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DYNAMICS OF THE REACTION OF Ar+ WITH D2 . 

M .. Chiang, E. A. Gislason, B. H. Mahan, 

c. w. Tsao, and A. s. Werner 

. Department of Chemistry and Ihorganic Materials Research 

Division of the Lawrence Radiation Laboratory, 

University of California, Berkeley, California. 

We report measurements of the velocity vector 

distributions of the ionic products of collisions 

of Ar+ with n2 and He for relative energies between 

.2 • 2 6 and 9. 1 ev. + . 
The ion ArD is produced by a 

direct interaction mechanism which gives consider

able forward scattering. 'I'he nonreactive scattering 

+ of Ar by n2 is inten~e, nearly elastid, and very 

similar to the scatteri~g of Ar+ by He. Differential 

reactive cross se9tions are determined, partially 

deconvoluted, and compared with results from several 

other laboratories. 
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A t f . 1 - 5 f . t 1 . t. t. s par o a serles o experlmen a_ lnves lga lons 

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 n2 and He. The 

reaction 

has been studied many times with conventional mass spectrom-

6 7 8 . 9-12 
eter~ ' tandem mass spectrometers, veloclty analyzers, 

. 13 14 and most recently with ion beam technlques ' 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 preparation of a collimated beam of 

primary ions of knovm energy, a scattering cell to contain 

the target gas, and an ion detection train made up of an 

electrostatic energy analyzer, a quadrupole mass filter, and 

an ion counter. The detector compone:tDts and the exit slit 

of the scattering' .cell are mounted on a 40tatable lid, which 

permits simultaneov.s angular and energy measurements on the 

ion products. These major components have been described 

. d t .1 . . J 1,3,4, ln e al prCVlOUS .y. In a11 important respeet.s;, 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 twenty-five experiments in which either D2 

or He was the target gas. At relative energies of 2.75, 4.55, 

6.83, and 9.13 eV, enough data were collected to permit con-

struction of contour maps of the relative values of the 

specific intensity of Ar+ and ArD+ scattered from D2 , and Ar+ 

scattered from He. Six of these twelve maps are shown in 

Figs. 1-6. The specific intensity Icm(e,u) is defined as the 

. number of particles per second with a velocity in the center 

of mass system specified by u and e, per unit beam intensity, 

scattering gas density, scattering length, and velocity space 

, A 3 th . 15 . t d t th" .. t"t vo~ume. s we and o ers have poln e ou-, 1s quan 1 y 

is the same in the center of mass and laboratory coordinate 

systems. Of course, due to the finite resolution of the 

apparatus, the quantity plotted in Figs. 1-6 is actually I(e,u), 

the specific intensity averaged over the detector's volume 

in velocity space. 

We can discern the general features of the reaction 

dynamics by examination of Figs. 1 and 4. The ArD+ is distrib

. uted asyrrtmetrically about the ±90° line in the center of ma0s 

system and is strongly peaked at a center of mass system angle ,. 

of zero, that is, in the direction of the original A;r+ projectj_le. 

These features were found in earlier experiments by the groups 
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. 13 14 
of Bailey and Holfgang. · The asymmetry about ±90° indicates 

that the reaction proceeds by a direct process in which the 

three atoms are simultaneously close to each other for less 

time than a period of rotation. The peaking of the intensity • 

at very small angles suggests 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, for 

initial relative energies between 2.7 and 4.5 eV the product 

intensity maxima occur very close to the id,eal stripping 

velocity 

v ::: v M/(M+m), 
0 

where v
0 

is the laboratory projectile velocity, M is the pro..: 

jectile mass, and m is the mass of the abstracted atom. For 

lo-vrer initial relative energies, the groups of Bailey, 13 

Wolfgang, 14 Fink, 12 , and Henglein11 have found product intensity 

maxima at velocities greater than the ideal stripping velocity. 

F, 1 t• . t th 5 V B "1 li H 1 . 9 or re a lve energles grea er an e , al ey, . eng eln, 

and ourselves (see Table I) find that the forward scattered 

product peaks at a velocity greater than the ideal stripping 

velocity. At the higher relative energies, the small reaction 

cross section and the limited resolutiort of the mass filter 

niade detection of the small amount of mass 42 in a mass 40 

background rather difficult. Consequently the location and 

shape of the forward peaks in the 6.83 and 9.13 eV experiments 

j_s less certain than at the lower energies~ 
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Significant product intensity appears in Figs. 1 and 4 

at center of mass angles greater than 90°. At the relative 

energies used in these experiments 3 products found at large 

sea ttering angles must be t;he result of small impact parameter 

collisions in which the incipient ArD+ rebounds from the freed 

deuterium atom, and thereby acquires a velocity component 

opposite to the direction of approach 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. 14 In our apparatus, the use of 

a scattering cell w~th its attendant higher scattering gas 

density 3 and an electrostatic deflection ion-energy analyser 

with its superior discrimination properties, permit detection 

·of the low intensity back scattered product even in the 

presence of a high intensity of forward scattered product. 

