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* DYNAMICS OF THE REACTION OF Ar' WITH D,.

M. Chiang, E. A. Gislason, B. H. Mahan,
C. W. Tsao, and A. S. Werner

. Department of Chemistry and Inorganic Materials Research
Division of the Lawrence Radiation Laboratory,
University of Californis, Berkeley, California.
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We report meésurements of the velocity veétor ”
ldistributioné of the ionic products of collisibns
of‘Ar+ with D2
2Q26 and 9.1 eV. The ion.ArD+ is produced by'é

and He for relative energies between

direct interaction mechanism which gives consider-

able forward scattering. The nonreactive scattering

2
similar to the scattering of ArT by He. Differential

-+ . . . .
of Ar by D, is intense, nearly elastic, and very -
reactive cross sections are determined, partilally
deconvoluted, and compared with results from several

other laboratories.
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As part of a series -5 of experimental investigations
of the dynamics of gaseous ion-molecule reactions, we report
here measurements of the energy and angular distribution of
the ionic products-of collisions of Ar+ with D, and He. The

2
reaction

Art &+ D, —~ArDT + D

- has been studied many times with conventional mass spectrom-

etera§’7 tandem mass spectrometers,8 velocity analyzers,g—l2

- and most recently with ion beam techniquesls’14 which permit

both energy and angular analysis of the products. However,

the present work is the first in which complete velocity vector

distributions of reactively and nonreactively scattered ions

have been determined.

EXPERIMENTAL

The instrument used in this work consists of a magnetic
mass spectrometer for preparatién 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
electrostatic energy analyzef, a quadrupole mass filter, and
an ion counter. The detector compbnénms and the exit slit
of the scatteringicell are mounted on a xotatable 1lid, which
:permits simultaneous angular and energy measurements on the
ion products. 'These major components have been described

1,3,4 |

in detail previously. In all important respeets) the

constitution and operation of the apparatus, and the data
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acquisition and reduction techniques were the same as we used.
in earlier work.

°

RESULTS

We Performed'twgnty—five experiments in which either D2"
‘Eor He was the target gaé.' At reiative energies of 2.75, 4.55,
6.83, énd 9.15 eV, enough data were éollected to permit con-

‘ 5structibn’0f contour maps of the relative values of the
: specific intenéity’of Art and ArDT scattered from D, and Ar’
’scattéred from He. Six of thése twelve maps are shown in |
Figs. 1-6. The specific-intensity Icm(e,u),is'defined as the
;number of partiéléé per second with a veloéity in the center

'of mass. system specified'by'u and 8, per unit bea@ intenéity,
scattering gas density,'scattering length, and velociﬁy space
‘volume. As we3 and other515 have pointed out, this quantity
is the same in the center of mass and laboratory coordinate

. systems. Of course, due to the finite resolution of the
.apﬁaratus, the_quanﬁity plotted in Figs. 1-6 is aétuélly T(9,u),
“the specific intensity averaged over the detector's VOluhé

.iin velocity space.

We can discern the general features of the reaction

_}dynamics by examination of Figs. 1 and 4. ' The ArDdT is diStrib—

 ;ﬁted asymmetrically about the 790° line in the center of mars

' System and is stfongly peakedvat a center of mass sjétem angle
- of zero, that ié, in the direction of the originél'A§+ projectile.

These features were found in earlier experiments by the groups
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of Baileyl5 and Wolfgang.14 The asymmetry about ¥90° indicates
that ﬁhe reaction proceeds by a direct proceés in which the
three atoms are simultaneousl& close to each other for less
time than a period of rotation. The peaking of the intensity
at very small angles suggeéts_that, at least at these energies,
the most probable reactive event is something akin to the

ideal stripping process.9 - Indeed, as Figs. 1 and 4 show, fér
initial relative energies between 2.7 and 4.5 eV the producf
intensity maxima occur very élose to the ideal stripping |

velocity
v o= VOM/(M+m),

where Vo is the laboratory projectile velocity, M is the pro-
jectile mass, and m is the mass of the abstracted atom. For

lower initial relative energles, the groups of Bailey,13

Wolfgang,l4 Fink,lz, and Hengleinl1 have found product intensity
maxima at velocities greater than the ideal stripping velocity.

1 Henglein,9

For rélative energieé greater than 5 eV, Balley,
vand oursel&es (see Table I) find that the forward scattered
product peaks at a. velocity greater than the ideal Stripping
~velocity. At the higher relative enérgies, the small reaction
cross section and the limited résolution of.the mass filter
made detection of the small amount of mass 42 in a.méss 40
background rather difficult. Consequently the location and

shape of the forward peaks in the 6.83 and 9.135 eV experiments

is less certain than at the lower energies.




