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Abstract
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The energy and angular distributions of NZA

v
——
1

and N2D+.forméd when a deam of N2 passes througn &
scattering cell containing Hz, DZ’ or HD have bveen
measured at relative Xinetic energies ranging rrom
2.3 to 11.8 eV. From some experiments, intensity
contour mans that show the‘cdmpleta product |
velocivy véctor distribution in the center of mass
system‘have been generated. Although backward
recoll scattering occurs at all energies, most
vroducts are scattered forward in the center orf
mass system. The shape and position oi the forward
scattered product peak are largely consistent with

the stripping model modified to account for target

motion. : .
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The purpose of this work was 0 investigate the dynamics

ol the reaction of N, with HZ, D,

5

arnd HD. To do tnis,

o

m
&

momentun analysed beam of Ng was directed througn isctropic

scattering gas, and the energy and angular distridbucions of
products and inelasticélly scattered reactant lons determined.
Besides its\mbleculér‘simplicity, the reaction orf N2 wilth
the isotopic nydrogens has a number of features that make it
attractive for réact;ve scattering studies. Moderately
intense, stable, low energy beams Qf Ng can e pvroduced without

reat difficulty. The total reactlion cross section is large

ta

at low relative eneriies (100 K% at 0.1 eV) although it
decreases to 1 ﬁz-aﬁ 8.5 eV relative energy. The detected
product NZH+ or N2D+ 1s confined by momentum conservation s0
a small range of laboratory scattering angles,land the low mass
of the product facilitétes mass analysils with an instrument of
relativeiy low resoluvion butv high transmission.

The first investigatlons of these reactions with conven-
tiona11’2 ahd then‘with tandem,mass spéctromecers 7 served to
determine the energy varilatlon orf the total reaction cross
section. More recently, veloclty spectre of ions scattered
throuzn small angles have deen determined,5 and in other exper-
iments6’7 energy and some angular distributlons of N2D+ Trom
Tne NE'DZ regction. were measured. Despite the conslderadle
attention this reactlion nas recelved, more data are needed in

order to elucidate the details of the reaction dynamics.
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perrmenual

The apoeratus useo-will be desorioedtin’detail in a
future publ;catlon, but the following'general commentvs will
.indicatefhow tnevexperimentsvwere performed. Our instrument
~consists of;a megnetic mass spectrometer for preparacion of the
primary 1on beam, a scatterlnc cell contalnlng the target
- gas, a 90° soherlcal elEbeOStablC energJ analyser, a quad-
rupole mass spectrometer and an ion counuer. Prlmary ilons
from a magnetlcally confined osc1llat1ng electron'(so ev)
uuimpact source were extracted and focused on the entrance slit
of an unsymmetrlcal approximately 60° sector mass spectrometer.
getqer w1tn 1ts post focusing syStem, thls spectrometer pro-
~duced an 1on beam wnich had an angular spread of less than 2°
: lfurr w1atn at nalf nelght ana an energy spread of approxi-
' mately 0.8 eV FWHM. |
Tne prlmary ions entered a cyllndrlcal sc:a.tter:,nfr eell

»(T : SOO K) Wthh wa.s located in the center of a large vacuum

,Ttank; The gas pressure in the cell was measured directly wizh

 anvionizetion‘gauge in the Hz'and‘DzleXPeriments. In the
experiments with HD, the pressure was monitored Dy a gauge
, outside}the scettering‘ce11'in order to avoid isotopic mixing
'on the not filament. When the pressure in the scattering cell
was in the‘usuel range of 3~5 X 1O~4 Torr, the pressure in the
”surroundlng vacuum tank and along the rest of the 1on vath wa s.

only 2-4 X 10-7 Torr.1 Because of this very favorable pressure

ratio, corrections due to reactions with the background gas
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were always small, and only important for energies and angles
very near those of the primary beam.

The exit aperture of thé scattering cell, the electro-
static energy analyser, the quadrupole mass'spectrometer, and
-the lon counter were all mounted on a large rotatable 1lid. By
rotating this 1id, the exit aperture of the scattering cell
as well as the analysing and detecting apparatus could be
located within a range of 55° from the primary ion beam. The
dgtector had an angular resolution Bf 2.5° geometric full
width, and an energy resolution of 3% FWHM.

After selecting the desired primary beam energy, the
detection mass spectrometer was set to the a?bropriate mass,
and data were collected either by scanning energy at a fixed
angle, or scanning the angle at a fixed enérgy. For each
primary beam energy the angular scans were repeated at a.series
of different analyser energies, and at least one scan of energy
was made at zero scattering aﬁgle. The result was a set of

’profiles of the scattered intensity wh;éh could either be used
individually or combined so as to produce a contour map of
scattered intensity. All measurements were normalized to the
ion bean intensity, the scattering cell pressure, the trans-
mission band of thne energy‘analyser, and the scattering voiume

subtended by the detector at the different scattering anglies.
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""Results and Discussion

AR}

Twenty - nlne experlments were performea in which the

iStflbUElon o* producMS»oz reactions ol>H2,ﬁD2, and HD with

joX

J‘ ©
et relaclve enerdles becween 2.3 and 11 6 eV were measured.

