy values should be much more accurate than thisg,

Détectér énefgyAénd.énguIAf résolution

The FWHM resolution of the energy analyzer was 5%, and. the geometric

full~width angular resolution defined by the diameters and separation of
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the collision cell exit aperture and the detection system entrance
aperture was 2.5°. These are, of course, values in the IAB system.
In CM coordinates the resolution will be much less and will vary with

both angle and velocity.

Mass resolution

The resolution of the quadrupole mass filter was set at about 35
for all of the experiments reported here. Separation of masses 28, 29

and 30 was complete to within the sensitivity of our detector.

Transmission in the detection system

The transmission of the energy analyzer, determined by the two 80%
transmission grids used to attenuate the field at each end of the analyzer,
was 64%. The transmission of the focusing system and mass filter com-
bination after the energy analyzer was found to be constant with respect
to the ion energy within the accuracy of the measurements (about 10%)

and equal to about 50%.

Detection efficiency

The efficiency of the ion counter was virtually unity for all ionsl9

and since the product ilon intensities were never much greater than 10,000

counts/sec, the coincidence losses were negligible.
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© IIT. Results

A, Data Analysié

The following motation is used throughout the discussion:

Mi = initial lon mass

v, = ‘iﬁitial ion IAB veloelty

g; = initial ion CM'velo;ity_

Ei = initial ion LAB energy

Mf = final ion mass

Ve = final ion IAB velocity
& = final ion CM velocity

Ef = final ion IAB energy

m, = initial neutral mass

u, = 'initial neutral LAB'veloéity
V.= initial,neutrgl CM:velocity
m, = _finai neutral.mass.

Yo = final neutral IAB velocity
Ve = vfinal neutral CM velociﬁy-

E° = initial reiative kinetlec energy (in.the CM system)

Es = final relative kinetic energyv(in the CM system)

Q = energy defect of the reactioﬁ = Es - E:

Hi = vinternal energy qf reactants (exciﬁation enérgy)

Hf = Internal energy of products (excitation energy )

W =.'heat of reaction (difference between ground state-energies

of reactants and products)
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@ = IAB polar.scattering angle
X = CM polar scattering angle "
¢ = azimuthal scattering angle

The scattering of two reactant particles to give two product particles
can be described in terms of a Newton velocity vector diagram, which de-
picts the collision simultaneously in IAB and CM coordinates. Though the
kinematics of reactive collisions has been tregted by several authors,

8 brief review is pertinent for the discussion which follows.

Figure 1 shows a vector dlagram for the collision at point O In thé

‘ IAB system, between an ion with velocity Vs and é neutral with velocity

W,

s in & space free from externally applied fields. The center of mass

of the two particles, defined at any instant to be on the line between
them at a point determined by the mass ratio, thus moves through space

on a straight line with a velocity M Since the conservation of linear

M
momentum requires that the motion of the center of mass be unchanged in
the collision, the point Vom ié-a fixed‘reference.point in v space (for
this collision) and may be taken és the origin of a coordinate system ”
with the center of mass at rest (the CM system). In this new system the

initial velocities of the ion and neutral are g4 and Wis respectively.

They are related by

Mg, = ~mW, . : (1

After the collision the ion is found to have new LAB and CM veloclties
Ve and & with orientation specifled by <e’¢LAB) in the LAB system and
(X,¢CM) in the CM system. The velocity of the neutral particle after the

collision (not shown) is determined by



Fig. 1

XBL 678-4784

Newton veloeity diagram for arbitrary 1n1t1al ion and neutral veloeities;
showing relationships between initial and final IAB and CM coordlnates.

...L-[..
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Mege = - Mgy : @

required, again,. from conservation of momentum. -

- The total energy E, available in the collision is

t
B = 2+1Mi€+Hi+W . (3)

% 7MY TN
where Hi'is the ‘sum of whatever excitation energies (electronic, vibra- |
tional, rotational)-the reactants may have and W is the heat of reaction‘f'
The total energy may be partitioned between that associated with motion“
of the center of mass (ECM).and the energy available to the reactants in

the CM system:

. 4 ,
= + '
E, ECM. E,+H +W, ‘ _ (4)
. where
' ' ‘ 1 ' 2
= - + * .
Fou Q(Mi m) Vou )
and
; v M, +m '
o 1.2 1 _ .2 1( { i) 2
. = = + = Pl s A o)
Bs T2 & TEmY =\ T/ ME (6)

E, is, of course, conserved in the collision, and ECM is conserved

separately, since v.,, 1s unchanged and the total mass is conserved
’ ? ~CM

(Mi + m, = Mf +,mf). The total energy availeble in the CM coordinate

system is therefore constant and we may write’

o
+ -
Eg +H +W=E_+H (7
- where ‘
' M, +m : '
__l(.f r 2 Ry
Es T2 M, ) Mfgf (8)

cand where’Hf is the internal (excitation) energy in the products. The

. energetics of the collision can then be described by the amount of
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energy Q converted between kinetic and internal energy In the process:

04 ' - .
Q = ES_ES=Hi—Hf'_f‘W v 7 ' (9)

The greatest possible net transfer of kinetic to inmternal energy is
for Es = 0, in which case Q = - E:. A1l products having a given total

excitation‘energy H, must, under a defined set of initial conditions

f
(E:, Hy, W), have an lon velocity vector located on the surface of a
- ‘sphere in v space of radius 8o with its center at Vo

The energetics of the collision are then speclfied at every ?oint
in Ve Sspace. The dlstribution in intensity as a function of v 1s
ho&ever detérmined bnly by the details of the colllslion mechanlsm. The
only a priori requirement on the'intensity distribution from collisions:
of the type diagrammed in Figa 1 is that in an experiment where the
orientation of the particles is not selected the distribution must be
cylindrically symmetric about the relative veloclty vector (gi - Yi>’
since any orilentation ¢CM of the initial plane of the cgllision in the(.‘
_CMvsystem (which is in general different from the plane of vy and Ei)
“is équally probaﬁle¢

In a collision cell experiment one has, of course, notfa single
value of Uy but'a Makwellian aistribution of neutral velocities iso-
ltropically distributed around the scattering center. The particles in .
the lon beam will also have some finite disﬁribution in velocity and
aﬁgle. Thé résulfant distribution';n'ycM'will then be the convolution

. of the initial neutral and ion velocity vector distributions, each re-

4 m M, v :
duced by the appropriaste mass factor ——?-—- and ———3%-, respectively.
Mik m, - Mi+ m,

For the experiments reported here the most probable value of the - -7

" neutral speed Uy is In general less than 10% of Ve If the cross section
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for the Erocess beiné-studied varies slowly over thé range of initial
rélative véldcities; then the energefics for the.mbst probable value
of the velocity &r atlgny écattering angle X can be calculated using
the most probable Xi’AWhiCh can be measured,.and_the most probable Uys
which is u, = 0. The'velocity vector diagram'for sédttering under
these conditions is shown in Fig. 2, where the initial velocities are
ﬁo be interpreted as the most probable values.

