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Dynamics of the Reaction of Nj with H,, D,, and HD.

W. R. Gentry,” E. A. Gislason, B. H. Mahan, and Chi-wing Tsao

Inorganic Materials Research Division of the Lawrence
Radiation Laboratory and Department of Chemilstry,
University of California, Berkeley, California ’

Abstract
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Product velocity vector distributions have been
determined for the reactive and inelastic scattering

of Ny by H,, Dy, and HD. These distributions show

that the reaction proceeds by a direct short-lived

inﬁeraction rather than by a long-lived collision

~complex. Most products are scattered in the original

direction of the Ng projectile at a speed somewhat
greater than calculated from the ideal stripping model.
The internal excitation of Nsz and N2H+ is very high
and decreases somewhat with increasing scattering angle.
For HD there is an isotope effect that favors N2H+ by
large factors at small scattering angles, and N2D+ by
smaller factors at large angles. The Ng scattered from
D2 shows very little elastic component, but does reveal
an inelastic process which is probably the collisional

dissociation of D2.

Present address: Department of Chemistry, Mass. Inst. of

{

Tech., Cambridge, Mass.
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" In an earlier paperleWe.reportedimeaéurements of the

‘energy andfangular;distribution of products from the reaction =

 of NI with H

Ny, s Dy, ‘and HD. Using intensity contour maps that.'
*show the complete product velocity vector distribution, we weret;j
"-:f able to demonstrate that the most probable reactive process

) is one in which the NE' or N0 18 scattered forward, that is,

. in the original direction of the Né proJectile. Over a con-

siderable range of projectile energies, the most probable .~ -
- velocity of the forward scattered product is close to, but
._;un_sllghtly greater than, that predicted by using the ideal

'strlpplng model for the reaction, as has been noted by other i_;'

2-5

1nvest1gators. - However, we also observed product scattered..

through angles as large as 180° in the center of mass system,

and this large angle scattering became. relatively more important

as the proJectile energy was increased. Thus, in addition to
‘the. stripping process,'"rebound" reactive scattering occurs.
~In this paper we report further obserVations of the reactivet
scattering, and the first description of the nonreactive scat-

tering of N2 by isotopic hydrogen molecules.

EXPERIMENTAL

The instrument, used in this work® consists of a magnetic

mass spectrometer for preparation of a_collimated beam of

primary ions of known energy, a scattering cell to contain the .

target gas, and an ion detection train made up of an electro-

statlic energy analyser, a quadrupole-mnss filter, and an ion
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counter. These majof:components are described below in more
detail. '

- PRIMARY ION  SPECTROMETER

~ Ions were formed in an electron bombardment source of
the type described by Carlson and Magnuson.7 In this source

electrons from a tungsten filament oscillate along the axial

direction 'of a cylindrical collision chamber which is surrounded

by a solenoidal mégnet. Ions are extracted axially through

a circular hole, and pass through aperture lenses which produce
an approximately parallel ion beam of circular crosé section.
Aﬁxthis point the ions can be accelerated or retarded to an
energy suitable for magnetic momentum analysis. A quadrupole
lens pair then focuses this beam onto the entrance slit of ‘a
magnetic momentum analyser. The analyser magnet was designed
with the aid of the instrument described by Walton® to give
‘high order focusing of the ion beam. The object and image ;
distances are 12 and 24 cm, slit:widths 2 mm, and the ion
deflection angle 66°.

From the exit slit of the mass spectrometer the ions pass -
through a quadrupole lens pair which makes the beam parallei
and restores it to a nearl& circular cross section. After the
quadrupole lens, ions are retarded or accelerated to their
final energy, and pass through an elnzel lens and exit aperature

before impinging on the entrance of the collision cell.
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VACUUM CHAMBER AND COLLISION CELL

- The collision cell 1s located in the center of a large BRI

.-vaacuum chamber which is evacuated by two 6" oil diffusion pumps:e
Hequlpped with liquid nltrogen cooled baffles. Inside the -

.chamber is a large cylindrical copper cold shield that can be

cooled by liquid nitrogen. On the top of the chamber is a

- 24" dia rotatable 1id mounted on ball bearings and made vacuumf_f. -

”_ tight by a differentially pumped double Tec-Ring seal.9 ‘The

" exit aperture : of the collision cell and the entire detectionc}}lfu

"-_train are mounted on this 1id and rotate with it.

The collision cell consists of two concentri¢ cylinders. .- = -

-~ The inner cylinder is held stationary and contains the iOnrlnv,,
beam entrance aperture (2 X 2 mm) while the outer cylinder.

contains the product ion exit aperture (2 mm dia) and rotates]_fﬁr

with the detection train. This exit aperture can be positicned.ff ~

in a range of * 55° from the projectile'beam direction. The
f conductance of the apertures is small enough and the seals |
between the cylinders good enough that it 1s possible to main-
tain a pressure in the main vacuum chamber which is a factor

5 smaller than the collision cell pressure. The distancesuu"

of 10
of the entrance 'and exit apertures from the center of the

scattering cell are 1.60 and 2.24 cm, respectively.
DETECTION TRAIN

"~ Ions leaving the collision cell pass into a 90° spherical”
electrostatic energy analyser. The exlit aperture of the |
collision cell and entrance aperture of the analyser provide

‘an angular resolution of 2.5° geometric full width, while the
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entrance and exitvapertures of the analyser give an energy

‘resolution of 3% FWHM of the analysis energy.

The 90° deflection produced by the analyser directs the

ions 1nto a vertical trajectory through a series of cylindrical:'

lenses which focus the 1ons into a quadrupole mass filter. The

axis of the mass filter can be floated at a DC level up to
several hundred volts, which makes it possible to mass analyse

the ions at an axial kinetic energy of 15 volts. Optimum

‘focusing voltageé'for the experimental range of ion energies

were determined and tabulated for use. The transmission of

the lens-mass analyser system ﬁds found to be nearly constant -

. in this range of ion energies.

After leaving the mass filter, ions strike a highly
polished aluminum surface which 1s maintained at approximately
-25 KeV. The secondary electrons released by the ion 1mpact
then impinge at 25 KeV energy on a lithium drifted silicon -

wafer which is the-sensing element Of_the counting system. "The o

semiconductor detector, FET preamplifier, and linear amplifier

have been described in detall by Goulding,lo

Landis.;l'

and Goulding and
A Hamner Model NS-11 timer, two NT-16 10 Mc scalers,
a NE-11 scanner, a NR-10 ratemeter, and a Model 33TC teletype-

writer complete the counting system.