_5- ' - UCRL-1908z

;o

o

: Significant product intenSity appears in Figs. i and 4

at center of mass angles greater than 90°. At the relatiVe
’[renergies_used.in these experiments, products found at large
'ascattering:angles must be the result of small impact parameter
“collisions in wnich the incipient ArD% rebounds from thevfreed
“deuterium atom, and thereby acquires a velocity_component |
~opposite to the_direction oflapproach of the Ar+'projectile.
We detected this large angle rebound scattering even at the
;lowest.relative energy used (2.26 eV). Backscattering was
evidently not detected at this energy in the ion—molecular
{beam experiments of Wolfgang.l4 In our apparatus, the use of
a scattering cell withiits attendant higher scattering gas
idensity,'and an electrostatic deflection ion-energy analyser
with its superior discrimination properties, permit detection
~of the low intenSity back scattered product even in the
fpresence of -a high intenSity of forward scattered prOdUCb
Tne Significance of the intensity distributions is made -
;clearer by introduction of the translational exothermicity

‘of the reaction Q, defined by

2 1, 2

1
Q=5 u'g = Mg

;Here B oand g are, respectively, the reduced mass and relative
fspeed of the reactants, and p' and g' are the same quantities
ffor the products.' The assumption that the reactants‘are in

~their ground states allows us to write



" UCRL-19082

Q

O
- AEO - U

a(ev) = -2.3 + D (Ar-D%) - U

where AEg 1s the energy change for the reaction, U 1s the
internal excitationvof the products, and D(Ar—D+) is the
dissocilation energy of ArD" to Ar and DT, The range of possible
values of Q@ is limitéd by the value of AEg, and the requirement

that U = D for the product to be stable in its ground electronic

state. Thus

2.3 = Q < -AE°

The value of'AEg is not known. However, analogy to the iso-
electronic HC1l molecule suggests that D(Ar+-D) may be as great
as 4.4 eV, and thus that D(Ar-D') could be as large as 3.3 eV.
This would give a value of -1 eV for AEg, and an approximate
upper limit for Q of +1 evV. |

The approximate limits for Q are indicated in Figs. 1 and
4. Product is found throughout the allowed range of Q,
~and in pafts of the regions excluded by the product stability
and conservation of energy criteria. This scattering into
| the forbidden regions can be explained qualitatively by con-
sideration of the motion of the target gas and of the finite
‘resolution of the apparatus.

Introcduction of the limits on the allowed values of Q
leads to a rationalization of why the intensity maximum for
forward scaﬁtered products moves to velocities greatef than

the ideal stripping velocity as the initial relative energy
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is raisediab0ve'4.5 eV. As Fig. 4 shows, for collisions at
 4.55 eV, products having the Stripping velocity are excited

B internally nearly to their dissociation limit. ' For higher

initial relative energies, the stripping velocity lies in the

" region forbidden by product instability. A% these higher

, -

relative energies, forward recoil to speeds in excess of the

}stripping velocity 1s necessary if stable products are to be-

formed. The same ekplanation has been used3 to explain the

“very similar behavior found for the.products of the-N;( 2,1))1\!“215'L

~reaction.

While the combination of product recoil and small or zero

.jdeflection may seem incompatible, it can arise if the potential
fenergy surfaée_is sﬁCh that the reactants are aﬁtracﬁédvto
“each other on the incoming leg of the trajectory, and the
:prpducts are repelled from each other on'the outgoing leg. The
“respective negative and'posiﬁive conﬁributibns-to thé-deflec—
'ftion angle will tend to cancel, and produce small angle'Scattefing
;ﬁith éccelefation of thevp}oducts above the ideal stripping
' §e1ocity. It seems very unlikely that a potential énergy:
 $urface which assumes only attractive forces betweeh;feaétants
 and between products could produce the étrong peakihg'of the
'broduct at- small barycentric angles siﬁce the contributionslv

to the deflection angle from the incoming and outgoing legs

Qf the trajectory would add to give scattering through a sub-

istantial angle. It 'also could not explain the produ¢§ stabili-

zation that occurs at high energies. A surface which assumes



.repulsion between products, and small or zero repulsion between
reactants could also lead to products accelerated beyond the
ideal stripping velocity, but agaih would not produce peaking
at zero degrees if the product repulsion were large enough to
stabilize the product. Oniy if the repulsion occurred rather
late in the course of the collislon and was therefore directed
along the zero degree line could this potential produce recoil
and zero degree scattering. The combination of reactant
attraction and precduct repulsion seems easier to accept.
Examination of the original plots of product intensity