Having u, = O greatly simplifies the calculation of the energetics{ ';
First note that Vou is colinear with Vi making the azimuthal angle o) “
the_same in both the IAB and CM systems. The initial conditions are

specified completely from the measurement of v, or E,t

M. )
i - S
Y = VoM T W T m V4 (10) -
1 i .
g, = T, ' ' (11)
g 'Mi+mi i
o mi ‘ .
E = ¥ ¥nm B . 3 (12)
i i

The final relative speed 8e and relative kinetic energy Eg are deter-

mined by a measurement of Ve and 6 only:

: , 2

2 - ‘ 2 | ____.__2Mi__.. . fa) +‘ Mi '2 : (13) [ _.

8, T Ve © W Fm, v£'y 8 M, +m ) V1 DO
i i v 1 1 ‘ -

' hence ® need not be measured. In fact, because the average rel@tive
velocity vector is colinear with Vis by the above symmetry argument the . .

- intensity at a given v, and 0 (or g, and X) must be the same for all ¢a.
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‘ , | .
Fig. 2 Newton veloeity vector diagram for initial neutral velocity u, = o,
showing relationships between initial and final IAB and CM codrdinates.

~Tec~
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Thé Quéntity_meaéuredhfor each primary ion energy Ei in the experi-
~ments is'fhelinteqsity.(pérticles per unit time) striking the .detector
as a function éf energy-Ef and angle 8. .The form in Which the dats is.‘.
| finally . rendered is the felative differential cross section (averaged

- over thevdetector”dimensions> for scattering of‘product lons into an

element of volume

dBX = .v?sine a9 d¢ dv, = g?;.'.S.inX'dX} 4$ dg. o (1k)

in the v space didgraﬁmed in Fig‘ 2. The equation used is

L W
T (o, v,) =T (%e,) = % (15)
: ‘ ‘ .t } P VEA : -
where | : 4 ' ' N o .

S =t'number of counts recorded in time t (sec.)

P = collision cell preséure on a scale of O %o 1000,
. where 1000 = 12 x lO-h torr -

1” = peak primary ion beam current through the enefgy
analyzer in units of lOblE amp .
Vg, = energy analyzer potential (volts)

and where f£(8) is a factor which corfects for the different scattering

volume subtended 5y the detector at different LAB angles, given by

scattering volume subtended by detector at 6 = O° (16) :

i f<9) scattering volume subtended by detector at angle Be

:This factor is calcﬁlated‘graphically assuming pressure cutoff at the
collision cell apertures and varies from unity at @ = 0° to 2,00 at -
-8 = 8°5°, approximately the largest IAB angle at which products were -

found. The V%ﬁg factor normalizes the intensity to the change in
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- detection volume subﬁended (in v space) as a functionvof E, due to both

the apparatus géometry and the trdhsmiséion band of the energy analyzer,
which is proportipnal to the energy transﬁitted. As demonstrated in the
previous reportl9 I is proportioﬁal to thé true differential croés section
in the limit as the resolution in initial conditions and detector volume

is made infinitely good.v - _

The calculaﬁions_are,done on the'CDC\6606 computer at the IRL computer

vcenter. For each data point entered the computer prints out f; Ef, Vo Qz
gf,ix, ES and Q. In addition a CALCOMP plot is obtained of T vs. Ve for

each constant angle profile and of I vs. 6 for each constant energy profile

meagsured, ~

B. Contour Maps of the Complete Product Ion Distributions

To generate each contour line all the coordinate pairs (vf,e) corre-
sponding to a selecﬁed T measured from the constant angleland constant
energy profiles for that experiment were fed into the coﬁputer, which
transformed each palr of coordinates and plotted the points in the CM
~ system (gf,x). Smooth lines were drawn by hand through the points for
" each intensity and were superimposed to produce the maps;
| ' The complete distributions in f(gf,x) for the Ng + H2 reaction at.
primary ion energies of 47,00 eV, 84,32 eV and 121.68 eV are presented in’
Figs. 3, 4, and 6, v-and the distributions for the Ng + D, reaction at pri-

'-vmary ion energies of 24.9% eV, 65.00 eV and 89.84 eV are shown in Figs.
“18, 9 and 1ll. Following the higher energy distributioné, where the large

= angle scattering is clearly resolved, plots of the radial (constant X)

- peak value of T vs. X are given. The points denoted on the contour maps

by small circles represent the positions of the peaks for large angle

scattering measured from the individual profiles.
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' Several‘qualitative features of the distributions are immediately
apparent. First-is the_symmetry of the distributions about the 0°-180°
line, which provides a rigid check on the precision of the measurements.

The slight asymmetries_noted, such as the uniformly greater width of thei

distribution on the positive angle side, are necessarily due to asymmetries e

din the'apparatﬁs but seem not to.affect'tne'locetions of the peaks. Some

| small asymmetries are»unavoidable—-sucn as in the ion beam momentum anal—:
yzer, where ions with slightly different momenta pass through the exit

| slit at different places. Next; the distributions appear to have the shape

”t.of craters with relatively uniform height around most of the rim, but withf

an extremely high "mountain' on the forward side peaked at 0°. At a

“~relative kinetic energy of 3.1 eV the structure of the large angle scétter-'t‘in

"ing‘is barely resolved (peaks are distinguishable in the H2 experiment,
 {Fig. 3, and not in the D, experiment, Fig. 8, because of better ion beam s
resolution) but at higher energies the crater shape is clearly defined. ':;eJ'
The "walls" of the crater grow steeper and more separated with increesing:-x
_ ion energy and always show a smaller slope toward the center of the craten }~
"{ then.on,the outside of the rim. The 0° peak'has an elliptical horizontal l
" cross section which refiects‘the shape of. the primary beam (due to the
better resolution of the apparatus in velocity than in angle) rather than
the actual small angle scattering. 'In fact, the dimensions of this peak“i
show almost no spreeding over those of the primary beamiin'dny'of,the:ﬂ;i
| “experiments...Some of the distributions also show peeking of intensity injbkj,
'the backward direction. Finally, it is noted tnat the'values of g at ihéy;*
radial peaks in a given distribntion are virtnally constant for the large »tf”
"angle scattering (except for-Fié. 3, which is poorly resolved), implying;"

energetics independent of the -scattering angle for X between'h5°:and;1802xl_
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andlthat the large angle re;ative velocit& for a glven experiment.ié in
general greater than the relative velocify for 0° scattering. Also, the
scattering'at'all'angles froﬁ D2 givesvpréducts with greater CM velocities
than oceur for the Hé reéctions at thevsame relative kinetic energy,
because at identical lon-neutral separation the center of mass point 1s

. ' ' - : -+
almost twice as far from the NéD+ product than the NéH product.



