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Abstract

The energy and angular distributions of NEH‘

M '

and N2D+ Tormed when a Deam of Né passes througn &
scattering cell contailning H2, D2, or HD have been
measured at relagtive kinetic energies fanging Trom
2.3 to 11.¢8 eV.. From some experiments, intensity
contour maps that show the‘cdmpleté product |
velocivy véctor distribution in the center of mass
system have been generated. Although backWard
recoil scattering occurs at all energies, most
vroducts are scattered forward in the center of
&S s Syster. Tne shape and position of the forward
scattered product peak are largely consistent with
the stripping model modified to account for target

motion. - .
I " .




The purpose.of‘this Work was 1O investigate ftne dynamics
o7 inhe reactiion of,N; witn Hz, DZ’ arnd HD. To do this, a
momentun analysed beam of Ng was directed througn an lsctiropic
scattering gas, and the energy and angular distridutions o
products and inelasticdily scattered readtant ions aeternined.
Besides its mbleculér‘simpliCity, the reaction of NZ with
the isotopic hydrogens has a number of Tfeatures that make 1t
attractive for reac*ﬂve scattering scudies. Moderatvely
_intense, stable, low energy Dbeans Qf Ng can be procuced without

reat difrficulty. The total reaction cross section is large

t]e]

- o o z . -
at low relative energies (100 R at 0.1 eV) althougn it

Y

; 2 . , s
decreases 10 1 A% at 8.5 eV relative energy. The detectéd

: o r e o . o
product NZH or N,D' 1s confined by momentum conservation Tc
a small range of laboratory sceattering angles, andé the low mass
of the product facilitates mass analysis with an instrument or
relatively low resolution but high transmission.

The first investigatlons of these reac*ﬂons with conven-

1,2 . e ana Dy & ) ¢ e
and then with tandem mass specirometers servec to

tlonal
determine the energy variation of the total reaction cross
section. More recently, veloclty spectra of ions scattered.

tnrougn small angles have deen determined,” and in other exper-

I r;
. . 6,7 . . s A + A
iments ’  energy and some angular distributions of NZD Trom
the Né—Dz reactlon were measured. Despite the consideradlie

avtention this reactlon has recelved, more data are needed in

order to elucidate tne detalls of the reaction dynamics.
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will be-deseribe”'in detail in a

*'une LOllOWLng general commn ents will”

-1..

,indicatevnow une exoeramenus were Oer¢ormea. :Our instrument -

 COnS¢SuS OL & magnetlc mass soectromeuer Ior Oreearatlon of the ..

P pri ry 1on oeam, a scatterlnd cell conbalnlng the target

-vas,,a 90 soheracal eLeCufOStath en ergy analyser, a ‘qua

R } B

'deO.Le mass SDeCuromeuer a,n(l a"l lOfl COUIluef. - Drlmary lons

”Ime a magnetlcaLly conL;nea.osc lating eleCuron'(SO ev)
©impact source were extracted and focusea'on the entrance slit
of an Unsymmetrical approximately 60° sector ma.ss soecb rOmeter.,

ner Wluﬂ its OOSu focusing system,vthis spectrometer pro-

]
O
0
[©)
Ci

duced an'ion'beam which had an angular -spread of less than 2

full width at nalfsheight, and an energy spread of approxi-

1j o & eV ﬂWHM

Wl R . H
P . N

The Pz ;rary ions enbered a cyllndraca; sc:atte_m‘nfT cell

~
’

(T = 500°ﬂ)‘wh1ch‘was located in the center 0¢*a large vacuum

g,tanx. The gas pressure in the cell was meaba ed directly with

an ionization“gauge'in'the Hy and D, experiments. In the

efoerlm nus with HD,'the pressure was monltored by a gauge

1ieutSide the scat erlng cell in oraef to avoil isotoplc'mixing"
'fﬁoﬁ,ﬁﬁé"hbt falamenu. .Wnen_ hezpressure 1n'cne_scattering celi
L[waé in the uSdal range of 3-5 % 10 4 Tof?;fthe pressure in ﬁhé'f}
JﬁSu?rounding’vaCuum tank and'along the rest of %he ion path was;
”fgkzﬁfe7only 2-4 X 1O -7 Terf;lnBecadse‘of thie'very favorable preseure*

' sratio, cofrections due ‘to reactions with the background gas
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were always small, and only important for ehergies and angles
very near those of the primary beam.