DATA ACQUISITION

Experimente were performed by selecting p{imary ions of
ﬁbe desired energy, adjusting the focusing to give a beam of

maximum intensity, stablility, and of optimum energy and angular
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T shepe. "With the quadrupole mass spectrometer set for the

‘appropriate mass, . scans of intensity as a function of product

energy were ‘made by determining the counting rate at a series.ﬂéfkfy

of energy selector and focusing potentials. Scans of the

angular distribution at constant energy required no adJustment

'”'V'fi'of the focuSing potentials. and were made simply by rotating

the 1lid on which the detection train was mounted. ' The primary
- beam intensity was checked at intervais of 10-30 minutes, and .
linear interpolation of any drift was used to calculate the A'i}xx
beam intensity corresponding to each data point taken in theﬁir
.time interval. | | _
Because of the favorable ratio of scattering cell to backf?fﬁxf

- ground pressure, the number of product ions formed outside

the scattering volume which reached the detector was negligible -if_-

except when the detector was set at very small angles with
respect to the primary beam. This background contribution »
~ was determined by noting the pressure in the main chamber with_‘i
gas in the scattering cell,:then evscuating the scattering

~ cell and leaking tdrget gas into the main vacuum chamber until '

the background pressure was restored, and then measuring'the.

counting rate. -

' RESULTS AND DISCUSSION - 7

Figure 1 shows typilcal primary data taken in energy and ;
angular scans of the beam and product distribution. The energyr
scan was made with the detector aligned with the primaryvN;
beam direction (® = 0° laboratory) and the intensity maximsa,

’ at high and low energy correspond to scsttering through angles
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of 6 = 0° and 180°, respectively, in the center of mass
coordinate system..,The angular scan of product intensity
shown in Fig. 1b was made at an energy that corresponds.to
the center of mass velocity of the N;'-D2 system. Thus the'twoi
peaks observed at ¥ 5° in the laboratory coordinate system
correspond to scattering through t 90° in the center of mass
system. Contour maps of scattered intensity were constructed
by reading off the energies and angles corresponding to particular
intensities from many such intensity profiles.

The maps here and in our earlier publication}show contours
of constan; intensity per unit velocity spaee volume. It can
easily be shown that this intensity is independent of the
coordinate system used toldescribe the scattering. Particle
flux into a differential volume of velocity»space must be

conserved, thus

I,,5(®® v)v¥dv sinededd = I, (60,0,u)u’du sinoddds, 1

where (©,%) and v are the scattering angles and speed in the

]

laboratory coordinate system, 6, ¢, and u are the cdrresponding

" quantities in the center of mass system. Since the volume

elements in the two systems are the same, Ilab‘and ICM are
equal. 'They are related to the differential cross section per
!

unit speed, I1ab and IéMf used by Herschbach eﬁ al12

T —

.by-the
following equations: -
Iiab(®,¢,v) - vzllab(®;¢,v)' B
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On the other hand, theoretical treatments of scattering

'generally yield I (9 ¢) defined as the number of particles in ﬁo; -

the state n reaching the detector per unit time per steradian.‘if;"'i

The relationship between In(6;¢) endvICM(9,¢,u)[is

I,(6,0)(dn/du) = Ioy(0,0,u)u®

if'where dn/du represents the number of internal states of the_fL?{E;ffj‘
: product per unit speed in the center of mass system.' S

The actual intensity plotted in the maps is not ICM(G o u),f; S
of course, but this quantity averaged over the detector volume.Agéiet
' The number of counts per second at the detector C were con- . t;;fi

- verted to normalized relative intensities T using the: expreSSion fj’ji

= Tg,(6,0,u) = Ty, (8,0,v) = 107¢/[1,Pa(e) (0. 44 £ )¥2],

’°-whereaio is the peak incident beam intensity in units of 1072

amps, P is the scattering gaspressure in units of-10"4'torr,

'g(®) is the fraction of the scattering volume subtended by,tne

detector at the laboratory scattering angle @, and E, is the

final laboratory energy of the ion. The factor Efs/z‘normalizes--‘
‘the inteneity to the detection volume in veloeity space, which if

Y2 gue to the transmission band of the energy

analyzer.and as E, due to the v? factor in the velocity volume S

increases as E

element. '

- In our experiments I is the,most.convenient representation
_of our data for a number of reasonst It 1s better than the"
raw counts per second since it is normalized to standard values

of several widely varying experimental parameters such as beam
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intensity, scattering gas pressure, and detector passband.

.Yet it is still a straightforward presentation of the intensities

as measured in the 1aboratory. Provided the spread in initial
relative velocities is smali and ICM(6,¢,u) is slowly varying'f
over the detector volume I is also a very good approximation
to ICM(6,¢,u). ‘This is van advantage over plotting I]'_ ab (which
is not equal to IéM), since we are ultimately interested in
intensity distributions in the center of massvsystems. When
the above conditions are not met, however, the experimental
data wiil not directly yield intensities in  the center 'of mass
system. Thus any attempt to plot IéM will require assumptions
about ICM(6,¢,u) or the initial relative velocity spread which |
are not directly available‘from thevdata. So neither IéM nor
I,,p i8 satisfactory under all conditions while T is, and we
have used_this cross: section 1h all our contour maps.

From T’it‘is possible to calculate the angular distributien

function or differential cross section in the center of mase

system I(6) by
, . . | | ;
1(0) =I T(6,,u)u’du. | ~ (1)
0 i
This differential cross section is stlill dependent on the

initial kinetic energy, as is the total reaction cross section.

¢ given by

g = 21rf I(8) sinode o ' (2)
0 ‘ .t .

We have calculated both these quantitiee numer1cally from
I(6,u). |
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- Figures Z‘aﬁd»S_show,product intensity:distributions.Tﬂmﬁajfff'
:'midf N‘zH+ from the NZ'HZ reactant at 5.6 eV relatime energies,ffZ;if,
“and of NzD from the N'Z-D2 reaction at 11.2 eV relative. energy.gl.;{
“m'These distributions and the ones reported previously1 show_a_ ££$;
very pronounced peaking of intensity at zero angle in the
center of mass system. The asymmetry of the distributions “: 0¥‘
about 8 = t 90° shows that the reaction proceeds by a direct'iéifT
or short-lived interaction, rather than by an intermediate )
complex that lives as long as a few rotationai periods.' The fﬁj :
v'predomlnance of the forward scattering indicates that a
V projectile Né can with hlgh probability pick up a hydrogen L
- atom and continue on a nearly straight line path, imparting little o7
if any transverse momentum to the free hydrogen atom. |
| While small angle scattering predominates, reaction pro-f;“
ducts are observed at all angles in thé center of mass system,”*r

. Consequently, "rebound" processes occur in which the N2H+,

. product acquires a velocity component in the center of‘mass‘

system opposite to the direction of approach of the Ng projec--

tile, and the free hydrogen atom receives considerable momentum.