Db~

- [+90°. -907)

4 x10% CM/SEC

1180°

XBL 678-4782

Figs 3 Contour map of N, H+ distrlbution in the CM coordinaﬁe.
 system (gf, X) from the reaction

47,00 eV N;+ H, ->N2H+. +H  Exp't (199)

The values of I {in units of 107) for the contour lines

" not labelled can be obtained by linear interpolatilon or
extrapolations The small circles indicate the locations

of maxima in the constant energy and constant angle
profiles.
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- +90° ©-90°

4, 4
cm/sec

XBL 678-4796

Fige 4 Contour map of X N.E' distribution in the CM coordinate
 system (gf,- X) Pom the reaction .

B3R eV N} + H, » WH + H _Exp‘,’G (195)



28

.120 T T ( e — T T
110
100
90
80
70
60

50

Tpec:k “Os)

40

30

20

O—0———O— ——0
O ! ) L i J L L L |
O 20° 40° 60° 80° 100° 120° 140° 160° 180°"

X

XBL 6784789

Fige 5 Radlal peak intensity vs. CM angle

B2 eV N, + H, »IH +H  Bxp't (195)
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-90°|

XBL 678-4800

Fig. 6 Contour map of I H+ distribution in the CM coordinate
systen (g, X) from the reaction

+ v -+ .
121.68 gv N, + By, > ILH +H Exp't (200)
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Fig. 7 Radlal peak.intensity'ygf-CM angle

+ + ' '
121.68 eV N, + H, »N,H +H Exp't (209) N
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j"900 _900—

1

6x10% CM/SEC

1 180°

XBL 678-4780

Figs. 8 Comtour map of N D" distribution in the CM coordinste
system (gf,x) frém the reaction - -

2493 eV N;’ + D, - 1\T2D+ + D Exp't (190)
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Figs 9O Contour map of N,
system (gf, X)

65.00 eV Né + D2 —aNéD + p

XBL 678-4799

D distribution in the CM coordinate
f%om the reactlon

Exp'f (186)
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Flg. 11 Contour map of | D' distribution in the CM coordinate
system (gf, X) from the reaction *

89.8L4 eV I\TéD+ + D, > NQD+ +D Exp't (193)
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:'C.‘vEnéfgégici;ﬁa InéensiﬁY'Daté
. TaAble.ﬂsﬂ I an‘ci.f Ii contéin a summary Qf:’all thé 'e';periméntal date 01_1-\_' i

the energeﬁiés‘and intenéities fdr o° énd large anglé scattering meaéufedf'f.f
af the peaks in the fadial profiles 6f:the distriﬁutions. The quantita-:fv};
;tive featurésnof the energetics may be best discussed_with reference ﬁo‘gf; .5-

: .varioﬁs models‘féf the collisions, which ére.treéted in the next section;fﬂ- .
:_A quick glanéévgt Table I éhows, hc&e?er, that'fhé Q values do not changejﬁf  ;~
‘drastically:wifh the isotope or the piimary ion enefgy and are all negati€e55f? 
limplying'é'net transfer of kinetic to internal enefgy in every réaction.i :h L
Alsp, the ¢hdothermidity is usually greater forIOq scéttering than for __ f~

_ §cattefing through large angles. M

- The intensity data show both large variations with energy and lafgeﬁl'""'

“isotope effects. In Fig. 13 logfbo is plotted against.Ei for all thet;;;{

- 'reactions studied. It is seen that Tbo falls quite rapidly with in-

‘creasing ehergy-and is. on the average about a factor of ten higher fof § i

2

with.energy‘ In this.plot because the distribution is slowly varying

S 4 ' . + - LR
- the NJH 'product than for N,D . Figure 14 shows the variation of Tige® -

'3  withlrespéct to angle (as opposed to the 0° peak, where the angular widthf' ? =

>‘_is liﬁtle'greéter than that of the pfimary beam) the peaks in the.differ— i:ﬂG:
'ential cross_secﬁioﬁs afe normalized to the.same solid angle element by .i:
.mpltiplication by gfe; The amounts of large angle scéttering vary much;:

h'z32more slowly with energy than do the 0° peaks,”and show a nearly expon-. -

"iﬂ"ential'dependencé. The isotope effects are radically different than for‘f{

. : + Co
small angle scattering. They shcw, for example, the N2D product from
. HD favored over the N2H+ product at 180°. This difference shows up most j,

. clearly in Fig. 15, in which the ratio of backward to forward scattering
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in the CM coordinate system is plotted as a function of the initial
relative kinetic energy. Finally, the relative amounts of backward

peaking in the large angle scattering can be seen from the plot of

I9O°/Ti80° given in Fig. 16. At low energies I9O° is greater than

I. o0 for all the reactions, but at high energies peaking at 180° is

180
+
observed in all cases except the N2H product from HD. This feature

. + ,
is especially prominent in the case of the_NéD product from HD, where

Ei8o° goes to values greater than a factor of 5 higher than E§o°°



Table I. Energetics ..