2
“In s;x of tnese experlmenus enoudn aata were collected to

e

permit’construction of contour maps of product intensity.

Four of these maps are presented in figs.bl—4, and show the
entire angular distfibution cf reaction products in the center
of mass coordinate,system. These appear to be the first
},comoleue angular distributions reported for any chemical
reaCulon.j The most probable velocities of products scattered
at 0° and 180° in the center of mass system are given in

table 1.

A velocity‘?cctorrdiagram for the rcactiohcof 25 ev N;
with Dé is shown in fig,'s. Because the thermal velocities of
;the target molecules are spherically distributed and are
i mostly quiteﬂsmali compared to the projéctile;ion velocity,

we will take the target molecules to Dbe statidnéry in the first
'approximat;on. ‘The initial relative vclocity of collision g
is‘thcrefore equal to the projectile velocity A and the

initial relative kinetic energy is

\ ug2-= 1 M{m +m2) g2 _ my 1, . (l)
2 2 M+ml+m2 | M+ml+m2 2 .

wnere p is the reduced mass of reactants, M is the projectile

mass, Iy and m, are the masses of the hydrogen atoms, and EO is
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the primary ilon laboratory energy. The final relative velocity
g' can be calculated Trom the experimental measurements. Thus
the experiments permit the evaluation of the effective exo-

thermicity of the'reaction Q, defined by

2 2
e’ Lo - B(g!) (2)
2 P
o (M+ml)m2
M+ml+m2 ’

where p' is ﬁ%g.reduced mass of the products, and my is the
mass of the hydrogen atom in the product ion. @ is the net
internal energy converted to translational energy, and can be
expressed as

Q=W-1U, (3)

where W = —AEg is the heat of reactlon, and U is the energy
which appears as internal excitation of the products. For the

"reaction we are investigating

W(ev) = - 2.5 + D(N, - HNY. (4)

Here D(N2 - H") 1s the unknown dissociation energy of N2H+
into a’proton and nitrogen molacule. Isotopie suostitution
‘introduces variation of less than 0.1 eV in the value or W.

Tne general features of the reaction dynamics can be
discerned from the intensity contour maps shown in figs: L1-4.
The scattering i1s symmetric about the initial relative velociiy
vector, except for small deviations attributable to instrumental

effects. The product intensity is particularly great at small
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maps snow éppreciable intensity at this point, however, and
only in the experiment with H, is there any evidence of a
shallow intensity minimum. This small dirfference 1s a result
of the better energy resolution of the primary beam in the
experiment with HZ’ ‘ |
There is another factor‘that can lead to product intensity
near g' = 0 even when the initial kinetic energy is quite high.
Because of the isotropig velocity distribution of target
molecules, the initial relative kinetic energy may be greater
or less than thé nominal-value calculated by assuming a
stationary target. Thus for any projectile velocity molecules
moving sufficilently rapidly in the direction of the primary
béam may react to form a stable producf even if the true
final relative kinetic energy is zero. Furthermore, products
backscattered from collisions in which thé true center of mass
velocity exceeds the nominal value, and any forward scaftefed
products TIrom collisions with a true center of mass velocity
less than the nominal vélue will contribute intensity in the
region of small apparent g'. Therefore, it is not éurprising
‘that product intensity near the center of the crater remains
appreciable for initial relative energiles above 2.5 &V, and
doés not fall to zerc even in the highest energy experiments.

S

ct

The concentration of product intensity near 0° sugges
that the reaction can ve descrived gualitatively as proceedlng
in large measﬁre Dy a piékup or stripping mechanism, as was
first proposed by Lacmann and Henglein.5 In the ideal stripping

process, the projectile interacts with only one hydrogen atomn,



and transfers no momentum to the other. Consequently, all
product ions formed by this process should be found near 0°
~with a laboratory.energy of [M/(M+ml)]Eo. The finite intensity

‘of products which we find at all large center of mass angles

.deﬁbnstrates that the reactions do not proceed exclusively by
the ideal stripping proéess at any energy. This result is

not unexpected, since the small impact pérameter collisions
wnich can lead to large angle reactive scattering and recoil .
of the free aﬁom must always occur. There will be no backward
- reactive séattering only if the reaction probability for small
impact pa?ameter collisions 1s diminished‘by4competition of

| other ineiastic'but non—reactive scattering.