For large relative'energies, a slight peaking in thé angular
distribution of product intensity appears at 6 = 1"80"1. This
backward peék ié not evidgnt for the Né-H2 reaction at>5.é eV
relativé energy, as Fig. 2 shows, but is obvious for the same
reaction at 8.1 eV relative energy,1 as well as for the N;—D2
' reaction2 at 8.1 eV, and, as Fig. 3 shows, at 11.2 ev;‘

| The significance of the product intensity diétributions
becomes clearer if we introduce the translational exothermicity

" of the reaction Q, which is defined by .

»
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Here i and g are respectively the reduced mass and’relative; fjv'
speed of the reactants, and the primed quantities refer tOI:;fijﬁ'
the products. By assuming the reactants are in their ground ‘f.ﬁ=”

states we can also write

Q(ev) = - 2.5 + D(Np-H') - U

where AEg is the eﬁergy change for the reaction, U is the

internal excitation energy of the products, and D(Ner+) is'f‘<

the unknown dissocilation energy of N2H+ into a proton and a‘rf%yg}sw

nitrogen molecule. vThe range of possible values of Q is
limited by the value of AES and the expectation that the

products are unstable and undetectable 1f U » D. Thus
“-2.5 < Q S - AEg - !

The lower limit for Q is rigorously specified except
for the possibility that metastable N2H+ might 1ivellong enough>‘
(30 psec) to reach the detector. The upper limit can only
be estimated since AEg is unknown. An upper limit of zero
for AED can be deduced from the fact that ‘the reaction betweeﬁ

0
Ng and H2 is rapid even at thermal energies, and thus is very
Probably not endothermic. In addition, analogy to the iso-
electronic molecule HCN suggests that the dissociation energy |
of N2H+ to Ng and a hydrogen atom could be as high as 5.5 eV,

which would correspond to a dissociation energy to N2 and ut



'if, us a reasonable, if very approximate, estimate of 1l eV for the

. due to high projectile energy and consequent very‘low'prodnct,pﬁ

- 1ntensity, the data in Fig. 3 show enough: asymmetry about the ;iszi

: that correspond to values of Q outside the allowed range are

- of velocity space could have been indicated in Fig. 3, but

“direction of the initial relative velocity vector to make

'Moran and Friedman

- state are in the ground vibrational level. It has also been

o12- o L k L UCRL-18190 -

of 3.5 eV, and a v&lﬁe”of--l eV for AEg :'This estimate giveS‘ff
upper limit of Q

The velocities of NZH relative to the center of mass

indicated by the shaded areas in Fig. 2. Such excluded regions

comparison of the distribution to the allowed values of Q .
relatively uninformative. .

From Fig. 2 we see that.a certain amount of'product
intensity appears at values of Q éreater tﬁan 1l ev, a regioh:f’f:

nominally excluded by energy conservatién.~ This apparent

‘discrepancy may be a result of an underestimate of D(NZ-H+),';g }‘:;f

or may indicate that an important fraction of reactant ions b

are in excited vibrational and electronic states. However,

13 estimate from overlap 1ntegral<calculationsv;» 

that 90% of the N2 ions formed by electron impact in the xzz;

suggested that as much as 10% of the lons may be in the Aznu A

state (excitation energy 1.12 eV) as long as 1-10 pusec after

formation by electron impact.  In our apparatus the 30 usec S K
flight time from the extraction aperture to the collision cell,
plus the undetermined time spent in the ionization chamber . ' 'ji

before extraction should reduce the fraction of ions in the ~ ' 1
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| Azn state below 16% Thus while it is not possible to rule

out the presence of the excited electronic state, it would

appear to be of minor 1mportance.

It is likely the appearance of products in excluded regiohsi,i

of velocity space is a consequence of finite instrumental.

resolution combined with the motion of the target hydrogen

molecules. Although the angular resolution in the laboratory'

coordinate system is better than 2°, it is no better than 35°” B

in the center of mass system for N2 H2 collisions.} This

:factor could be responsible for the intensity in regions
around |6| = 45° and Q > 1 eV in Fig. 2. ‘
Even if the initial and final ion velocities could be

. measured exactly, the values of Q deduced are somewhat

uncertain due to target motion. The error in Q arising from -

\

target motion is found to be

) . 2 ’ ' ;

6Q = 2vy[My; - (M+m)vf] + mvy

where M and m are the masses of the nitrogen molecule and:
abstracted hydrogen atom, vy and Ve are the initial- projectile
and final product velocities, and vﬁ is ‘the thermal'velocity
of the abstracted hydrogen atom. It is of interest to note
that the uncertainty in Q vanishes to first order in the
target velocity for the 1dea1 strlpping process, since in this

case v, equals Mvi/(M+m). For other combinations of v, and v

-energy resolution introduces an additional uncertainty of

0.2 eV. The combination of finite energy and angular resolution

f’
the uncertainty in Q may be of the order of 0.2-0.3 eV. Finite

e L v o 5t

ey ST R ] =7 T

g e cmep e S s o
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ttogether with target motion seem sufficient to rationalize thef}f*:f

presence of some scattered intensity in regions of velocity
~space corresponding to Q@ > 1 eV or Q < -2.5 ev.- o
. Despite the uncertainties imposed by finite‘resolutionvf¢i

and target motion, it is possible to .make some general obseré'}

ion product. Figure 2 shows that for N2H+ scattered in the .

forward direction,'thevhighest intensity appears at Q = -2.5 ev;:iﬁ;

" “which corresponds to products excited internally ‘to levels veryf'?"”"

- near the dissociation limit. For products scattered through

;. angles of 90° or greater, the maximum intensity appears at an_‘&fﬂ"
appreciably larger.value of Q, approximately -1.7 eV. Such a i

Q value indicates that the backscattered ions are internally ?;;}7Y

excited, bpt to a noticeably smaller deéree than products

scattered forward. Apparently the recoil naturally associated ﬁff‘h’

with backscattering can lower the linternal excitation of the
ions somewhat, whereas recoll and product stabilization is
accomplished less easily 1n the grazing reactive collisions

associated with forward scattering.

In the analysis of the reactionlof potassium with bromine, 1,

_Berstein and coworkers14 assumed that the distribution of

product internal energy was lndependent of scattering angle 6.

While this assumption appears to be valid for the data availabie‘

for the K + Br, system, it is clearly not valid for the Nj + H

2
reaction. It must be emphasized, however, that the systems

are quite different, since in'our'experiments the relative

<
[ —
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kinetic energy is greater than the exothermicity of reaction,ﬁ}gﬁ~"'

whereas the opposite ié true for the K + Br2 system.
| 2,4,5 1

Several groups as well as ourselves

have discussed"pf"
the significance of the veloéity of the forward scattered B
product. Here we only comment that for relative collision
energies greater than about 5 eV, the ﬁost probable laboratory}2 M
velocity for forward scattered products is greater than the

‘'value predicted by the ideal stripping model. Thé reason for  ‘

. this is apparenﬁ’from Fig. 2. Even at 5.1 eV relative energy %yi .

the maximum in forward intensity lies at Q = -2.5 eV, the most’fi;
negaﬁive value consistent,with stable products. At higher
relative energies, forward recoil and concommitant deviétions
from the ideal stripping model are necessary if stable products B
are to be formed.