s 0° Scattering large Angle Scattering -

|  Ei B | vi‘ 7 g 00 B A R (100 E_ )
Exp't. No. (eV).  (eV) (10 cm/sec)(lo5cm/sec cm/sec) eV) (eV) (lO cm/sec) cm/sec) (eV) (ev)
. N; + D, —aNéD+ - : o e _ -
*186 65,000 8.1250 21,1784 20,037 1.506 5,635 -2.49 16,899 1.632 6.615 -1.51
187 2k,955 3,1193 13,1223 12,298 0.816 1,654 147  10.695 0.789  L1.547 - -1.57
188 35,068  4.3835 15,5558 14,560 0.9h9 2,237 2,15 12,539 1.072 2.855 -1.5% - "
. 189 75.000 9.3750 22,7h92  21.5%0 - 1.624 6,552 2,82 18,126 1.780. T7.87L -1.50
*190 2L, 932  3,1165 13,1163 12,327 0.850 1.795 -l.32 —— —— -—
191 - Cbh,955 5,619 17.6126 16,500 1,089 2,946 2,67 1h,223 1,188 3.506 -2.11
192 54,864  6.858 ~ 19,4571 . 18.337 1.312 L4276 2,58 15.670 1.355 L4.561 @ -2.30°
- %193 89.841 11,230 2h.8985 23,615 1.829 8.311 -2.92  19.890 1.896  8.93L -2.30
N; + H, —>N2H+ ‘ _ ' ,
19k 34,886 2.326 15,5154 15,000 0.519 . 1.213 . -1,11 —em  mem o mme e
*¥195 84,318 5.621 24,1211 23,330 0.817 3,006 2,62 21,582 0.931 3.90% -l.72
196 - 70,091 L4.673 21,9921 21,210 0.68% 2,107 -2.57 19.738 0.788 2.796 -1.88
197 110,227  7.349 27,5791 26,690 0,949 14,055 -3.29 2h,576 1,165 6,111  -1.24%
198 13%,864° 8,924 30.393 29,481  1.115 5,597 © -3.33 27.065 1,303 T.645  -1.28
*¥199 k7,000 3,133 18,0088  17.330 0.522 1.227 @ -1,89 16.221 0.587 1.552 -1.56"
4 *eoo 121,682 80112 28,9767 28,075 1.030 h.777r -3.34 25,817 1.228  6.790 -1.32
Né + HD ——>N2D. B - . ' _ : ' ‘ :
207a., Ll 8L1 .359 17,5903 16,480 0,592 1,687 -2,65 15,108 0,780 2,928 -1.41
208a,. 59 .8k1 z 20,320 19.14% 0,789 2,996 - -2.80 17.h2h 0,930 L4,163 -1.63
o1le: 8L Sl 8 9] ohieoie gl Lqu . ?é% g.igo e :QL%W :]i'86o 2“%‘%8 ’%’8h'
211 [ L] Ol - - R > * > bt L]
212:. 10%,564 1o.18$ 26.8658 2% 608  L1.2547° 7.568 _2.22 23,322 1.28 7.02 .3°Z?
213a,. 119.455 11.560 28,7103 27.322 1.390 9.300 -2.26 24,608 1.324 8,138 -3.12
N 21ka. 35,046 3,392 15,5508 1h.h92 0436 0,915 2,48 —— — —— -
N, + HD —>NéH+ , o o ,_ |
' 207b, Ll 841 .539 17.590%5 16,962 1.07% 2,681 -1.66 14,750 1,138 3.013 -1.33
208b, 59 81 z 20,320 19,605 1.251 3,641 2,15 17,000 1.354 4,265 -1.53
210b. g °902 g 2 9 22,735 21,947  1.412 4,638 2,61 18.950 1.595 5.919 -1.33
211b, 9 86 24,9016 24,020 1.628 6.166 - 2,55  20.765 1.g27 6.939 ~1.76-
212b, = 105.7 10. 197, 26,9638 26,188 1.83Lh 7,825 -2.37 22,480  1.87h4 170 -2,03
213b.,  119. Z 11.560 28.710%  27.925 1.993 9.2l 2,32 . 23,935 1.997. 9.278 2. %g
21kb, 35,046  3.392 15.5508 14,967 0.911 1.931 -1.46 13.187 (0.859) (1.717) (-1.68)

¥ Contour map of product distribution determined

_8g.,.
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Table IT. Intensities

Exp't

it

3+392

No. 3§GV> Eg (eV) Toe 180° T90° + 10%
_N;+D2—a N2D++D . o . R
¥186  65.00  8.125 - 18.7x10° 70O 380
187 - 24,96 3,119 305 - 2700 6400
188 35.07. 4,38k 297 2000 - 4150
189 7500~ 9.375 9.8 370 213
*190 2k,93 3,117 515 - -
191 . Lk, 96 5.619 212 4700 3070
o192 54, 86 6.858 5847 2130 - 1790
¥*193 89.84 11.230 L. 50 '97.0 150.0 -
Wy - NE | o
S 19k 34,89 2,326 1220%10° - -
*195 8L.32 5,621 11k 2530 2600
196 70409 4, 673 132 3450 4hoo -
197 110.23 . . T.349 29.5 950 820
198 133,86 . 8.92k  11.2 500 335
*¥199 47,00 3.133 150 13000 28000
*¥200 121.68 8.112 19.8 9ko 680
| NHHD - WDHH o
2072, 4h, 8L L.339 - 111X1.0° 6900 7530
208a, - 59. 84 5.T91 36.5 4200 1750
2102 Th.9L T.249 T.53 1100 358"
211a 89.86 8.697 2.48 520 100
2123 105.36 . 10.197 0.72 188 42,3
213%a 119.46 © 11.560 0.27 98 16
- 21ka 35,05 3.392 160 - -
NZ+HD +>EEH%4D
207D 4k, 8k 4,339 515><:Lo5 1570 1360
208b 59,84 5. 791 32% 720 538
210b o Th.oo1 7.249 174 330 270
211b 89,96 - 846907 53.5 183 188
212b 105,36 - 104197 14,9 87 98
213b 119,46 - 11.560 8.0 50 58
214 . 35,05 L13 2700 2700

Contour map of produé'ﬁ distribution determined
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IV. Discussion and Interpretation

-A;’“The'Pbﬁéntigl Ehergy:Surface for the. Reaction

The pbtentiéi énergy in a system consisting of a hydrogen molecule
.and an appfoachinng;_ién isvpresumably fixed by the parameters shown in
.: Fig.‘l7¢' With éomplete knowledge of the potential energy as a function
of theée six parameters it would in pririciple be possible to calculate
from the initial conditions (impact parameter énd rotafional and vibra-
‘ltionél phasés)A£he trajectory of fhe ién through the collision and obtain
the differential cross sections Computer tehcnology is at present far
from belng adequat; for such a problem, however; the calculations having
been‘only'very recehtly extended to three-dimensional studies of certain

23,24

_simple cases of the reaction A -+ BC —AB + C. In view of the gresat

+ L+ : : .
similarity between the l\T2 and Ar reactions with isotopic hydrogen mole- .

20,21,22 it would probably be an adequate first approximation to

_éules
© assume an averaged central potential for the Né ion, eliminating the para-
and bringing the problem within range of Monte-Carlo

meters s B and'rN_N

calculations. At large separations T one can reasonably assume a poten-

¢

tial due to the charge-induced dipole attraction of the form

2 -l

V(r,) = ~<5 o r] (17)

Wwhere o is £hé dipole polarizability of the‘Hé molecule before the re-
action and of the H atom after the reaction. Also, ét large.separations
the fact thaﬁ the reéction is exothermic requires that the N-H poteﬁtial
weli Ee deeper than that’ of the hydrogen molecule. . ITn the critical region
v‘of small T however, aimost nothing is known about the form of the po-

tential energy surface except that from the temperature dependence of the
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. Fige 17 Parameters fixing the relative orientation

| of NZ and Hé.
'thermal energy rate constant there apparently is no activation energy bafrier
for the reaction.2 Uhtiildetailedvanalysis‘is made of the depeﬁdence'of the
  differential cross section on the shape of the potentiél energy surface 1t
appears that the dynamicé‘cén be best understood through comparison with

various simple models for the collisions.