as a function of laboratory energy as well as Table I shows

~ that with one exception, when the initial relative energy

is less than 7 eV, the Q values for products scattered through
large angles are soméwhat greatér than those for forward
scattered products. This indicates that the products of feboun@
or small impact parameter collisions (in which the three atoms
must interact strongly) are less excitedAinternally than are
the products of grazing éoilisibns.  A Siﬁilar observation

was made for the N;~D2 system.3 However, for initial relaﬁive
energies above 7 eV, the back and forward scattered products
of the Ar+(D2,D)ArD+ reaction both a?pear to be excited to
levels very near to their dissociation limit. Although the
resolution of our apparatus permits only this qﬁalitative
assessment of product internal excitation at these higher
collision energies, it does appear that difficulty in forming

molecular ions which are stable to dissociation is a major

UCRL-19082
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factor.whiéhjlimits the:partialrcrésSTSéctioné for both back.
and forward scattéred prpducts.

o Amongmthe more interesfing obsefvaﬁiéhs drawn from a com5 
parison of the intensity contour maps:in thevéufprising prev-
elence of:nonreaétive séattering of Ar+ by sz énd.the striking
resemblance. of ité distribution to that of Ar' scattered by
He'for:the same initial relati&é energy . .The intensity of art
‘scattered honreacti?ely from Dzvis‘partiCularly surprising,
vﬁsincé\the Very_large‘reactioh raté conStantithat hasfbeen
fmeaéuredeat relative-enérgies less than 1 eV is consiSteng
.;With'ﬁhe aésumption that'reaction occurs.upon every close
Etcoliisioh{ ~ Apparently at these higher_enefgiesvitbis possible
to océur, and

2
produce no reaction in a majority of cases. This 1s in marked

lreven for head-on collisions between Ar+-and D

“contrast to the Ng—D2 system-,3 where very little nonreactively
':séattefed N} was detected.

: The similarity'ofvthe distributions of Ar+.séatfered

. from D2 and He leads to_the surprising conclusion that most
Ar' is scattered by D, elastically, or at best only slightly
“inelastically. Although general considerations,16 ana as weil,

_the classical calculations of Wolfsberg and Kellyl!

shbw that
';”the'coqbination of a heavy projectile impinging on aﬁ oscillator
’1éomposed’cf two light atoms does not favor excitatiopfof the
QOSCillator;_the strohg.intefactions in the poféntially’
ﬁreactive Ar+~D2
vibrational excitation of D

| tering in the Og—

_system'might be expected to lead to;éubstantial

o Indeed, the nonreaciive scat-
b2 system is extremely'ineiastic,18 and the
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small amount of nonreactive scattering of N; by D2 is also

largely inelastic.3 However, Figs. 2 and 5 indicate that in

most nonreactive Ar+—D2 collisions, the D2 is left with less
than 0.5 eV internal energy. Other maps which we do not

publish here show that this is true even when the initial . y

relative energy of collision 1s as high as 12.1 eV. The

19

experiments of Dittner and Datz show a similarly small vibra-

tional excitation of D, by collisions of xt and K with D, in

2
the same range of energies.

2

The most primitive analysis of collisional vibrationall
excitation shows that 1t occurs because interaction potential
between the atomic projectile and the target diatomic 1s a
function of both the projectile-target distance and the inter-

nuclear distance of the molecule. Our results, which show that

the nonreactive scattering is first of all intense and second
quite elastic, indicate that in this high energy regime the
jon-molecule potential is not very Sensitive to the inter-
nuclear distance in the molecule.

To compare the reactive and nonreactive scattering further,x
it is advantageous to have available product angular distri-
butions or differential cross sections. Accordingly,‘for each
of the twelve velocity véctor maps we have integrated the
,specific intensity over the barycentric velocity at a.series
of angies spaced by twenty degree intervals. The feSulting
set of twelve relative differential cross sections Wés put on

an absolute basis by integrating the reactive cross sections
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~over aﬁg1e to‘give relative total-reactiOn-cToss sections, and
then normallzlnﬁ ‘our result from the 2 77 eV experlment to
~ the absolute total " reactlon Ccross sectlon determlned by Robb.

20

'et al. for the same energy.

‘Figure 7 shows the twelve absolute differential‘crbss

- sections. At each_enefgy, the Arf scat%ered nonreactively 

i from D2 has an éngular‘distribution-that is somewhat sméller3
- and shaped very similarly to the differential cross section
';ffor Ar+-Hé scétteringQ This result is rather different'frOm
2?the observations by Greene g§_§;;21 bf the nonreactive scat-
" tering of potassium atoms from hydrogen halides and krypton.
;In these'systems, the nonreactivé scattering of K and:HX is

: npticeably‘attenuated at large SCaﬁtering angles, but is
-;similar to scattering of K by a rare gas at small angles.