'The slight intensity peaking at 8 = 180° that is evident
in Fig. 3 as well as the maps from qﬁher;high energy experiments
requires comment. In the case of elastic scattering of atoms,
such backward glory scattering imblies that orbiting collisions  {
- occur in which the particles remain close for at least one
rotational period. It is not necessary to postulate such long-
lived 1ntermed1ates'fo explain a backward glory in molecular
reactive scattering. Peaking at 6 = 180° can occur whenever
it is possible fof collisions with a nonzero impéct parameter.A'
to lead to backwa}d reactive.scattering. One of several types
of collision that could produce backward peaking is the ideal
. knockout process. In-this case the Ng would collide impulsively _

f

.4



" and then pick up the remaining hydrogen atom to form N, HT. 51"

i;fxfprediction that for 180° scattering the ratio of the product

ﬂe_with one hydrogen'atom-so”as'to eJect»it*from the”molecule,ﬁ{;;ﬁlijcé

TIf_Such a process would produce backscattered ions, and would
_occur w1th greatest probability when the axis of the hydrogen
'.lmolecule was oriented perpendicular to the projectile tra-
~ Jjectory and the impact parameter was approximately equal to:i”

. half the bond distance.

f*”ﬁ}.laboratory velocity to the velocity of the prOJeCtile 18 givenf

" where M is the-projectile'mass,'m2 is the ‘mass. of the eJected‘ﬁ

"target atom, and my is the mass of the target atom in the

1energy of the product. According to the knock-out model,

~this should be the sum of the exothermicity of the reaction

ST

2

The kinematics of the ideal knockout process lead to the

. _” ZMHfMQQQSffMWM .
vy — W ) (Mg )

product. Thus the velocity ratio should depend only on thel ﬂ~~5;'?'
masses of the atoms, according to this. model.

It is also possible to calculate the internal excitation, :

and the kinetic energy of the projectile relative to abstractedv

atom after the proJectile has made an elestic collision with _pf‘:ﬂii

- the ejected atom. The result is o :._' - : - yd”qé
' - | 2.2 | S
' M- v . : : S
o a0 [N my.vy R
U= 'AEO*(M+m1)(M+m2) z -G

. If U is greater than D, the smallest bond dissociation energy N

- of the product, the product ions will be unstable, and none
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~will reach the detecforol'Thus, aftér substituﬁing D for.U,
| Eq. (3) can be solved fdr}a critical projectile velocity -
:above which no‘baékscattered product should be detected. This ;
critical velocity is higher thew smalier the mass of the , '
.abstracted atom, and'the‘closer the masses of the projectile
and ejected atom. Inﬂthéir discussion of the kinematics

15

of the knock-out process, Light and Horrocks™ > omit the important -

term AEg in Eq. (3) and are led to an overestipaté of the
criticai-veloci£§ for exothermic reactions. ' ‘_“;5'
Figure 4 shows a comparison between the eiberimental | Y‘J
‘velocity ratios vf/vi for producf scattered through 1809, and i\f}f
the predictions of thé ideal knoékout quel. Also shown are -
the velocity ratios that correspond to the l;miting Q values
~of ++1.0 and -2.5 eV. The relative energy at which the pre-
" dicted velocity ratio line intersects the Q@ = -2.5 eV curve 181:1 :‘
the critical energy.above which the product is unstable, o
according to the knockout process.
A From Fig. 4 it is clear that product is observed from ;lilx;“ “
all four isotopic reactions at relative energies well above
the maximum values allowed by the knockout process. In
partigular, for the formation of NzD+ from HD,.the model
suggests, no product should have béen detected in'any of the
experiments performed except one. The model gives particularly
high product. excitation for this reaction because the projectile .
loses little energy upon elastic collision with the light |

hydrogen atom, and therefore moves with considerable energy

relative to the heavy deuterium atom. . The opposite is true ~
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for the formation of NZH from HD, and Fig. 4 shows that for

‘A7 this case the experimentally observed ratios are close to the
Aif}“values predicted from the knockout model at the lower relative,
"iﬁf energies. . ' o

In genefal,.the experimental laboratory velocity'ratios.":

';'and, equivalently, internal excitation of the product are

smaller than predicted from the ideal knockout mOdelo'bMoreover;{g{"fU

f'there is no evidence of an abrupt product intensity loss'abové‘fgfg,'f

-the critical projectile energies derived from the knockout g
model. These considerations suggest that the ideal'knockoutf'

© model does not provide a good description of the backward

scattering. Indeed, it is difficult to imagine the ejection fﬁf7 R

and pick-up of the two hydrogen 'atoms as separate events,

~_given the sizes and strong long range interaction of N; and H2‘9f3;ﬂ
‘~" We know of no other simple model which is successful in pre- f}ftti“*
. ~dicting final velocities for back scattered products from'all‘f;f:fi.;

four isotopic reactions. ' R

Both the angular distribution of reaction products I(6)
- and the total reaction cross section g were qalculaﬁed from

the measured I(6,u) using Eqs. (1) and (2). Because of

imprecise pressure calibration and the constant but uncertain r}?'f"

transmission factors only the relative values of I have meaning,

and in order to obtain-an absolute reaction cross section it

was necessary to scale our calculation to some absolute measure-

ment. We norﬁalized our results for the total cross section
of the N;-D, reaction at 11.2 eV relative energy to the measure-

" ment of Turner et al.sJat this energy.. The two other N’;-D2
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_experiménts for which complete maps of I are avallable then |
éive total cross sections in good agreement with Turner's
values.3 | |

The angular distributionrl(e) of total product is shown
in Fig. 5 for reactions with H2 and D2 calculated from the
contour maps in this paper and our earlier wdrk.1 The angulaf:wif
distributions for the two reactions are very similar a@ the |
‘same relative energy. As the relative energy inéreases the
intensity at ali éngles decreases, but the peaking at small
angles becomes more pronounced. The general shape of these curveé.

15 for the reactlons

- is similar to that found by Birely et al.
of alkali metals with bromine and iodine but is even more
sharply peaked at 6 = 0°. .
The angular distribution curves of Fig. 5 do not show the;ff
intensity peak at 180° which is evident in Fig.'3 and the -
previously published intensity maps.® Inspection of the maps
shows that the intensity distribution tends to narrow in '
‘velocity as well as peak in angle near 6 = 180°. Thus it is
not surprising that the integrated intensity I(6) does not
have & maximum atle = 180°. Given the general character of the
broduct distribution, and the fdct that our labofatory spéed
resolution is usually better than the aﬁgluar resolutidn, it
seems possible that some of the backward peaking evident on
the intensity maps is an instrumental artifact. In any case
failure to observe peaking at 180° in the product angular

distribution I(6) conmleteh(eliminates the possibility that the

reaction proceeds through a long-lived collision complex.