- -B. Models for the Dynamics

1. Polarization Model
The most useful model for the interpretation of mass'spectrometric data
on ion-molecule reaction rates has beenithe polarization model proposed by

Gioumonsis énd'SteQenson.25 In this model the attractive potential for the

ion~induced dipole, given by Ed. (17) is assumed to govern the trajectory.
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If‘cléssical mechaﬁics héids thé result?is.obtained that for a given rela-

" tive velo;ity the'éollisiqns may be classifieg in two categories: particles
having an impact_paraméﬁer greater than a critiCal valué bO will never
approach closér than‘a‘disténce of bo/fé; while those with impact parameters
smaller than bo willvspiral to within an arbitrariiy small distance of each
‘other (assuming point particles). If it is assumed that reactions occur if
and only if the distance between the parﬁicles is less than a critical value

r, which is less than bO/VJé the total cross section is simply ﬂbi, which is

0—1/2
s

‘found to be proportional to E - The differential cross section is deter-

Vminéd by the unspecified details of atom transfer, but because of the large
deflection gngles undérgone by particles involved in collisions with impact
.parameters near bé the differential cross section cannot vary rapidly with
éngleo |

Clearly for this model to be justifiablé the orbiting cross section musﬁ
be much greater.than thevgas>kinetic crosé secti§ns of the particles. Only
vfor very low’(near thermal) energies 1s this criterioﬁ met. The detalled
calculations of Herman et al,,22 in fact, show the relatively weak polariza-
tion potentiai to have almost no influenée on the trajectory in Ng + D2 re-

actions at laboratory energies higher than 20 eV.

2, Complex Model
The concept of an "activated complex' intermediate between reactants and

'products in a chemical reaction has been in vogue for a sufficiently long time

that many chemists naturally expected to find from molecular beam experiments

evidence for the existence of a long-lived collision complex. Such expecta-

tions, actually based 'on a misinterpretation of the requirements of transition

state theory, have so far gone largely unfulfilled.
If a complex is formed which exists for several rotational periods the

complex will essehﬁiaily "forget™ the details of how it was formed, except
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for the réqﬁirements'of the conservation lawss One would therefore expect

to find anvequal probability of dissociation of the complex at any CM angle

in the plane. of the'cpllision, Because.in‘coliisions 5f a molecular beam

with statlonary target molecuies the initial»érbital angular momentuﬁ vectors
always lie in a plane perpendiCular.to the beam direction, the distributién of
_products from the complex model will not be isotropié in three dimensions,

but will show peaking at 0°%-and*180° in the CM systeﬁ -~ along the line where
all ﬁhe collision planes intersect.27 The amounﬁ‘of beaking willl be deter-
mined by the :atid of orbital angular momentum'to the initially random ro-
.vtational angular momenfum, In any casé the,distribution must be symmetric
about X = 90°‘-—-the plane of the initial'oxbital‘angular momenta. Such
bsymmetry has been foﬁnd only in alkali metal.atom-exéhange reactions with
alkali halides;27 ﬁhereas in a1l bther’thermal energy -alkali metal experi- '
ment$6 as well as for the ion-molecule reactions for which such Information
is.knownvthe differentidl cross sections §hOW'marked asymnetry about X = 90°.:
Even at relative kinetic energles as 16W‘as 0.1 eV the distribution of pro-
ducts from the NZ + D2 reaction is shifted far forward of the center of mass
despite'the.relatively long range rr-lL potential.22 Angular gsymmetry does
not, of coursé, preclude the possibility of vibrational equilibration during

: the collision taking placevwithin a Time much shortér fhan a rotatiénal period.
.Indeedg several vibrations of theireactants must occur while the interaction
is stili relatively_strong,.since even d 90 eV Ng lon moves only 2& during a
.-vibrational periOd.of Hé. Whethér tranéfers of vibrational energy during a

- collision justify the use of the term "collision complex" is perhaps a moot

. point.

3. Stripping Model
The term "stripping collision' is derived from a not-quite-perfect

analogy with the terminology of nuclear reactions and refers here to a
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chemical reaction meéhanism.by which an atom of thé neutral molecule is trans-
. ferred to:the ion witﬁout al£eraﬁion-of,thekofiginal‘momentum vector of the :
‘remainder of the'neutgal.”'The stripping mechanism necessarily gives forward

‘séattering in the CM system such as is obseryed'in alkali metal reactions

2

with Br
Whilerﬁaking definite quantitativerpredictions about the energetics, the'model

also predicts some qualitative features of the intensity.distribution.

"I&éal‘stétionary Target Case

. fhe predictions of thé stripping model for zero tafget velocity afé’par;

ticularly straightfor#ard. The completely inelastic collision of the ionvl'

! =

with the‘transferred atom of mass m, = Mf —.Mi_gives by conservation of

momentum T
Ve =gV L (18)"‘ K
_ £ , o

- "This gives for the final relative kinetic.energy'

mf Mimf o) . N
E, = o—F+—— E_ = E : (20)
: + M . _ .
s Mf mf f “fmi s _ . }

m

. 8 ) o - (. _— -_"‘ '.: .
ek O COREE

£

- where E: is simply the initial relati#e kinetic energy between the incidentif;w_

R

ion and the atom which is to be transferred.

It seems highly_unlikely that a product ion with internal energy greater

o than its dissociation energy D will exist for a long enough time (~107 sec ';ff

;:or 7108 vibraﬁions) to be registered at the detector. There is therefore a

maximum (negative) value of @ in e reaction which can lead to stable products.