This indicates that small impact parameter collisions are

necessary if reaction is to occur. Our results in Fig. 7 show

|..J
CO\D

~ no such features, and consequently we conclude that the reaction

librobability is not sensitively dependent on impact parameter

- for values of the impact parametervless than approximately 2 K.

For the 2.75, 6.83, and 9.13 eV experiments, the differ-
_ential reaction cross section is less than the'nonrea@tive
.véross'séctién at all éﬁglés. For the 2.75 and 6.83 éV experi-
f;ments,bthé sum of the reactive and nonreactive Ar+—Dé cross
 ?Sections closely approximates thé Ar+;He differentiai_cross
-sect1on at aﬁvles greater than 60 This approximaﬁéﬂrelation

is not unexpected, in view of the fact that the reactive and

o

(gn]

c2
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nonreactive scattering at large angles invoives the repulsive
potentials of Ar+ with D2 and He, which are likely to be of
similar form and magnitude. The discrepancy between the sum
of the reactive and nonreactive scattering from D2 and the
scattering from He that is apparent in the 9.13 eV experiment
‘is probably due to the increased importance of dissoéiative
and nondissociative charge transfer from Ar+ to D2 at these
higher energies.

_ The 4.55 eV experiment is unique in showing‘an'Ar'F-—D2
reactive differential cross section larger than the nonreactive
cross sectlon. It 1s likely that this is a consquence of
some systématic experimental error in this one reactive
experiment, although we have been unable to ldentify a highly
probable cause. The total reaction cross section found at
this energy exceeds by a factor.of£1.7 the value interpolated
‘linearly from a plot of In o as a function of energy, and thus
it seems probable that both the total and differential cross
sections are in error by apprbximately'this factor at 4.55’eV.

The similarity between the sum of the Ar+—D2 reactive
~and elastic cross segtions and the Ar+—Hevdifferential Ccross
‘section suggest thaf we might define a reaction probability

3 &

'P(6) at each angle by - - - - o

P(o) = IArD+(a)/IAr+—He(6)

or by replacing the denominator by the sum of the Ar++D2
and elastic differential cross sections. The quantity P(o) is
not necessarily simply related to the more interesting guantity

P(b), wherce b is the impact parameter, since in general

B 18
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reactiVe’and'nonreactive collisions with the same impact

parameﬁér do not give products at the Same]angle. However,.

‘P(6=7) is very probably the same as-P(b=O),forithese high

energy_collisions. EvaluatiOn'of these reaCtion probabilities
fbr head—on'coliisions_show that their averages range from |
appxoximately Q.i at 9.13 eV up to 0.35 ét 2.77 eV. ‘Thus_
while the aSsumption‘that‘”ciose":or head-on collisions always

lead to reaction is surely not correct in this higher energy

'”range, it becomes increasingly appropriate as the relative .
’energy decreasesQ Extrapolation of our reaction probabilities
,'to relative energies below 1 eV suggests that reaction at

nearlyVevery closeicollision is an accurate description at -

such low energies.
In the course of determining and working with the differ-

ential scatﬁering Cross sectioﬁs, it became clear that the

unfavorable Ar+/D2 mass ratio had produced a resolution in
: thevcentér‘of mass system that was low enough to affect
v'Seriously the appearance of the calculated differential cross
itSectiQn. This instrumental broadening does not faiéify 6ﬁr
iqualitative comparison of reactive and nbnreactive sgéttering
'by parficlés of the same mass measured on the same apparatus.
'fHQwéver, ﬁé:remove-the éffects of apparaﬁué smearing,iand
_.té make the éomparison of the results of several labo}atorieé
'f@gré ﬁéaningful, we have attempted a partia1 deconvdiﬁtion of’

“the reactive scattering angular distributions. This analysis

follows. .
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We first obtain an equation which relates the measured

specific intensity of product to the spread in Vi the initial

beam velocity, and the detector band pass. If N(Yi,x) is the

flux of product (particles/sec per unit velocity space volume),

NO(Xi) the flux of primary beam particles, p is the scattering

gas density and 2 the scattering length, the specific intensity K%

of product I (vi,x) is defined by

N(v;,v) = I(v,,V) No(yi) pL (1)

We assume that the scattering gas is at rest,- -and thus-Yi is
the initial relative velocity. To obtain the number of products
/

counted by the detector per second, we must integrate N(Vi,v5

over the properly normalized beam distribution and detector

- band pass functions. Accordingly we define P<Yi)’ the normalized

velocity vector distribution function for the primary beam by

N (yy) = 1° P(y;) (2)

where IO(XO) is the total beam current of nominal velocity Vo

Also, we define the detector band pass function B(XD’X) as the

probability that a particle with v will be counted when the
detector is set at vy. Integration of B(XD’X) over all velocity
- space gives Z, the nominal volume in velocity space interceptéd