[; rless of whether T or'I are compared. This very large isotope

",abstracted

" where M and m, are the masses of the projectile and abstracted = ¢

-2 v 7 UeRL-18190
No product intensity maps were obtained for the NZ'HD ' 5??f¢ﬁef
reactlons, §0 -it is not poss1b1e to compute the angular - ;jftil' |

- distributions at all angles and total cross sections for theset

cases. However, in Table I we give our measured values of o
T (peak value) and the computed I(6) for 6 = 0°, 90°, and 1so°.:i_i
~ It can be:seen that the intensity of N2H+ at 8 = 0° greatly
" exceeds that of N2D+ for ‘all initial_relative energies, regard-?fﬁt

~effect favoring hydrogen over deuterium in the forward scattered 3;F:
- products largely disappears if TorIis plotted as a function
;'vof E , the energy of the proJectile relative to the atom |

"Isotope effects similar to these have been observed and ,‘

-_.discussed in terms of the ideal stripping model by Henglein vgrﬂw_

16

and coworkers. This model predicts that the 1nternal excitation

f{t_of the forward scattered product is

i

Mo

— .. O P
U"AE0+"‘""““M+m1 (4a)
= -AES + EZ: : ’ sl’.i_ iv . ]r-',a ‘(4b)" . |

atom,vsnd E® and E::are the projectile energies in the'laboratoryrt-
" and relative to the abstracted atom. According to these | ‘fg
expressions the internal energy of N2D+ will be greatergthan ‘.v-f_;_;w
that of N2H+ for_any given projectile 1aboratory energy, An |

infinite isotope effect is expected for projectile energies

K]
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above 37.5 eV, for then U exceeds the dissocation energy of
the product for deuterium but not for hydrogen abstraction.,.
Our failure to observe such an infinite isotope effect,

together with the observed magnitudes of the product velocitles . -

-is a clear demonstration that forward reéoil and concommitant

product stabilization occur, and that the stripping model in
its simplest form does not describe the forward scattering
quantitatively. |

It seems likely, however, that the origin\of much of the
small angle isotope effects lies in Eq. (4b). In the energy -
region in which we have done 6ur experiments the intensity of
products seems to be chiefly dependent on thevamount of energy. ‘
which mﬁst be disposed of. Our experiﬁental observations
that most of the prodUcfs appear sharply peaked at & = 0°
and that only the mlnimum momentum necessary for product stability.

is transferred to the nonreacting atom strongly suggest that

the N, projectile interacts almost exclusively with the

abstractéd atom. In this case the pertinent relative kinetic -

-energy is E:, the energy relative to the abstracted atoms. .If‘

U > D, then .U-D must be disposed of by recoil of the free SRERN

- atom. This becomes .more difficultiaSaEghgnd<thus‘U;grows and

the intensity falls sharply. —

Henglein's datal7

suggests that an H atom and a Dratom are
equally effective in disposing of a given energy excess U-D.-
An examination of our intensity data confirms this over the

entire energy'rangg studied by us. - We must be cautious, however,
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since our contour maps indlcate that the scattering near IR
2] O° is more strongly peaked than the pass band of our i' |
. detector in both velocity and angle. If this is true then f-f"
"T(6,u) and our computed I(6) will be smaller than their true

values. However, it can then easily be shown that

)

’ils, apart from a normallzing constant, the total amount of
2 .
scattering in thls region. The factor (vmax/umax is the . S
square of the ratio of the laboratory velocity of the product’ il
at the peak to the center of mass velocity at the peak. It '
basically converts I(6 = 0°) to I(® = 0°) so.we can make use

of the fact that the laboratory angular resolution (but not

o5 = T(6=0") (Vo /e ) = (5)i§§;5i{fi

the center of mass résolution) of the detector is the same for ;ii1’1

all hydrogen isotopes. ' The normalizing constant mentioned

. above will then include the (constant) FWHM 1aboratory

angular resolution. The cross sectlon,o can be thought of asfff '

the total cross section for stripping. In fact, since our
computed I(6 = 0°), though too small, 1s still about ten times =
"the values at 6 = 90° and 180° we feel that the normalized
s

section., Once again we have normalized our NZ-—D2 result at

11.2 eV relative energy to Turner's result® (0.27 ﬁz) at the

o 1is within—experimental errorA:equal to the true totallcrOSS'ﬁ”

~samé energy. Figure 6 shows o, plotted versus Eg for the four f h

possible reactions; the values for HD have been multiplied by o

2 since it contains only one H atom compafed to two in H2 and

one D atom compared to two in D2; There 18 remarkabiy good -
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agreement among the four reactions. The total cross section ;i”f o
for NZ'DZ measured by ‘I‘urner3 have also been plotted along
with the curve derived by Hengleln17 from his N2-H2 and NZ-D2

data, which also gives a reasonably good fit to his HD data. };ﬁﬁﬁ]

The best fit straight line to our data has a slope g

d log cS/BEZ = -0.42 in good agreement with Hengleinis value

 of -0.35 and our estimated value of -0.40 for Turner's data. '

Figure 6 élso gives our total cross sections o, cbmputed,fromﬂ 3
(2) as described earlier. The values of o and o, are in iil;f- o

satisfactory agreement at ail energies. o
Product which appears at larger angles in the center of‘v"’-:'-“"'”=

mass involves substantial recoil of the nonreacting H or D f

atom. We have seen earlier.that product at 6 = 90° and 180°

is noticeably less excited internally than product at 6 = 0°.

Both of these facts suggest that the picture of an N2 projectile

interacting only with the abstracted atom which is successful

&T szz2li angiles breaks down for products at larger angles.

Thus it is not surpiising that plots of I {(90°) or I (180°)

versus E: are no longer the same for the four possible reactions.é?i'

The relative energy of the proJectileAand thé entire molecule
0 '
“s
amount of product I(6) produced at 6 = 90° and 6 = 180° is shown

now becomes the significant'dyhamical paraméter. The total =

as a function of Eg in Fig. 7. For HD this involves summing
the intensities for N2H+ and.NzD . All three molecules give
about the same exponential dependénce of product intensity on
.E° at both angles, which is in marked contrast to the behavior

found at @ = 0°. The fact that intensity decreases as energy
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'1 iAdféaéés:mé&fbé,due to.an increasé_in;diffiéﬁity'of Stabil'“ €w

. izing product”molecules ét‘the'higher‘energieé, However, thé'ﬁﬁ
, observat;ionl that the most probable product internal excitatioﬁ:
o energy 1is below the dissociation limit for large angle .