As noted by other workerss’6 the ideél stripping model is
consistent with the most probablé velocitylof the forward
 ‘séattered produét peak for initial relative energies of 3-6.eV
when H2 and ngare the target moleculés, For greater initial

'ltenergies, the most probable product velocity is higher than

‘   that predicted from the ideal stripping model with a stationary

| target. We have found the same results for both isotopic

:productS‘from HD as well as.H2 and Dé. Deviations from the
ideal, stationary target stripping model are revealed if any
product ion is observed at all for initial relative energies
much above 6 eV. The model leads to the prediction that the

internal excitation energy of the lon product is
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. : ) ! <
which is greater than the dissociation energy D(N2 - H") for
relative energies greater than

(M+ml)(m1+m2)

-- ev. (5)
ml(N.ml+m2)

2
MEnax _, .
2 - L]

These critical initial kinetic energies are given in table 2.
In each case significant product intensity was observed for
initial kinétic energies well above the critical value.

These observations:suggest that elther there is a mechanism
by which the product ion, can recoil in the forward direction,
or that because of the distribution of target velocities, the
true relative energies involved in the reactive collisions
are less than the nominal values.

It is somewhat difficult to imagine how collisions that
give recoill strongly peaked in the forward direction can occur,
If a relativély'long-lived collision complex between N; and
the target were formed énd then separated with product recoil,
wé would expect to observe not only forward scattering but a
| pfoduct distribution that was isotropic, or nearly 50, in the
center of mass coordinate system. The intensity contour maps
show very clearly that this does not happen, and the conjecture
of a long-lived collisipn complex must be rejected. Moreover,
the ides that theé collision complex should be long-lived rfor
any collision energy is difficult to accept, and is particularly

unattractive when the initial relative energy is high.
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Forward recoil can also occur through a collision in
which the,projéCtile passes a hydrogen molecule which 1s so
oriented that the,CIOSesflapproach to a hydrogen atom occurs
during the outgoing leg of the trajectory. Atom transfer with
recoll would theﬁ‘give a product scatteréd through a relatlvely
small angle in the”center of mass system. It would seem,
however, that this process would favor small but finite rather
than zero anglé scattering. If it were dominant at high
energies, the‘forward peakx should be broadened in angle, and
'in’the.extreme be resolved into a bimodal angular distribution.
There is.no evidence oOf this effect in the intensity contour |
maps. A more damaging argument is that orientation of the
‘target nearly parallel to the projectile trajectory occur
less frequently than the perpendlcular orientations that would
give recoil through modérate to large angles. This is very
difficult to reconcile with the observed high intensity at zero

scattering angle. Thus grazing collisions with recoil do not
.. provide a_saﬁisfaétory rationalization of the intense forward
scattering. 5 | .

Another way to account for the intensity and velocity
of the forward scattering is to note that stable products can
be formed by a stripping mechanism at every beam velocity Vo
provided the relative velocity g is less than the critical
value given by eq. (S). Thus when v, 1s greater than g ..
products are formed oniy in éollisions,with hydrogen molecules
moving rapidly in the direction of the beam. Simple kinematic

arguments and recognition of the exponentially decreasing
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number of hydrogen molecules with increasing energy are ,
enough to show that the only appreciable contribution to the
product intensity comes from collisions where the target velocity
is very close to Vo " 8nax in the direcﬁion of the ion beam.

With this modified stripping model we can understand
the concentration of intensity at zero scattering angle, since
only target motion in the beam direction can give stable
products. It may'also explain the dpproximately exponential
déégééé;-i;wéiéwiﬂféﬁsi%yvo%'tﬁe’forwéféiéeakkobservéd by
Lgcmann and Henglein5 and ourselves, although a more complete‘
analysis of the energy and angular spread of phe beam and the
effect of detector resolution is needed to verify this
conjecture.

A more detailed test of the modified stripping model is

possible. Conservation of momentum requires that

m

. _M i
e = Wy Vo ¥ w2 (6)

1
where v 1Is the USually neglected velocity of the target, Ve is
the product velocity, and Vo is the projectile velocity, all in

the laboratory system., At values of VB much less than Snax

the target velocity can be neglected, and from aq. (8) we get

By
Vo - Ve = ¥y "~ | (7a)
Por Vg greater than gmax,'we substitute Vg - gmax for the target

velocity and get
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The contour maps show that at the highér energies products
that recoil through angles greater fhan'45° have a velocity
relative to the center 6f mass that ié virtually independent
of angle, and an intensity that is small, but increases
somewhat for angles greater than 90°. The value of Q is
nearly independent of scattering angle and is close to -1.8 eV
over much of the range of initlal energies. A Q value of
-1.8 eV is consistent with the formation of stable products;
Whereas the forward scattering can be rationalized successfully
in terms of the essentially two-particle stripping model, the
analysis of the backward scattering requires consideration of
at least é three-particle model for the collision. No simple
explanation of the Q value and the variation in intensity at
large angiés is known. |

To summarize, it appears that for high projectile energles
the tranélational energy ahd angular distribution of products
of the reactions of NZ with H,, Dé, and HD is determined
principally by‘two Tactors: the high probability of atom transfer
by the strippihg process, and the requirement that the internal
energy of the product be less than its dissociation energy.