‘Yas well as thé hydrogen atom ﬁréhéfer reactions of the preéent study.
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Under the assumption that no internal energy:exists in the hydrogen atom
left over from the reaction this value is obtained from Eq. (9) by setting
Hi = O.and Hf =D

Qoy =W =D . | (22)
: : - . o + ' +
Depending on whether the productiilon dissociates to Né + H or to N2.+ H, D

. ‘ N o +
may have either of the values D(N2 + H) or D<Né.+ H ) where
(N, +H) = D(N, + .H) . (e3)
DN, IR
and where the I's are the indicated ionization'potentials. Since

H

. .
W:D(N2+H) -D
| Hy

the corresponding values of'Qmax are

. ] | | |
Upxe(p *H) = - DHé:&'f_Af? o (k)
and

+ . ' ’ .
= - + - = - 2. .
Qmax(NE TH) DH IN. IH 2.3 eV (25)
. ' 2 2
(Note that both Qmax values are independent of the product ion dissociation

energy.)
The stripping model predicts, then, by Eg. (21) that no product lons -
“will be found for primary ion energies higher than a critical value Ec

given by
: : v

‘ £ ’ ' :
E, = - 5; Upax * ' - (26)

Values of EC for the two possible dissociation modes are given in Table III

‘along with other stationary stripping model predictions.
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_ ' Table III
Predictions of the Stationary Target Stripping Model

=

Reaction \%— - E—i E—E- B (N, + B)(eV) E (W, +H)(ev)
N;' +H, - N2H+ +H  0.9655.  0.483 B P
X, +HD N+ D 0.9655 0.6k 151 | 3
W +HD LN 4H  0.9533  0.511 68 38
N;r +D, - N2D+ «p 0.9333 .o.u67 _ 68 38

It is also to be expected from the stripping'model that the intensity
 should be the same for formation of a given prodﬁct ion from any isotopic
molecule at the same energy E:, since the remaining atom does not partici-

pate in the collision.

‘Modification to Include Téfget Mbtioh

"~ As noted in the section on data analysis, the location of thé product:
ion péaks in a scattering cell experiment are not affected by the isotropilc
- distribution of target velocities only if the.variation of the cross section
is small over the distribution of relative velocities, i.e., if the average
velocity of the neutrals which react to scatter particles into the detector
is zero. According té the stripping modei,?however, the ‘eross section must -
go to zero at a relative velocity émax corréééénding to an initial relaﬁive.

. . O .. ' .
k}netlc energy Ea which excgeds Qmax'

a i 2 T )
> M. Smax = ‘.gmax ° ' @7)



Thus, only atoms having a velocity vector U, lying within a distance

g ‘of Vi in y space can contribute to the product ion signaly The

max
implications of this requirement éré de'monstrated in Fig"l8.. If the
distribution inbgtom‘velocities U, <only the velocity of the transferred
atom is importent in the stripping model) is given by the function f(ua)
“of characteristic width v then for a primary ion velocity V= 8o =Y
almost the entire distribution can react by the stripping model to givé
7 stable products. As the pfimary ion‘velocity is raised above this value,
~an increasing fraction of the atoms is prevented from reacting by the
étripping model and the average velocity of the atoms which can react is
nd.longer zero but soﬁe positive Value. Finally, for Vs > Brax + v,
only reactions with those few atoms’translatiné very rapidly in the

direction of the ion beam can lead to the observed products.

The distribution in molecular velocities is Gaussian:

2 JoP
n(u,) = 2 . e Y (28)
i 3
d u, v
. ~L
 where
o =VEER, . (29)

_ is the characteristic width of the distribution, equal to the distance
from u, = o'at_which h(gi) decays-to l/e_bf its peak value. O is also |
| equal to the most probable speed of the neutral molecules. If the atom
transfer is regarded as instanfdneous then the velocity distribution which -
.1s desired must include the vibrational motion of the afbms, since the |
o traﬁsfer may take place at any phase of the neutral molecule oscillatlon.
(The rotational velocity of the neutral is much lesé than the vibfational

velocity and is therefore ignored,) The vibrational velocilty distribution
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 Fig. 18 Influence of the target atom veloeity distribution on the’ N
effective population for stripping model collisionss

for a ground-state harmonic ogeillator is given by

[ 2
j(ug) - dBdN « e-.(li/ﬁfb) Ug (50)
Bg

where p_ is the relative veloeity of thé two atomss Since the vibrational.

~

veloeity of the atom £0'be transferred is

u_ o=
e

BlH:B

. th |
- U-g ’ e (51)

distribution of atom velocities due to vibration is

2.2
) = e uv/B co (32)

I (v,
- where o
m .
2 £ -
B~ = . (33)
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The desired distribution'f(ua) in atom velocities is then just the con-

 volution of translational and vibrational distributions, given by

| . <y
£(u) = n(u)¥ie) = e ¥, ,_ LY

which is a Gaussian function with width parameter
YotwAhst . (35)
t énergies much above the critical energy_Ec only target atoms
moving on the average in the same direction as the lon beam can Feact
 to give stable products. The'stfipping model prediction for the pro-

duet velocity is then

Mi ma
= = TR .
T W, 1T N ta | (38)

But since the population of target atoms decreases rapidly with increasing

velocity and reactions can be observed only for ua Z'vi - gmax’ the average

" velocity of the neutrals leading to reaction is approximately
u = vV, - g . (37)
Substitution into Eq. (36) gives

m’ o .
. a
Vi " Ve T ﬂ; Emax . : (38)

"which should be valid for ilon energles above Ec‘ By the same token, at

_high energiles the relative veloclity of reacting particles is always

'~gmak’ so'the cross section is constant and the intensity should be

" directly proportional to the effective populatibn of target atoms,



-5ht

f(vi - gméx):' The strlpplng model requlrement for the high energy

~

varigtion of the intens:.ty is therefore

e 1., ' |
mI = - - (vi'- max) + constant (39)
SR A : oo
R ) S
=E, - & +. e S (k0)

where A" 2/N' yPend B = (2/v° )«]27»/ g
The effects of target motion on the stripping model predlctlons are
summarized in Table_IV. ‘The slope of log I VS Ei is evaluated at the

energy

1 2
B 2 Mi(gmax )

“at which the modified'stripping mpdel;snould become valid.

T

Error in Q bue o Target Mot ion

Both E: and ES are:. caleulated assuming the average velocity of the
target'molecules to be zeros If, as in the modified stripping model, at -

some energies the average.velocity of molecules leading to the observed

...~ products is not zero, then.an error will be made in both EZ and E_. Since

i

 the errors are both in the same direction for forward scattering from
. molecules moving‘parallel to the primary beam, part of the error cancels
in Q. For the'stripping model all of the error first order in ui'cancels;

‘leaving

CQerror = Qapp el T Tm %1 ¢ (k1)



" Table IV

'“Prédictiohs'bf the Modified Strippiﬁg'Mode1 f

o ey e (e (aleat/an)

‘Reaction (105¢ﬁ/sec)'(105cm/sec) (lO5cm/séé)> lO5cm/sec) (lO cm/sec) ji(erl)J Vf,f”:t: 

N

HH oM 18203 2T féé*ﬁ’57’f'€'fo;77f o 65 2t 90.6 e

-+

'l(N +:HD”;>NéHf'+ Do L9 o2a9- - 2.5h - RN : ‘;0;77 ;fi 1o 67 at 89 8 év

£ ™

ﬁg f‘HD _>NéD+_+-H o129 L9 ':1.69_~7-.1-"16;1*.fv“,' ?igo7-' - 0;77'atvu5*9 ev

NZ +Dy SND +D L2 .21 1.65° . 16,1 - L,07T 0.7k at k5.9 eV,

fFrequency data taken from Herzberg.