. by the detector:
JLEASIE - ®

Substitution of Egq. (2) in (1), multiplication by B(XD’X) and
integrationmover all values of v and Vs gives C, theftotal

number of counts per sccond at a detector set at Vi
L
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C ='Ih(V1’X) B(yp,¥) dy dv,
.y IQfP(vl) dys f;(vl,v) B(,\{D,V) dv
< 02 1° 2 T(y,oi)
; Thé iasﬁ equality aefines-%(XO,XD), the specifié intensity

aVeragéd over the detector volume and beam'distribution.. It

is equal to the true specific intensity.I(Xd,XD) in the limit

~of ideal apparatus resolution, or when I(XO’Xb) varies only

'viﬁfinitesimally over the detector volume and beam diétribution.
We have previously shown® that I(Xi’x) is equal to I(Xi,g),

‘where u is the product velocity in the center of mass‘system.

- it is.easj té sﬂow.from this and the equality of volﬁme

" elements in the laboratory and barycentric systems that

T(¥gexp) =,fP(Vi)dXi-{B(;D,g) I(v;,¥) dv/2 (4)

(v, -up)

The latter quantity is what we have plotted in Figs. 1-6, and
in all our previous work. The experimental differenﬁial and

- total crosg sections can be calculated as follows:

00

._Tlab(@b)bz J.

= 2
 Tlggep)vp avy

e

- . - o
ICM(QD) = j; I(XO’ED) up;duy
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al
n

2 fw sin@, T(@D) d'@D
0 _

T
= ZW_J; sindp I(GD) de

If thére is appreciable apparatus smearing, none of these
quantities is equal to its true value.

We will estiméte the effect of finite apparatus
resolution on I(8) at small angles by assuming simple Gaussian
forms for I(Xi,E),P(XiL and B(XD’X)’ and using Eq. (4). The
coordinate system and thé important angles are shown in Fig. 8,

where the z-axis is taken to lie along Vs and the detector -
~is assumed to be located above the pbsitive Xx-axis. Since
I(Xi’x) dépends on the angle © between v and Vs and B(XD’X)
is,a function of the angle @

fD D
in terms of ®f, Qi, and Cb.( This can be

between v and ¥, we must

express © and ®fD
done by using the spherical harmonic addition theorem, which
in the limit of the very small angles we. are ‘Interested in
gives
2 2 2

@
I

2 2, 2 _ ,
@fD = @f + Cb 2®f@D cos bf

For simplicity, we assume P(Xi) and B(VD,V) can each be expressed
. o ~o
- as a Gaussian function of angle times a Gaussian function of

speed. The appropriate functions are




0

- Thus

- plus a "hard sphere" cross section. We shall assume T

UCRL-19082

-17-

=1

o]

‘P(Xi)‘= [ﬁszz(Avi)(AQi)vi] exp[-(@?/éé;)ZJ exp[—(vi—v 52/(Av

(5)

B(gpex) = 2[r% (0w (00)22 ] exp-(eg/00,)]

exp[-<&-vD)2/<Avo>2]_ (s)

- and are normalized as indicated earlier, under the assumptions

’: that Avi_<< V2 and AB; << 1.

Inspection of the Arpt distributions suggests that the

barycentric differehtial'cross sectioh can be expreséed as the
~ sum of two cohﬁributfgné,:one a term strongly péaked at'6‘equa1
“to zéré; and a sécohd,rélowly varying‘térm, which cohtributes
:‘a.small amouhtvat all barycentric angles, somewhat 1ike hard
;'sphefé scattering. For the sharply peaked, or stripping, term

~.-we assume a product of Gaussian functions of angle and speed.

' e -1 R
I(ys-u) = Gst[”a/Z(A“f)(Aef)Zuz] eXP["(Q/AQf)?]

exp[-(wou) 2/ (00)7)+ Tglypow) (1))

Assuming that the first tefm is strongly peaked, we;gét

o =.{I(Xi;g) du = o + Opq-

That is, the total cross section is the sum of a "stripping"

g *S

not appreciably distorted by apparatus resolution.  The first

i

-

\
J

term, however, must be transformed into the laboratory coordinates,

]
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and substituted in Eq. (4) ﬁo determine the effect of apparatus
resolution. |

In Eq. (7) we have assumed that the final barycentric
velocity peaks at a fixed fraction b of the initial velocity
u,. Consequently, if the target is at rest, the final laboratory

1

-velocity peaks at avy where

a=>b+ (1-b)Ml/(Ml+-M2)

and Ml and M2 are regpectively the projectile and target masses.
Under the assumption that the stripping function is sharply

peaked in angle; we use
6 = (avy) C/(bui)

and perform the straightforward transformation of I(Xi’E) to
I(y;>¥) to get

L(x;50) = 04 [7 2 (av,) (80,)2 (v-v )2 (v, )2/ (bu,) 2]

exp[—(@/ACT)ZJ X exp[—(véavi)z/(Avf)z].