It is the latter factor that is responsible for the crater-like
product distribution for high projectile energies. The com-
bination of these factors causes the'intense forward scattered

product peak to appear at velocities higher than those predicted

by the ideal stationary target stripping mechanism,
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Table 1. Energetic Data for Forward and Backward Scattering

(Continued)

- x =0° X = 180°
~ E. | v ,
BXpt (o) <§3% L5 s -q Ve -
. “10%cnm/sec 5 (eV) 5 (ev) -
10%cm/sec 10°cn/sec
+
Dps NpD_
186 65.00  8.125  21.18 20.04  2.49 16.90  1.51
187 0 24.36  3.119 13.12 12.30  1.47 10.69  1.57
188 35.07 .- 4.384 15.56 .~ 14.56  2.15  12.54  1.53
189 75.00  9.375  22.75 21.53  2.82-  18.13  1.50
190 24.93  3.117  13.12 ©12.33  1.32 - ~
191 44.95  5.619 17.61 16.50 . 2.67 14.22 2.1l
12 54.86  6.858  19.46 18.34  2.58 15.67  2.30
193 89.84 - 11.23 24.90 23.62  2.92 19.89  2.30
| | Hy, NH
194 34.89 2.326 15.52  15.00  1.11 - -
© 195 . 84.32  5.821  24.12 23.33  2.62 21.58  1.72
“196  70.09 iF 4.873 21.99 21.21  2.57 19.74  1.88
197 110.23 T 7.349 - 27.58 26.69  3.29 24.58  1.24
198 133.85 ¢ 6.924 30.39 29.48  3.33 27.06  1.28.
199 47.00  3.133 16.01 17.33  1.89 16.22  1.56
200 121.68° . §.112 - 28.98 - 28.08  3.34 25.82  1.32
HD, N,D"
207a 44.34 4.339 17.59 16.48 2.85 15.11 1.41
208a  59.84  5.791 20.32 19.14  2.80 17.42  1.83
210e  T4.91 -« 7.249 22.74 21.48  2.97.  19.48  1.8¢4
211a  .89.86  8.657 24.90 23.62  2.59 21.40  2.93
212a  105.36 “ 10.20 26.96 - 25.81  2.83 25.15  3.17
213a  119.45 11.56 = 28.71°  27.32  2.26 24.61  3.12
214a  35.05 3.392 15.55 14.49 2.48 - -
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Table 1. (Continued)

UCRL-17E7L

x = 0° Y = 180°
B B v
- rel
IxXpt \ : : Vo Ve -
. (eV, (ev) loscm/sec 5 - -Q 5 Q
. 10%cm/sec (evV) 107 cm/sec (eV)
HD, N,H
207b 44, 4.359 17.59 16.96 1.66 14.75 1.33
208b 55.84 5.791 20.32 19.61 _2.15 17.00 1.53
210b 74,91 - 7.249 22.74 21.95 2.61 18.94 1.33
211D 89.86 8.697 24.90 24.12 2.53 20.76 1.76
' 212b  105.36  10.20  26.96 26.19  2:37 22.48  2.03
- 213D 119.45 11.56 . 28.71 27 .93 2.32 25.94 2.28
- 214b  35.05 3.392 . 15.55 14.97 1.46 13.19 1.68
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Figure 1.

v . ,
Intensity distribution of NgD from D2 plotted in the center of

mass polar coordinate system. Intensities at unmarked contours
can be found by linear iInterpolation or extrapolation. Data are

from experiment 190 of Table 1, with an initial relative energy of 3.117 eV.
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Figure 2. Intensity distribution of NoH' Irom Hy plotted in the center of mass polar

coordinate system. Circled points give the location of intensity maxime,

and the small cross locates a shallow minimum. Date are from experimeng 199.
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Intensity distribution of N2
and &t the dotted lines 0.05.
linear interpolation.
maxima found from the experimental profiles.
the large angle maxima corresponds to Q = -1.50 eV.

initial relative energy 8.125 eV.

The semicircle

Other intensities can be obtained by

through

Experiment 186,

D+ from D,. The intensity at x = 0° is 18,

The small circles give the location of intensity
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Figure 4. 1Intensity distribution of NQH from H. in the center of mass system.

2
Data are from experiment 200, with initial relative energy 3.112 eV.

The circle through the large. angle maxime corresponds to Q = -1.30 eV.
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Figure 6. The difference between initial projectile and final product
velocities plotted as a function of projectile velocity. The
predictions of the stripping and modified stripping models are

indicated by the solid lines.



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, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

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.