. The exit aperture of the scattering cell, the electro-
static énergy analyser, the quadrupole masslspectrometer, and
~the ion counter were all mounted on a large rotatable lid. 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 T55° from the primary ion beam. The
detector had an angular resolution 6f 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 abbropriate mass,
and data were collected either by scanning energy at a fixed
angle, or scanning the angle at a fixed energy. 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 zerc scattering aﬂgle. The result was a set of

profiles of the scattered intensity w@;éh coula eithér be used
individually or combined so as to produce a contour map of
scattered intensity. All measurements were normalized to the
ion bean intensity, tne scettering cell pressure, the trans-
mission band of the energy'analyser, and tne scattering volume

subtended by the detector at the different scatiering angles.



;disf ibution- O;‘pfOQuCUS of reaCtlons o; HZ’ DZ’ ana

Results and Discussion’

venty nlne exoerlmenus were performed 1n wnlcn the
HD with

at relablve energies between 2 3 and 11 6 eV were meaeured

.Lﬂ S.LJ\ O.L nese ex*oerrneﬂus enougn aaba were COJ_leC'te(l uO

per‘lt CODSufqulon of cont our maps ol’oroducc 1nter51ty

".ﬂ

~at 0° and 180° in the center of mass system are given in

P A

four o; bnese maos are presentea in- ngs. l é ana show the-

'I'envlfe ancular dlSurlqulon of reactlon proaucts in the center

of maSS'cooralnateﬂsysuem. These'appear'td be the,first

~complete angular distributions reported.for any chemical

uaule l

© reaction. . The most probable velocities of products scattered

e VGlOCluy vector diagram for the reaction of 25 eV N

'Awitn D is shown in fig. 5. Because the thermal velocities of

the Nargeb molecules are spnerlcally dLSlebuted and are

N imostly quite_smallvcompared to the projectile ionvvelocity,

iation. The .initial r‘ele;tive Velocity of collision g

therefore equal to uhe orojectile veloc1uy Vg and the

. initial relative k*netlc eﬂergy is

, wl oy Mmim) oMM o gy
c 7 2 Minm+m 5' B M+ml+m2 o : -

17z

" where W is_the ‘reduced mass of reactants, M is the projeciile

H

mass, ml and m2 are the masses of the hyarogen auoms, anc Lo‘is

UCRL-1767h

> will take the target molecules to be stationary in the first.
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the primary lon laboratory energy. The final relative velocity
g' can be calculated from the experimental measurementis. Thus
the experiments permit the evaluation of the effective exo-

thermicity of the 'reaction Q, defined by

2 : 2 » .
pe® 4w (g") :

o (M+m1)m2
W ~ Mim ’

171

wnhere u'.is ﬁhe.reduced mass of the products, and my is the
mass of the hydrogen atom in the product ion. Q is the net
internal energy converted to translational energy, and can ove
expressed as

Q=W - T, (3)
where W ¥ —AEg is the heat of reaction, and U is the enérgy
wnich appears as internal excitation'of the products. For the
‘reaction we are investigating
W(eV) = - 2.5 + D(N, -, H'). o (4)

Here D(N2 - H+)

into a proton and nitrogen molecule. Isotopic substitution

. € Y ) . » I ) Y 1+
is the unxnown dissocilation energy ofl Nzh

‘introduces variation of less than 0.1 eV in the value orf W.
The general features of the reaction dynamics can be ~
discerned Trom the inténsity contour maps snown in Tigs: 1l-4.
Tnhe scattering is symmetric about the initial relative velociity
vecgor, except for small deviations attributable to instrumental

erfects. The product intensity is particularly great at small
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‘enales and*sneeds‘close £6 the progectlle speed Such 1ntense‘iQ:ta,

'frorward scatterlngﬁln the center of mass system is: con51stent

I\Jlun the rlndlngs of Balley et al. 6 and Wolrgang ‘and co- workers.ff~

'-fylhe scat tered 1nten51ty at angles greater than 90 is small’ Lfv‘”

but finite atkallgenergles 1nyest1geted,_‘Thls,backward scat-
: D N - -V“‘_'v . o : _ 6,7 '
tering nas-also been round by otherst A