+ Tyg(ys0) B (8)

with

AVf — Auf’ A@f = (bui)AQf/(aVi)») v o= Mlvi/(Ml-f‘MZ)

C

The final results for the experimental specific intensity

T(v ,v,.), the experimental differential cross section T(Gb), .
~0’~D _ '

and the experimental lotal cross sections are obtained by sub-

stituting Egs. (5), (6), and (8) in (4). We obtain

W
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I(v v ) eV vn) o )'3/2- A@2+A@2'+ A@z]—l |
| <D Tus\¥or¥p) + g T [ i vl
v -1
2.2, 2 2 - 2, 2
[a avy + Avf+AVD]- vy exp[ (OD) /(A@ +ACf ACD)]
exp[ (v vpavg ) /(a Av2+-AV§?+Av%)} o - (9)
g f | 1
- .. 2 2
I(@D) = IHS(%_) + (cst/'fr.)[A(ai-F A®f+A®D:l
exp(-eB/(acf + a6% +268) | - (20)
G =0yg + 0,4 =0- o - (11)

" Thus in this case the experimental total cross section equals
" the true value. Thevexperimental barycentric.distribution
follows from the equality Of-T(Xo’XD) and T(XO,ED) and inte-

_ gration over velocity. The result is
I(6) =1 (G ) + (o /ﬂ[(A@ )2% (Ae)2+ (49 )’2]-1.
D/ ~ "HS''D st i T D

exp{—QIz)/ [(Aei)'2 + (A@f)z + (AGD)?]} (12)

“Here all the barycentric distribution parameters A9 are related

. to thelr laboratory counterparts by .
= (avo/buo) A® . ef' (13)

Equation (1?) represents the experimentally determlned
ﬁeéifferenulal reaction cross secticn. From the measured anguvlar
:fehape of the unscattered ion beam, we could determine the sum
-;bf the sguares of AQ and AOD Thus by flttlng our- Qata to &
form resembling Ea (]?), and making use of the Gauoslan
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parameters of the beam and detector, we could deduce Aef, and

thus the "true" differential scattering cross section
-2 2, 2
1(6) = T (0,) + (o /m)(a8.) exp[—GD/(AGf) ] (e

The experimental differential cross sections for the

art(o,,p)ardt, wi(p,,D)w.Dt, and nI(H,,H)N BT reactions were fit
2 2 (Do, DN, 2 \Hp, N,
to the form
1(6,) = A expl-(8/a)?] + B + C P,(coso) (15) ~

“where Pz(cose) is the Legendre polynomial, using the least

‘squares criterion of minimizing

$_= dz%a‘[Iexp(eD) - Icalé(eD>]2/[Iexp(e )]2

The experimental T(@D) were evaluated at 20° increments, so
ten points were available for the fit in each experiment. The
RMS deviations for the various fits averaged 8%. Other forms
in which the first two terms of Eq. (15) alone or with Pl(cose)‘
were tried, but cou1d~be fit somewhat less successfuily.

From the parameters of the analytical fit to the experi-
mental data, it is possible to calculate the parts of the total

-

cross section asscciated with "hard sphere" amd with

"stripping"
which are given respeétimely by
o = 47B ‘ L . .
HS o - . _ .

Q

2 2a 6a
GSL—WAG [1 ——.ST-F——S—!-___;(_!-I- ...]
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. The stripping fraction dst/(cr-st + 0y ) was calculated for

each experiment, and the Valﬁes’are given in Table II, along

with the measured beam width

]l/é

 &3=[Qwﬁ2%(wDF

and the true scattering width

: : 1/2
20, = (qz Y )

The true I(QD)-was'estimated for all the experiments by

{;replacing:a in Eq- (15) by Aef, and. increasing A to'A' in

~order to keep o_, constant. The ratios A'/A are also given

st

" in Table II. A similar analysis of the results of this

xéboratOTySIOH-the N;—Dz' and N;—H2 reaction was also per-

' fbfmed and the results are also presented in Table II

Examlnatlon of Table II shows that the strlpp:ng fraction

> reactlon falls rapidly with 1ncrea81ng relaulve

fvenergy.- This 1ndlcates that as the relative energy increases,
it becomes increasingiy difficult to obtain from grazing
':_collisions products that are stable to dissociation. This

v'effedt is not evident for the_reactions bf N; with HZ and D2 7

. . s . 22 L. .
in spite of the earlier conclusion, drawvn from a qualitative

 examination of the scattering maps, that it did occur in this
-fpsystem. Apparently the differences in masses and in. the
 ‘potential energy surfaces is sufficient so that stabilization