T Calculated for Qma = -2 5 eV. ﬂ:.‘
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Only thevtrahslatlonal Veloc1ty of the target molecule causes an error,
because the relatlve klnetlc energy is deflned Wlth respect. to the center .
of‘mass of the neutralfa The error from Eq. (hl) is less than the -experi-
mental scatter:(~0.5 eV)tin.measurementsiof Q for~ui'<.3 to 60, depending |

on, the isotopes

4, The Rebound'MEchaniSm

The opp051te case to the strlpplng mechanlsm is a process in which

1.

rea0ulon oceurs only for small impact parameter "head -on" collisions of - _

the reactants, which necessarily scatter thevion backward in the CM system;~
: Preferentlal backward scattering of the alkall halide product has been -
observed in alkali metal‘atom reactions with CH3I.7 it is not poss1ble
"‘to predlct the energetlcs of such collls1ons without hypothes1Z1ng the _rfj
nature of the (at least) three-body interactlon.

”“50._ Comparison;of«thefExperimental,Results;with the Models-.

3

Although the.large- and small-anglie scattering processes must be

related in the sense that they both arise from motion of the particles o

-t‘{ along the same potentlal energy surface, the features are rather sharply

'separated in the resolved contour maps and show little direct connection.-
between the respective energetic and intensity data. They are therefore

discussed separately.



L. Forward Scattéring_
The moét'promihent feature of ‘the préduct ion‘distribufiéns is the
peak at 0° in ﬁhe-CM system, Which hes an intensity between 3 and 500
times that for large;angle scatferiné. >Throughout the energy range
cbvered in these experiments the half-maximum width'of .the'Obo product
ion peak in the IAB system showslittle or no spreading in energy or
angle over the dimensions of the primary beam. This fact impiies that
‘the collisions responsible for the 0° peak are.”weak”, i;e.; that thé
interaction of the‘ion with the leftover‘atom of the neutral 1s not

strong enough to cause a large deflection. Rebound of the particles

from the strong repuisive part of the potential, necessarily resulting

' ‘mostly in large-angle scattering, can be avolded. only if the lmpact :

1parameters of the collisidns are sufficienﬁly large (>i~'22). This
-:obsefvation, coupled with the fact that the absolute value of the croés:3
seétion for‘small angie scattering varies from about 203.2 at the Lowest
relative:kineﬁic energies to less than 0.1 ie at the highest,eo leads

to the éonclusion that the 0° peak results from large impact perameter
éollisions where the probability of aﬁomfﬁransfef-at a glven impact
'.”‘parameter decreases rapldly with iﬁcreasing énergy. A strong depeﬁdence
of the tranéfer»probabiiity on the relative orientation or vibrational
phases of the reactanfs, with the range leading to reaction a decreasing
function of energy, ﬁould provide a mechanistic explenation for this
bhenomenon.' Since the'strong for&aﬁd peaking is predicted by the stripping

model, further compdrison 1s warranted.
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_ 'InffigLIIQHa.éthiofifinai versus initialprelative kineticienergy
for 0° scatteringlis'éiven.~ Tt is seen tnat the data for all the iso-
- topes, satisfactorily follow the predictions of the stationary target
stripping model (taken from Table III) out to energies where Q becomes
| approx1mately 245 eV, and,at high energies fall near.the Q =~2.5 ev

line, consistent nith the modified'stripping»model_ These features were

2 reaction by Doverspike, et al;,gl and were re-

observed for'the'ﬁg + D
flected in the shift of the product lon velocity spectra to higher
values than predlcted by the stationary target stripping model, as first
observed by.Lacmann and Henglein,?o' The -2.5 eV limiting value of Q
. snggests strongiy that the principal products of the N2H+ dissociation o

+ . B
Care N2.+ H s though smaller amounts of dissoclation to N2 + H are not

' f'precluded.

Another prediction of the stripping model 1is that the Cross section-
'ior formationwof a given product ion-should‘depend only on Ea’ not on
the nature of the remaining atom in the target molécule. - The'calcula~
. 1:tions of the differential cross Sections I inelude the factor V5/ nsedsh
" to normaliZe:the data.to the same detector volume element in v space. :
;-":Tnis'gives a value which wili be eqnal to the true differential cross
t:section if the distribution varies siowl&lwithinzthe limits of the de~-
Itector volume. For a product lon peak~of the same shape as the primary
"beam peak, however; the true cross section i1s simply the ratio of peak\
intensities.‘ Thg total cross‘section for 0° scattering thus calculated

" by omitting the V3/ factor in I o are plotted versus E in Fig. 20.

.;: Within the scatter, which at low energles is rather large, the data for :

:'both NéH and NéD products appear to fall on a stralght line corresponding .

"to the relation
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.corresponding tov

61—

log dbo = =0.39 EZ + éonéfant ¢ [

The slope agfees very well with the value -0,36 eV_l‘measured from the .

data of Lacmamn and Hengleinvar the Hy and D2 resctions.

It is obvious_from.Fig; 15 that the small angle scattering cross

~

.sections do not go to zerc at the values of Ec glven in Table ITI for

Q §’-2,5 eV. Desplte the several features of the data which seem to be
adequately predidted, the stripping model can be valid at high energies
‘only'if the distribution in target atom velocltles 1g suffilclent to

explain the variation in intensity. Comparison of the data in Fig. 13

;gwith the slopes given in Table IV clearly show this not to be the case.

There are no observable breaks In the plots of log T vs. Ei at energiles .