At the hlgher collr51on energles, the_angular distributiohel

'r;*assumes an 1nterest1ng crater-like shape._ The‘total scattered,'

‘rflntens1ty decreases as the prOJectlle energy 1ncreases, but
fﬁthe 1ntensity loss;ls particularly-rapid at rinal relative
"jsoeeds near: zero.r It 1s this excavat*on of lntens1ty near
3ﬁ:g'.::o;that causes tne crater-like dlstrlbutlon'to appear at
*fhigh_primary ion‘eﬁergies. Ihis behavior is to be expected,
fsince'fCr’Zero.finai‘relative kinetic speed; 21l the initial
ﬁgreratlve ﬁlnetlc eﬁergy and the heat of reactlon must be
.:r;acccmmcdeted as 1nterna1 excl tTion energy of the product 1on.v

~When the internalcenergy exceeds the dlss001atlon energy of

3

, this ion willﬂhot,be found in the products. Combination:

”3rcf-eQS.v2; 3, and é with g =0 shows that the max1mum 1n1t1a1

  f&lneulu enercy can be formed is 2.5 eV, 1ndependent of-’D(N2

":?"eratlve energy for which Droduct ions with no final rela ive
HY)
- The rfact that some product ions with g' = 0 are observed
?fat ZFS'eV_and-higher initial energies is in part e consequence
gfcf'imperfectvenergy and'aﬁgular resolutioh.. For example, in
"gboth the low energy experlments with H2 ‘and D2 shown in'figs. i':
?tand 2, the 1n1t1al.relat1ve energy was 3.13 eV,'high.enOUgh so‘

Il

that no intensity should be observed at g' = 0. Both contour
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maps snow éppreciable inténsity at this pOiht, however, and
only in the experimentfwith H2 is there any evidence of a
shallow intensity minimum. This small difference is 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' = O even when the initial Xkinetic energy is quite high.
Because of the isotropiq 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 surfficiently rapidly in the direction of the primary
béam may react to form a stable product even if the true
final relative kinetic energy is zero. Furthermore, products
backscattered from collisions in which thé true center ol mass
velocity exceeds the nominal value, and any forward scafte?ed
products Trom collisions with a true center of mass velocity
less than the nominal vélue wlll contribute intensity in the
region of small apparént_g'. Therefore, 1t is not éurprising
‘that product intensity near the center of the crater remains
appreciable for initial relative energies abbve 2.5 &V, and
doés not fall to zero even in the highest energy experiments.

The concentration of product intensity near 0° suggests
that the reaction can be described gualitatively as proceeding

in large measure by a plckup or stripping mechanism, as was

. Ll ‘ .5 . s
first proposed by Lacmann and Henglein. In the ldeal stripping

process, the projectile interacts with only one hydrogen atom,



”=t5not unexpected,wsince the Smallvimpact,parameter collisions

e UCRL-1767h

';an@'transfé,s‘,.4mom¢ntum to the'other;prOHSequently, all

. R i L L 5 o-
'p oa ctulons ormediby tn;s Drocess snoulq be Loun near O

e_with a laooratory energy of LM/(M.mq)]E The nlte 1nueﬂsluy

‘O*:OTOQLCbS whlcn we find at all large cenuer of mass an lesl_'r L

wde on5urates' hat tne reaCulons do’. nOu proceed exclusively by

the iaeal SleDplng Drocess at any energ y,- Thls resulu is

“which can lead'tO'large_angle reactive scattering and recoil .-

’;1of;une free atom must’ a1Ways occur. - There will be no‘badkward

~-reacuve Scatteflng only 1f the %eacblon proba0111ty Iof smallf”