“of the prOQucts is less of a problem in the NG reactions than

2

in the Ar+~D2 system. .This would be the case 1if thé?repulsion

. -+ ) b . 2 : )
between the ArD and D products was somewhal less than that
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between N,D¥ and D. This would explain the somewhat sharper
angular distribution of ArD+ compared tb that of N2D+ which
we shall discuss below. In addition, it may be a partial
explanation of the fact that the total cross section for

the N;—D2 reaction exceeds that for the Ar+—D2 reaction.

A closer comparison of the Arf—D2 and N;‘—D2 systems is
given in Fig. 9. ﬁere the deconvoluted ratio I(GD)/I(O) is
plotted for the ion-molecule systems and for the K(012,01)K01
.reaction,23 which 1is probably the most strongly forward peakéd
of the alkall metal reactions so far studied. The comparison_
shows how very sharply peaked the ion-molecule reactions are,
especially at the higher relative energies. Even so, none
of these reactive systems give scattering as sharply peaked

2

earlier.4' The deconvoluted scattering widths for these systems

as that found for the NI + CH4, CD4 systems which we studied

are only four or five degrees.

A second difference between the Ar+—D and N+—D2 system

2 2
is evident in Fig. 9. The width of the stripping peak for

the Ar+—~D2 reaction 1s virtually the dame at the energies
+
2D

BRI I . {
product peak increases noticeably at the lower energies. When

S . s .
‘studied in this work. 1In centrast, the breadth of the N

the data from other laboratories is examined, however, the
difference befween the two systemé'is less marked. We héve

{analyzed the laboratory differential cross sections méasured

'rin the work of WOlfgang;14 Turner,24 and Bailey,13 fiﬁting.

‘them by means of Eq. {10) and assuming that the hard sphere




(W]

© width

‘Turner 33'31.24 is remarkably good. The wofk of Bailey et al.

“than does the scattering width for Ard*.  The widthsﬁfor N

“UCRL-19082
23

contribution can be’neglectéd at small angles. The effect of

the beam Width‘AeB was taken into account25 by combining it

 with the measured product width A® to give a "true" scattering

be, = [(AQ)Z - (Ae%)é]

o Pinally the center of mass scattering width was computed using

~ Ea. (13) and the ratio of v/u at the intensity maximum. Thus,

~aside from the neglect of the contribution of product scattered
“through large barycentric angle, our treatment of the data
f[ffom these other laboratories involves no new assumptions and

- approximations.

g are shown in Fig. 1Q., The

ThgﬂresultanﬁAvalues of A9

. v _ A : 4
- agreement between our work, and that of Wolfgang ggwgé,l" and

13

_:appears to be 25% lower in the case of N2D+'and 25% higher for
ZQArD+ than ﬁhe-results of:others,‘but in both cases hés'the
 'ehergy dependénce found in the other 1aboratofiés. It should
" be understood that the approximations whiéh we have used break
T;down badly at low ehergies where the scattering is neither
 sharp1y>peaked in angle, nor well separated from thelcentef of
 mass. Conéequently, we have not included wo1fgang‘$ lowest

.energy data in the analysis.

From Fig. 10 we see that the 5cattering width for N2'D+

- is greater, and falls more slowly with increasing energy

+
2H
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NZD% are the same at the same relative energies, which suggests
the widths are determined more by the potential energy surface
- than by the masses of reactants. Furthermore, the differences

between the N+—D and Ar+—D

2 2

show that factors more complicated than the simple ion—ihduced

> systems even at low energies

dipole potential determine the distribution of small angle

scattering.
SUMMARY

From our product veloclity vector distributions we have
demonstrated that the Ar+(D2,D)ArD+ reaction proceeds by a
direct interaction, at least for initial relative energies
above 2.27 eV. The most probable reactive process proéhces
'ArD+ moving in the original direction of the Ar+ projectile,
although products are scattered with appreciable intensity
‘through the complete range of barycentric angles, even at
relative energies as low as 2.27 eV. The nonreactive scattering
of Ar+ by D2 is surprisingly intense, 1is predominantly elastic
or only slightly ineléstic, and closéely resembles the scéttéring
of Ar+ by He. The reaction\pfobability at a particular energy
is essentially constant for scattering angles greatér than
- 60°, and increases as the initial energy decreases. Partial
deconvolution of the differential reactive scattering Ccross
sections shows that the Arpt has an angularAdistribution more
sharply forward peaked than any other known reactive'differential

cross section for systems of four atoms or less.. The partial
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‘Cross sectioh for stripping or forward scattering falls as

~the initial re@ctive energy increases, and accounts for less

than half of the total reactive scattering at the higher .

energies. The true scattering widths for'Ar+(D2,D)ArD+ and

N;(DE,D)N2D+ deduced from the data of several laboratories

are in surprisingly good agreement, and along with our measure-

ments of the nonreactive scattering in both systems, show that

there are clear differences in the dynamics of these two

-apparently similar reactions..
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Table I. Scattering data for reactive

Ar+(D2,D)Ar’D+ Experiments.