scattering suggests other factors may also be important. The

most obvious possibility is that for small impact‘parameter’.{[:
' 18

.-collisions,_charge transfer and dissoclative charge transfer_xy
" start to compete significantly with chemical rgaction as,énergy}
" increases. o N | ' - SRR
| It is of interest to comparetthe relative ﬁiobability.of j

2 2
The experimental isotope effect is shown in Fig. 8 for 6 = 90° j

. forming N HY and N pY from HD at the 1arger_scattéring angles.}

and 180°. 1In addition the ratio ¢ _(N,H")/o (N,D") for HD

is shown in order to give an indication of the isotope effect .’ -

at & = 0°. It is obvious that fof high projectile energies
i;;there is an enormous_isotope effectﬁfavoring N2H+ at 6 = O°, i:‘
a similar small effect at 6 = 180°, and an intermediate efféét”fﬁf;ﬁi;~
at 6 = 90°. .Thé decrease in the isbtope effect with increasing!iié?i;:
angle evidently indicates thatdthe energy of the projectile B
iirelative to the abstracted atom, or equivalently the internal
benergy of thé incipient N2H+ or'Nsz becomes 1éss'critical as
the impulge’imported to the freed atom increases. In contrast"f_?:n;;
to the situation that holds for stripping or grazing collisions;'"{
' in the intimate coiiisions assoclated with back scattering the’
vatoms are strongly coupled,'and the product internal energy
~and stability are not closely correlated with isotopic compo-
_sition. It should be noted that at large angles and low energies

there 18 a relatively small isotope effect that favoré N2D+ :
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- over N2H+‘from HD. The same phenomena appears when.one compafegiﬂ% .
N2D+ and N2H+ from D2 and'Hz. We have no explanation for this 'i
inverse isotope effect. It can be regarded as further evidence“f
against the knockout modei, which would predict that the pro- 1:3“
duct be dominantly N2H+ over the experimental energy range. ‘A°,f;. ;
sinmilar failure of the knockout model in hot atom reactions |
has been noted by Cross and Wolfgang.l9 ‘ . |
The nonreactive scattering of N; by D, was investigated ;;}?H;}-'
using projéctile iéboratory energies from 25 to 130 eV. in E:L;?;':f
one. of these experiments enough energy and angular ‘scans were.' |
made to generate the contour map‘shown in Fig. 9. Three
impoftant features are apparent. First, there is no evidence
of any elastic scattering at large center of ﬁass angles./
In-an.investigationzo of collisions of,N; with He, we were
. able to detgét N;.scattered elastically and with some inelastic’;;. 
loss at angles as large as 8 = 180°ﬂv.Consequéntly, the failureiﬂﬁﬂ
"to detect large angle‘elastic scattering in the N;-D2 systemk |
is not due to lack 6f sensitivity. We can conclude that in
the N’{»D2 system, collisions with small impact parameters lead
virtually gxcfusively to reaction, charge transfer, disso- |
ciative charge transfer, or very inelastié nonfeactive scattering.f
The second feature to be noted from Filg. 9 is the rela- .- -
tively small total intensity of scattered N; except for the
elastic scattering at very small center of mass angles,'
Together with the iow‘intensity of N2D+ found for such high
projectile energies, this suggests that most small impact

parameter collisions produce neutral nitrogen molecules and



'V-_charge transfer with and without dissociation increase with

" probability of finding a given valuelof Q, as a function of
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Dy or its dissociation products. ‘This 1s consistent with the -

L

observations of Vance and Bailey18 that the cross sections for_ff,f{;‘

'increa31ng projectile energy,‘and are. of the order of 10 K for

100 eV ions.

The third feature of importance is the peak in the _*'»j%ﬂ{iﬁﬂg

: scattered N2 intens1ty at & = 0° and a Q value of -9.5 ev. To-

- find the process responsible for this peak, we determined its f“
‘intens1ty profile along @ = 0° at several projectile energies.

The results are displayed in Fig. 10 as plots‘of'P(Q),‘the St

i the relative energy 1oss Q. P(Q) is given by_g&;t,'
p(Q) = [I(6,u)u® V/[2E I(G)]

which follows from the»definition.;f
P(6)dqQ = I(6,u)ufdu :
and the fact that

(aQ/au)Eo = ZES/u

s

~where E; is the relative translational energy.of the product.:i

The inelastic feature first becomes discernable when the

reiative energy is 5.6 eV. As the relatlve energy increases,if&

hthe Q that corresponds to the makimum intensity becomes more ”f;;i aﬁ;

negative. | | |
We have evaluated I(6 = 0°) for ‘this inelastic scattering

using Eq..(i).' In this case the upper limit for the integral

was the value of u for which Q was -4.5 eV. This was a ~:mc’
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somewhat arbitrary attempt to eliminate .the contribution of fiﬁ%j
the small Q scattering which comes from vibrational and o
rotational excitation. Since the inelastic feature is so _
sharply peaked in angle, we again used Eq. (5) to‘estimatefa o
the total cross seetion O as'a function of relative energy..“
This 1is showo in Fig. 11. We also computed the integrated
total cross section ¢ using Eq. (1) and (2) from the data'used?iffx;f
in Fig. 9. The good agreement between ¢ and o for this i
experiment suggests that as was true for reactive scattering, . o
O is a good approximationAto the total cross section. The~'"
_;cross sections in Fig. 11 show an inelastic threshold near .

4.5 eV, and increase from 0.0l A% at 6 eV relative energy to

0.6 & at 16 eV.

There are three processeslwhich miéht be responsible forff}lff'”‘
this inelastic peak. One is a stripping collision that
produces N2D+ with internal exditation sufficiently large so
ﬁhat dissociation to NZ + D occurs. The relative energy ‘
" threshold for this process is 8.4 eV,uhowever, well above the
experimentally observed threshold. Moreover, stripping followed by ':'
isotropic dissociation would force the ratio of the final L
laboratory velocity of Né to the projectile velocity to be
28/30 = 0.9333 at all projectile energies. Experimentally

| we Tind for this ratio
vy/V, = 0.9462 + 0.000418 (E° - 100)

. over the range of energies studied. Stripping followed by
product dissociation may contribute to the inelastic process

. ° . v N ) : ..
at high projectile energies, but does not do so at the lower:

e

energies. L
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x';,inelastic loss, it is not clear why the threshold for excitaé

L tion should be above 3.2 eV, the excitation energy of N2 B 24

~ .. - -peak in the energj loss spectrum which shifts smoothly to

‘ va = -6.5 eV, which does not correspond to any Franck—Condon_
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It is possible that collisional electronic excitation  f
o is responsible for the inelastic peak. Excitation of

the B 5 state of Ny by collisions at energles well below

1 KeV with H, and the rare gases has been observed spectro- -

gscopically.21 HoWever,vif thisrwere the principal source cff

+ B2t

In-addltion, it 1s difficult to see why there should be a -

"larger energy losses as the proJectile energy increases. For;

‘example, at 8.1 &V relative energy, the P(Q) curve peaks at’