”,“1mpact arameter eolllslons is diminished oy compeul n o;

wfﬁotnev inelaSulc but non- reacuLve scatuer}ng,v

Agvnoted:byuother workerss’evthe'ideel'strippi ng model *sv >'w
3con315uenb Wluﬂ the most probaole ve1001by of tne Lorwara o |
 3scatberea prOQUCu peak for 1n1u1al relatlve energies of 3 6. eV;
“: Wnen §2 and ngare bhe target molecules. For g*eauer 1n1u1al
”ﬁ;enefgies,_uhe most probaole product velocity is higher than
ﬁ:.uﬂau predlctea Irom'une 1deal strlpplng model w1tn a SUatlonary
'_ﬁerget; We have:¢ounc the same fesulus'ior both 1s0uop¢c
_:produCtS‘from HD‘as well as.I’2 and D2. TDev1ab10ns from the
'ideal,:statienary uargeu stripp 1ng model are: revealec if any ;;_
‘product ion ie;observed at all for initial relative ehergies |
.aimueh'aEOVe 6;eV.‘“The model leads to the prediction that the

.. internal excitation energy of the ion product is

Mm 2

S . 1 o
= L R e n— 5 .
,U ) W S M, 27

1
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whicnh is greater than the dissocilation energy D(N2 - H") for

relative energies greater than

2
HEnax (¥4, ) (my 4y ) 5)
—z T 2.5 my (e Fm, ) ev. (

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 either there is a mecnanism
by which the product ion, can recoll 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 recoil strongly peaked in the forward direction can occur.
If a relativély long-lived collision complex vetween Ng and
'the target.were formed énd then separated with product recoil;
wé would expect to observe not only forward scattering vut a
product distribution that was isotropic, or nearly 50, in the
centef 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 idea that the coilision complex should be long-lived for

any collision energy is difficult to accept, and is particularly

unattractive when the initial relative energy is high.
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ForWard.reéoii'can also occur througﬁva'CollisionVin

*

which the progectlle passes a nydrocen molecule wq1cq is so .

o

;O"lentea that the closest approacn to- a nydrogen atom occurs

urlng he outg01nc lec of cne uragectory Auom transfer w1tn

_rec01l WOinuhen glve a product scat ered through a relatively

small angle in tne cenuer of mass sySuem._bIt would seem,

)

however, that uhls_process woulaviavor small but i inite rather.

athangzero‘angle scattering. ~If it were dominant at high

energies, the forward peak should be broadened in angle, and

“in the extreme be resolved into a bimodal angular distribution.

There'iS-ho evidence Of this effect in the intensity contour
;,maps.“ A more damaglng argumenu is-that'ofientation of -the

‘*uavget nearly parallel to the OTOJerlje uraaectory ocqur7

s

nLeSS'lrequently than the,perpenalcular orientations that would

give recoil through moderate to large angles. This is very

S difficult to reconcile'with,the observed high intensity at zero
:scatteang angle. Thus grazing collisions with recoil do nét;"
,Drov1ae a sdtlsLactory rau¢onallzatlon of the intense forwara-

“scattering. i

Another way to account for the intensity and velocity

"of the forward scattering is to note that stable products can

‘be formed vy a-Stripping mechanism at every beam velocity Vo

Py

Prov 1ded the relative. velocity g is less than the critical

»value given by eq. (5). Thus when v, is greater than & nax?

.

iofoaucts are formed only in COlllSlonS w1bh nyqroven 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 appreclable contribution to the
product intensity comes from coliisions whére the target veloclty
is very close‘to VO " Bnax in the direction of the ion beam.

With this modified stripping model we can understand
the concentration df intensity at zero scattering angle, since
only target motion in the beam direction can give stable
products. It may also explain the approximately exponential
decrease in the intensity of the forward peak observed by
.Lécmanh'and Héngleins and ourselves, although a more complete‘
analysis of the energy and angular spread of ﬁhe beam and the
effect of detector reéolution is needed to verify this
conjecture.

A more detailed test of the modified stripping model 1is
possible. Conservation of momentum requires that

M m

Vo & s Y A e
b M+ml o M+ml

v, | (6)

- where v is 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 vg much less than gméx
the target velocity can be neglected, and from 2q. (6) we get

For v, greater than gmax,‘we substitute Vo " Bnax for the target

velocity and get
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. S el (7o)

Mfmlvgmgrifv

o

 Fig ure 6 shows Vo f p10uted as a. functlon 0r Vo for all our

daﬁa. The results ‘are in satlsfactory agreement with egs. (7&)'
and (70) excepu for bhe NZD product at high VeLOClbleS. The
"?ﬁolscreoancy at h gh'energles_could vervaell be a’'result of =

the finite energy spread of the primary;beam, and may also

,‘"refléct inue nal motlon of the target ano some forward rec01l

Conurloutron.