E vy Forward Peak Backward Peak
rel x10~° — 2 | b

(eV) (em/sec) ve/VoT QT (eV)  ve/v Q7 (eV)
.26 10.959 0.9609 -0.70 0.8734 (-1.55)
.73%  12.033 0.9563 -1.18 0.8543  -0.6M4
.63 13.880 0.9542  -1.75 0.8619  -1.57
.55 15.545 0.9547  -2.13 0.8577 ~1.50
.55%  15.54} 0.9555 -2.06 0.8589 -1.63
48 - 17.056 0.9568 -2.31 0.8551  ~1.42
.78 18.980 0.9605 -2.23 0.8592  -2.49
.78  18.982 0.9594 -2.42  0.8551 ~ -1.75
12 20.776 — <-2. 0.8571  -2.54
.01 21.990 — <2, 0.8527  -1.74
.14 22.043 -~ <=2.0 0

W W OOy EEW NN

.8553 —2.41

a. Ve is the velocity of the scattering peaks at zero
laboratory degrees and v is the initial ion beam

velocity. For ideal stripping, v./v, = 0.9521.

b. Experimental uncertainty in Q is Y 0.15 eV for
forward peak, 1 0.35 eV for the broader backward
peak. The locatien of the backward peak at 2.26 eV

relative energy is very uncerta'in.

c. Complete contour maps shown in text.

e e g
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Table II. Parameters for deconvolution of Art-p

2
and“N;;(Hé,Dz) Reactive Scattering.

- | roy Mo, |
: s : C 1/,
Reaction E.o;  (gep) (deg) O(st)/%(tota1) 2'/A

2.72 35.6 29 = 0.54 2.7

art-p,
| 4.54 14.4 26 0.38 1.22
4.54- 20.9 30 0.40 1.82
6.85 17.0 29 0.17 ~ 1.55
N} -D, '3.12 21.8 50 0.63  1.18
! 8.2 10.8 34 0.53 1.11
11.23 15,5 ‘27 - 0.58 1.30
Ny-H, 3.13 31.5 53  0.50 1,32
5.62 25.4 36  0.59 1.45

8.11 28.3 36 0.46 1.57
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Figure Captions

A contour map of the intensity of Arpt per‘ﬁhit
velocity space volume (the specific intensity of
ArD") in the center of mass coordinate system. The
circles labeled Q = +1.0 eV and 52.5 eV enclose the
approxim;£e region of velocity space allowed by the
reaction exothermicity and product stability,,
respectively, for scattering of an. infinitely sharp
beam from the stationary target. The cross near
the intensity peak locates the ideal stripping

velocity.-

-A contour -map of the normalized specific intensity

in the center of mass coordinate system of Ar+
scattered nonreactively from D2
the beam intensity maximum is the locus of elastic
scattering. -

A contour map of the specific intensity of Af+

scattered by He. The circle labeled Q = O locates

the elastic scattering of an infinitely sharp beam

from a stationary target. The intensity units are

such that the intensities im all maps in this article

may be compared directly.

- The circle through

L%

Fig. 4. A contour map of the specific intensity of ArD+. The
Cross n=aar the-intenéiﬁy peak locates the iéeal stripping

velocity.
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Figure Captions (Continued)

A contour map of the specific intensity of Ar'
scattered ndhreactively from D, .

A contour map of the specific intensity of ArT
scattered nonreactivély from He.

The absolute barycentric differential scattering

cross sections for reactive and nonreactive scattering

of Art by'Dé and He in units of square angstroms per.

steradian. The dashed line in the upper two panels

© represents the sum of the reactive and nonreactive
'scattering in the Af+—D2‘system.

The velocityvvector diagram used in the apprbximate

deconvolution procedure.

A comparison of several differential reaction cross
sections after the approximate deconvolution. Note

the different ordinate for Ar -D

5 and the other

reagctions.
A comparison of the dependence of the gaussian ‘width

of the small angle scattering on relative energieé

for three ion-molecule reactions from four laboratories.

‘In the lower panel, the symbols refer to the'Ar+—D?

reaction, and the curve represents the N;—D2 reaction.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, 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 informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, 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 Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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