5 = Boax? and the experimental s;opes are about a

factor of 20 less negatlve than those predicted by the falloff of target

-atom population with veloelty. The number,of.target atoms in the necessary
velocity range 1is thus far from sufficlent to give the observed intensities

- from stripping model collisions. While 1t 1s not guaranteed by this ob-

servation thatvthe‘average veloelty of target atoms leading to the observed

reactions is zero after all, the average must be much closer to zero than

& few s For a high energy collision with a slow molecule to result in

forward scattering with only -2.5 eV energy defect 1t 1s kinematically

necessary for the remaining atom to be klcked backward in the IAB coordinate

 system. As an example, conslder the point of hilghest Eg in Fig. 20. The
'-'_stationary target stripping model, in which the leftover atom remains
>  statlonary in the IAB system, predicts a Q value of QSM = -8.0 eV and a

- final relative kinetic enérgy of 3.6 eV. To obtain a stable product,
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however, <Qm;x = -2.5'eV) there must be 5.5 eV less of the initlal rela-
. tive kinetic energy converted to excitation energy. This amo&nt mﬁst
thereforevaﬁpear as additional kinetic energy of the products and can
only arise from backward recoil of the remaining H atom. The recoil
energy (defined here as Qmax - QSM) can be lowered somewhat from.the
apparent value if reactions occur preferentially with target molecules
moving in the same direction as the primary ions,

There is some degree of'difficulty in reconciling the kinematic re-
quirements of strong recoil with product ion scattering peéked very near
X = 0°. For such scattering to occur it is necessary for the incident
lon to move past the target molecule with little angular deflection,
pick up one of the atoms, then push the other atom rapidly back toward
the ion beam-§rigin. To answer the quesﬁion of why there ié not a wide
distribution of'ahgles backward in the IAB system into which the H atom
recoils, it helps to note that the experimental observations do not show
that such processes do not occur, but only that they do not lead to stable
products. A mechanism might be envisioned which requires for small angle
scattering that the orientation of the target molecule be parallel to the
incident ion velocit& &ector and thﬁt the phase of the oscillation be
such that electronic rearrangement during fhe collision leaves thg left-
over atom on a strong repulsive potential wall, For other orientations

and vibrational phases the recoll would not be strong enough to stabllize

the product lon in this purely speculative mechanism.
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2. Large—ahgle Scattefing : . -

A mechanistic interpreﬁation of the large éngle'scattering data is
much more difficult than the descfiption of small angle scattering. An
intensity which varies little with scattering angle is predicted not onlyvb
by a complex model for the reaction, but is in general a property of
"head-on" impulsive collisions where the particles rebound from strong
repulsive potentials, The elastic collision of hard spheres, for example;;..
glves isotropic scattering in the CM system, The fact that the final re—' 
latlve velocity -seems to be independent of the scattering angle is more
strqngly suggestive of a long-lived complex mechanism, yet it is also
"possible to explain such behavior on the_basis of purely impulsive collisions._
Figure 21 shows a plot of final vs. initial relative kinetic enérgy_"'
for all the deta where the large angle scattering ls resolved. With the
| exception of the highest energy points for the N2D+ product from HD all
the data fit close to the straight line shown for Q = -1.75 eV. This value .
1is'significantly lower than the Q'Qalues for 0° scattering. While the
lower product ion internal energy implied by this observation is consistent
- Wifh the fact that a strong collision allows more opportunity for im-
pértingvlarge translational energy to the leftover atom, the cbnstaﬁt
: -1.75veV value of Q is puzzling in view of the rapidly decreasing intensity
as a function of energy. A low intensity at the CM point in the contour
» maps,is required at high primary ion energies by the dissoclation of prq-_
duéﬁ lons having loﬁ final relative kinetic energles and hence 1arge
.’ekcitation energies; ,That such dissociation ié not solely responsible
- for the crater-like shapes of the distributions, however, is Indicated byf

a Q value less than that required for dissociation, Impulsive colllsion
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models such as, for example, a head-on, éomplétely inelastic collision

N

_of the_ion:with the first target atom encountered followed by an elastic

collision of the pfoduct ion with the remainihg target afom, would be
expected to give:fairiy isotropic angular distributions, but would lead
to predictions ofyincreasing product ion excitation as the collision |
energy is ihcreased. |

Large isotope effects are evident in the energy Vériation of the
backward scatteriﬁg'cfosﬁ sections as showﬁ in Fig. 14, Except for a
vague similarity in slope for the réactions'to form & gi#en product,
however, no corfelation'is evident. The péaking at 180° shows particulﬁrly.

interesting, though likéwise inexplicable, isotope effects. At 180° the

- high energy reactions with HD yield approximately the same intensities of'_'

+ + S ot
N,H and N,D products. The cross section for N3D formation falls off

+
drgstically at smaller CM scattering angles, whlle that for N2H increases.

It might be pointed out that the stronger peaking in the backward direction

‘with increasing energy; observed for all the reactions except the reaction -

+ . '
. with HD to form N,H , is consistent with a complex model in which the

2

~average dissociation time for the complex is comparable to half a rota-

“tional period at low energies but becomes much shorter than a rotational J:

period at high energies, or alternatively, an impulsive collision model

" which requirés more nearly "head-on" collisions to give stable products

as the energy 1s iIncreased. There is no epparent reason why the

2

respect, however,

2

;N+'+ HD - N H+ + D reaction should deviate from the others in this
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- The experiménts reported hefe show in gregt.defail the featﬁres of
‘gﬁe complete product energy and engular distributions for the NZ++¢H§?:

HD, D, reactlons. While certain individual features of the distributions
seem to correlate with simple collision models, the combination of such
la;ge quahtitieé of energetic,‘iﬁténsity and lsotope effect data provides
much too stringent a test for,aﬁy simple model ﬁo meet successfully, |
For example, though the strippiné model prediets at all éhérgies the

angular distribution features of the 0° peak, the high energy -dta : sy ~a
'cléérly show recoll of the product ion to oceur,.and the lack of any
transition in the intensi#y at energies around Ec sﬁggests that even the
IOW'energy agreement of the energetlcs with,tﬁe sfribping model may be
accidentaly 'Similarly, some of the largé-ahgle scatteging data can be
more satlsfactorily interpreted in fernm of a'long~liveq collision complex,:
than by impulsive rebound collisions despite fhe sfrong intuitive notion that A

such a weakly'bouﬁd complex cammot survive more than g feW'vibrations at

the highest relative kinetlic energles used in these experiments,
It must be concluded that much additional theoretical study is necessary

before these reactions can be said to be "understood". Through Monte-Carlo
calculations of thé differential cross sectlons for vafious potential forms,
the wealth of correlatéd data for these reactions ;hould provide an excel}ent
opportunity for investigating the Short ranée features of the potential
energy surface for reaction, Rigld tests of theories for speclal cases{
such as the atom transfer probabilit& at large impact parametetrs or in

head-on linear collisions are also possible,



g

Experimentally, it would be valuable to have the ~same. isotope effect
and large~angle scattering data on reactions with CO to investigate

-influences due to. the similarity of Né and H5 ionization potentials

l5¢8 eV for N and l5.h5 eV for ) which could affect the potential
2

energy surface by permitting charge—transfer at fairly large intermolecular'ffri'f

istances, and on reactions with Ar to study the differences (if any)

,between reactions with diatomic and monatomic lons. - Also of great interest':;‘:;'

are, data on channels for the collision products other than formation of

stable N H or NéD ions. Studies of this type have recently'been begun

) in this labora+ory and are expected to yield important correlations with

' _the reactive scattering data.
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