JIf the ve1001ty of tne forward peak is determined at. hlgn
fprogect;le energ;es byvyne-requlrement that U < D(N, "),
."valuévof'Q?for ﬁhis-peakvohould be no moré négative than —2.5'eV.
Our daoa show an average 11m1u1ng velue of Q of approximately
w:-9 8 eV for forward scatterlng at high energles. The apparent
S ””value’of.Q rs rela: vely insensitive to: uarget motion, partiCeiﬂ

‘”ularly 1r the flnal ve1001ty lles near that pred1Cued by the

1Qea1 Surroplng mechanlsm. ScralgntlorWara analysxs.snows

thet for 0° scattering, the error in Q made by assuming a

(%)
T statlonary target is
- 2[Mv_ - {(M+m, Jv.] v, ’
, o 171 ,
to first order in the farget velocity v. T“r vanishes for
the ideal stripping process. However, the values of §Q are

‘very sensitive to small errors in the measurement of ion energy, .

faiahdftheréforé,thé limiting'yéluevof -2.8 eV for Q seems in -

¢
3

satisfactory agreement with the expected -2.5 eV.
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The contour'maps show that at the highér energiés products
that recoil thrdugh angles greatér than‘45°.have a velocity
relative to the center éf mass that ié virtually independent
of angle, and an intensity that is small, but increases
somewhat for angles greater tﬁan 90°. The value of Q is
nearly independent of scattering angle and is close to -1.8 eV
over much of the range of initial 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 simble
explanation of the @ value and the variation in intensity at
1arge angiés is known. | |
To summarize, it appears that for high projectile energiles
the translational energy and angular distribution of products

.
[

of the reactlons of NJ with Hy, Dé, and HD is determined

principally by two factors: the high probability of atom transTer

by the stripping process, and the requirement that the internal
energy of the product de less than its dissocilation energy.

It is the latter factor that is responsible for the crater-like
product distribution for high projectile energies. The con-

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. (Continued)

_ _ - x =0 ¥ = 180°
e ®o JLre'l ' ' Vo
LX?E (eV)  (eV) .. losém/sec 5Vf . -Q va -Q
) ' 10%em/sec  (eV)  10°cm/sec (eV)
| HD, W, H"
207b  44.84 £.339 17.59 16.96 1.66 14.75 1.33
2080  59.84  5.791 20.32 19.61 - 2.15 17.00  1.53
210D 74.91 7.249 22.74 21.95 2.61 18.94 1.35
211b.  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
213 - 119.45 11.56 . 28.71 27.93  2.32 23.9¢  2.z28
214b  35.05  3.392. = 15.55 14.97 1.46 13.19 1.68
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“Table 2, Maximum Initial Energies for

+. Product Stability. - |

1f5ystem P H,H&%f(max)(ev) £ (max) (eV)
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Intensity distribubion of NQD from D2 plotted in the center of

mass polar coordinate system. Intensities at unmarked contours

can be found by linear interpolation or extrapolation. Data are

from experiment 190 of Table 1, with an initial relative energy o
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eV.
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Data are from e:cpe}jf{menz 199.

and the small cross locates a shallow minimum.
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Tigure 3. Intensity distribution of NQD from DQ. The intensity at x = 0° is 18,

ahd at vhe dotted lines 0.05. Other intensitieslcanvbe obtained by
linearviﬁterpolatioh. The small circles give the location of intensity

mexime found from the experimental profiles. The semicircle through
the large angle maxime corresponds to Q = -1.50 eV. Experiment 186,

initial relative energy 8.125 eV.
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Figure L.  Intensity distribution of NQH‘ from Hz‘in the center of mass system.

Deta are from experiment 200, with initial relative energy 8.112 eV.
= -1.30 eV.

The circle through the largée. angle maxima corresponds to Q.
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Figurc 5. Velocity vector diagram for 25 eV RQ reacting with stalionary D2. The circle indicates the

approximate locus of product intensity maxima.
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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.
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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, 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.