' favored transition to a known state of Ng. The fact that we .
“did not observe any inelastic peaks at 6 = 0° in our investié

20

gation of'N;?He collisions“"’ suggests that the peak obServed'ﬁ

in the N2-D2 system does not arise from electronic excitation,
- of Nz,vbut is connected with exc;tétion of D,. ' 3.Qiﬁ.,

Since the inelastic peak has a threshold near 4.5 eV,bwe-,érﬂfﬁfﬁ
feel that it may be associated with the collisional'dissoci;_'¥7.T
}~bation of D,. The phenomenon of a stripping reaction follcwed_ff; SRR
v'by dissociation of N2D+ accomplishes this, but as mentionéd

above, this process has a threshold too high to be consistent;, j‘*QMﬂ\

- with the data at low projectile energy. At relative energies

LA

" above the critical value for produCt stability; the ideal
‘knockout process can also lead to collisional dissociation of

D,. However, the critical initial relative energy at which N,D

~formed in the knockout process,becomes'unstable with respect to
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[y

N; and D is 9.6 eV, well above the observed threshold. Thus

'neither,the dissociative stripping nor the knockout process can Vf";

be fully responsiblé for the inelastic peak.

Another mechanism for dissociation would be a curve crossing"j;:

phenomenon in which the reactants, moving on a surface that

| goes asymptotically to N; X 22; and D2 1Z+

-8
the surface which has N; X 22; and D2 SZZ as 1ts asymptotic

1 states. Such a transition is allowed by spin pdnservation

, are transferred to

rules and could have a threshold at 4.6 eV, the dissociation o

!

'energy of D2. The pfocess might also be pictured as a nearly,"fiﬂf '

S+

vertical excitation to the “x state of a D, molecule which had =~~~

2

been distorted by some degree to large internuclear separationL1 L;f17'

At low projectile energies the elongation of D2 might be great,a;;gr

and transitions to the low energy part of the 32: curve of D,

could occur and lead to Q values not much more negative than
-4,6 eV. As the proJectile energy increased, the timé to .

distort D2 would decrease, and the overall process would becéme jﬁif
more vertical with respgct to the D2 ihternuclear separation.

This would account for the increase in cross section and

increase in excitation energy as the projectile energy increases. -

The Franck-Condon factor for excitation from the vibrational
ground state of D2 to the 32: state shows a maximum at 9.5 eV,
the observed limiting energy loss, and a shape which roughly
approximates the inelastic peak observed in the highest energy
experiment. Thus collisional dissociation of D2 by excitation
to its lowest triplet state does provide anladequate,'if not
proven explanatign of fhe inelastic peak observed for Ng.

[



_ iijisz should be recognized. The ratio of the most - probable o
’}"ﬁ-f velocity of the inelastically scattered N2 to the projectile:

’Excive1001ty increases linearly with increasing projectile energy

i';g.which velocity analysis of the scattered ions was carried~out7“
- ff;f without mass.analysis,'some_or even the major part of the;‘zf

”,{n;apparent N2D+ signal was in fact inelastically scattered Ng;af

One other point concerning the inelastic scattering of

x Over much of the projectile energy range, this ratio is |
: greater than the product (N2 pt) to projectile velocity retio }ﬁ
expected for ideal stripping and is near or equal to the
E experimentally observed Velocity ratio for N2D . Also in :
k this same range of high projectile energiles, the.inelastic cross

.. section is comparable to or greater than the cross section for .

" formation of NZD . Therefore, in Henglein s experiments? inv'f

‘This possibillity was recognized by Henglein.2 Since the -
| - velocity of scattered N; and N2D+ are similar in the energy‘” :_
range wnhere the inelastic and reactive cross sections are coﬁ?far 1
parable, the ambigulty has rather little effect on the velocity:;ifia?
- ratios determined by Henglein. However, because of the ‘
.increasing contributions'of inelastic scattered N;,. Henglein's
apparent total reactlion cross section deéreasesvwith increasing
projectile energy somewhat more slowly than the-cross section found-
by ourselves and by Turner 93_5;.3 In fact, by combining the
reactive and inelastic cross sections from Figs. 6 and!lo we
predict that the logarithm of the cross section measured by

Henglein should decrease linearly with a slope d(log ds)/aEz =
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i . =0.33, which is in clése'agreement to‘hisfmeagured value -
of -0.35. -

SUMMARY |

We have used several representations of measured reactive

and inelastic scattering to study the qualitative features

"; of the N+-H2 reaction dynamics. From the velocity vector

2

distributions T(6,¢,u; E°) we learned that the reaction proceeds5(f:
by a direct inteféction mechanism, that the internal éxcitation}ﬁff
energy of the products is a function of their scattering angle, ﬂ; f'

and that most products are scattered in the original directioncif

of the NZ projectile at a speed somewhat greater than that

predicted from the ideal stripping model. Velocity ratlo

plots showed that the ideal knockout mechanism fails to glve .f‘i*'i
‘f & Quantitative explanation of the velocity or occurrence of ‘fﬂ?ﬁ‘j[TV
back scattered products. From the differential reaction cross, jf-NfV;

section I(e; EO) we drew further support/for the direct intef-fffﬁ;ij

‘action mechanism, and the predominance of forward scattering.
The isotopic variation of this differential cross section at
‘three angles and its depéndence on projectile energy showed

that the degree to which the reaction product can be stabilized

through recoil may in large measure account for observed isotope"?

effects. The observations that the total reaction cross section -

‘falls with increasing projectile energy, and is nearly the
same for different isotopes at the same energy relative to the

‘abstracted atom further reflect the importance of product

-
-~




,“.stabilization through recoil at high collision energies.' From
“;'the studies of nonreactive scattering we found an inelastic :

| process which increases in ‘importance with increasing projectile
. transfer, collisional dissociation is an important channel

:51{We expect that more detailed conclusions can be drawn about - o
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energy. Together with charge transfer and dissociative chargei;

* which competes with chemical reactlon at high colllsion energies.kgifg

~"-v..vthe reaction dynamics when these data are compared to calculated :iﬂf

molecular traJectories obtained using trial potential energy _ﬁf

surfaces.



_ - Table I o |
'Relative Intensities® and Differential Cross Sections.

E | v = o o I(0°) " I(90°) 1(180°)
, Eﬁgt.‘ Eg I(O_% I(9o~g I(1892) X 102 x 102 % 102 ;
. X107 X 10" X 20T B2y (RE/sr)  (RE/sr)

NS + D, = N,D' + D

2 2 2

-

186 8.13  18.7¢ 3.8 . - 7.0 25.7 % 2.13 - 1.94 %
187  3.12 305 - . 64.0 . - 7154 i 7.19 . 2.79
188 . 4.38 297 . 41.5° . - . 198 . 6.93 . 2.74 o

189 9.38 -+ 9.8 2.1, 3.% 0 2L.3 7 1.10 " 1.10

© 190 3.2 515 - - .- - U376 s2.2 . 18.3
‘191 S.62 212 - 30.7 - 47.0 - 180 i.12.2 - 9.65 .

192 6.86 58.7 . 17.9  21.3 .  69.7

' SUor.s0 a0 sale e
193  11.23 4.5 50 0.97  B.97 . 0.488  0.326 ..

+- . ot BRI
NZ +'.,HZ - N2H + H ' :

194 - 2.33 12206 . - . - U220 NU39.6 v 18.3 n
195 ' 5.62 114 © 26.0 -  25.3 ... 44.2 ' 4.83 . 2.63 ..
196 | 4.67 132 . 44.0 © 34,5 :gt 39.6 E§§.5.4o_?{;; 3.31«;52 S

197 . 7.35 29.5. 8.20 | 9.50  16.7 -+ 2.16 [ -1.32 0ol

198 8.92 11.2°7..3.35 . 5.90 ~ 8.94.%:. 1.15° ' 0.993 ..

199 3.13 450 ¢ - 130 94.3 27,9 <88 o
200 8.11 | 19.8°.7 6.80 - 9.40 -12.6‘}f§k2.14fj5ff,1.45_j§;]"

| | + . e

Na

+ HD = N,D*

'207a  4.34 111 75.3  69.0  .27.9 . 5.55 . 5.18

. w208a  5.79 36.5 17.5 . 42.0 ::-14.1 . 2.16 . 3.7

2102’ 7.25  7.55 3.58  11.0 . 4.09 0.710°. 1.30 -
21la 8.70 2.48 1.00 .  5.20 ° 2.04 > 0.318 0.590 - .
212a 10.2 0.72 0.42 *~ 1.88  .0.906 0.187  0.302 .
213a 11.6  0.27 0.16  0.98 - 0.463 0.222 0.176
2l4a  3.39 160 - - v 27.0 12.3  6.07.

(Continued)



"'+ a. Arbitrary Units. . ii ..

f,“j‘;3n_- : f'fifj_ - UCRL-18190j;;fjjJ,L-

.

. “},:f'-,_' Table I (Continued) = ‘i - .

1(0°)  1(%0°) 1(180°)
_5 - 5 o X 1023.7 x 10° x-lo2 .
X 10 X 10 X 10 ~. “-(‘&Z/Sr) (KZ/sr) f (ﬁz/sr)s

 Exp£.~'~Eo‘- T(0°) T(90°) T(180°)
No. s )

+ +
N, + HD = N,H" + D

2.85 2.64

'207Tb  4.34 513 -13.6  15.T . 378
‘ 1.59 .0 1.66

208b- '5.79 323 5.38  7.20 . 292 |
210b  7.25. 174 . 2.70  3.30 196 . . 1.30  0.983"
[+ 211b  8.70  S53.5-> 1.88  1.85  79.9 - 1L.37  0.675
©"212b 10.2 © 14.9 0.98. - 0.87 ' 30.2 - 0.873 . 0.335
©.213b 11.6 - 8.0 = 0.58  0.50 . 18.2 . 0.652  0.242"
S 214p  3.39 413 . - - 240 -0 6.45 - 3.18

— e e e —
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4Profiles ‘of the N beam and NéD+? préduct distributions. . :

2

(a) A scan along the direction of the projectile beam

(®= 0O°). The intense, high energy product peak
represents forward scattering, and the weaker low energy |
peak is.product scattered through 9A= 180°. .

(b) The NZ and NéD+ intensities as a function of the
laboiatory angle ® . The scan of the product was madeAat'»;

an energy which corresponds to the center of mass velocity-,’,’*-j:?

so the two peaks represent product scattered through

'+ 90° in the center of mass system. In both plots the
'N; beam intensity has been gréa.tly reduced to make it

- comparable to product intensities.



¢ s

Reldti\)e lnfénsityf’" S o

22 24 26 28 30 32 34 3
Energy (eV) -

Relative lniehsi’tyi"'

-8° -6° -4° -2° 0 2° 4° 6° g°
| Angle (°) '

Fig., 1



39~ 77 o UCRL-18190 -

Figure 2. ‘A mep of I, the normalized intensity distribution of
N’2H+ in the center of mass coordinate system. - The

rel@tive energy of‘Né+ and H2 reéctants was 5.6 eV.‘
The outer shaded area repfesents values of Q greater"
than +1.0 €V, and in the inner shaded area, Q is

less than'-2.5 eV. The circled points represent the

actual maxima in the intensity which ﬁere located in - =

the energy and angular scans.
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- Figure 3. A map of the normaiized intensity T in the center of mass coordinate

system for N, D+ from the N;-D

o b reaction at 11.2 eV relative energy.
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Figure 4. The ratio of the most probsble prodict lsboratory .-

. velocity to the projectile velocity as a function of .|
©“initial relative kinetic energyvfor pioductsvscatteredi.
: ; through 180° in.the center of mass system. The bredicéi§ps}g;q

,5of the ideal knockout model for each reaction are shown |

‘ﬂ';;_as horizgntal dashed lines. The velocity ratios for the i;fl%:£ %7

“limiting Q values ofA+l.O and -«2.5 eV are also shown.
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.Figure 6. Total reaction cross sections computed using Eq. (2)
~ (triangles) and Eq. (5) (cirecles and squares).. The
' 3

 results 6f Tuiner et él.

by the dashed and solid lines, respectively.

s

and Hengleln® are indicated e
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Fig. 6
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cr(NZ+DZ—m—NZD+) Integrated
Ao-(Na +H2—-VN2H )ln?egm?ed |
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.r;“180° as a function of energy of the projectlle relatlve -

._fleferential reactive cross sections at 9 90° and

to the molecule. For HD both 1sotop1c products are

- included. Note the broken scale.
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Figure 8. ;$otobe-effects>in'thé;différehtialjgnd total cross; 4}»f

2
v;relativé collision energy and scattering angle. .

sections for the N,-HD reaction as a'fuhction of
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‘Figure 9. -A'msp of the normalized intensity T of.N, scattered.
"at 163 ev relative energy in the center of

K 3 :

‘ e . from D,

_mass coordinate system.
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L Figure ‘lo.-",The probability :.P(Qv) "-_-of ‘findipg'_ _,enéz:gy
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The total cross section as 8 function of relative

'j}energy for 1nelastic scattering with energy ‘loss o

2 2

':_greater than 4.5 eV for N’ on D.. Open and closedjﬁ'

-chircles correspond to Gs from experiments in which

'ethe beam energy spread was 1.2 and 0.96 ev FWHM,
l_respectively. The square point is the fully

* integrated o calculeted from data of_Figure~9;'
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, dppa-
ratus, method, or process disclosed in this .report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-

mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission"” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