The significance of the intensity distributions is made 

·clearer by introduction of the translational exothermicity 

of the reaction Q, defined by 

1 2 Q == 2 1-L'g' 
1 2 
2 1-Lg 

. Here 1-L and g are, respectively, the reduced mass and ·relative 

speed of the reactants, and 1-L' and g' are the same quantities 

. for the products. 'I'he assumption that the reactants are in 

their ground states allows us to write 
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Q(ev) = -2.3 + D (Ar-D+) - U 

where 6E~ is the energy change for the reaction, U is the 

internal excitation of the products, and D(Ar-D+) is the 

. UCRL-19082 

~ 
I 
I 

! 

+ + ~ dissociation energy of ArD to Ar and D . The range of possible 

values of Q is limited by the value of 6E0
, and the requirement 

0 

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

state. Thus 

-2.3 < Q ~ -6E0 
0 

The value of 6E~ is not known. However, analogy to the iso

electronic HCl 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 6E~, and an approximate 

upper limit for Q of +1 ev. 

The approximate limits for Q are indicated in Figs. 1 and 

4. Product is found throughout the allowed range of Q, 

and in parts of the regions excluded by the product stability 

and conserva.tion of energy criteria. 1'his 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. 

Introduction of the limits on the allowed values of Q 

leads to a rationalization of why the intensity maximum for 

forward scattered products moves to velocities greater than 

the ideal str:Lppine; veloc:ity as the ini t:Lal relative energy 

I 
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is raised ab6ve 4.5 ev. As Fig. 4 shows, for collisions at 

4.55 eV, products having the stripping velocity are excited 

~nternally nearly to their dissociation limit. For higher 

initial relative energies~ the stripping velocity lies in the 

region forbidden by product instability. At these higher 

relative energies, forward recoil to speeds in excess of the 

stripping velocity is necessary if stable products are to be 

formed. The same explanation has been used3 to explain the 

very similar behavior found for the.products of the N;(D2 ,D)N2D+ 

reaction. 

While the combination of product recoil and small or zero 

. deflection may seem incompatible, it can arise if the potential 

energy surface is such that the reactants are attracted to 

each other on the incoming leg of the trajectory, and the 

products are repelled from each other on the outgoing leg. The 

respective negative and positive contributions to the deflec-

tion angle will tend to cancel, and produce small angle scattering 
I 

with acceleration of the products above the ideal stripping 

velocity. It seems very unlikely that a potential energy 

surface 11hich assumes only attractive forces between· reactants 

and b~tween products could produce the strong peaking of the 

product at small barycentric ane;les since the contributions 

to the deflection angle from the incoming and outgoing legs 

of the trajectory would add to give scattering through a sub

.stantial angle. It 'also could not explain the preiduc;t stabili-

zation that occurs at high energies. A surface which assumes 
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repulsion between products, and small or zero repulsion between 

reactants could also lead to products accelerated beyond the 

ideal stripping velocity, but again would not produce peaking 

at zero degrees if the product repulsion were large enough to 

stabilize the product. Only if the repulsion occurred rather· 

late in the course of the collision and was therefore directed 

along the zero degree line could this potential produce recoil 

and zero degree scattering. The combination of reactant 

attraction and product 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 somewhat greater than those for forward 

scattered products. This indicates that the products of reboun~ 

or small impact parameter collisions (in which the three atoms 

must interact strongly) are less excited internally than are 

the products of grazing collisions. A similar observation 

+ 3 was made for the N2 -D2 system. However, fGr initial relative 

energies above 7 eV, the back and forvTard scattered products 

+( ) + of the Ar D2 ,D ArD reaction both appear to be excited to 

levels very near to their dissociation limit. .Although the 

resolution of our apparatus permits only this qualitative 

assessment of product internal excitation at these higher 

collision energies, it does appear that difficulty in forming 

mo1ecu1ar j_ons vrhich are stable to dissociation is a major 

·,, 

•'· 

• 
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factor which limits the partial cross sections for both back 

and forward scattered products. 

Among the more interesting observations drawn from a com-

parison of the intensity contour maps in the surprising prev

elence of nonreactive scattering of Ar+ by n2 , and the striking 

+ resemblance of its distribution to that of Ar scattered by 
..L 

He for the same initial relative energy. The intensity of Ar' 

scattered nonreactively from D2 is particularly surprising, 

' since the very large reaction rate con~tant that has been 
.. 6 

measured at relative energies less than 1 eV is consisten~ 

with the assumption that reaction occurs upon every close 

collision; Apparently at these higher energies it is possible 

even for head-on collisions between Ar+ and D2 to occur, and 

produce no reaction in a majority of cases. This is in marked 

+ 3 con_~rast to the N2-D2 system, where very little nonreactively 

+ scattered N2 was detected. 

The similarity of the distributions of Ar+ scattered 

from n2 and He leads to the surprising conclusion that most 

Ar+ is scattered by D2 elastically, or at best only slightly 

. inelastically. Although general considerations, 16 and as well, 

the classical calculations of Wolfsberg and Kelly17 show that 

the combination of a heavy projectile impinging on an oscillator 
I 

composed c-1' two light atoms does not favor excitation of the 

osciJ.lator, the strong interactions in the potentially 
··. . + 
reactJ_ve Ar -D2 system mj_ght be expected to lead to s.ubstantj_al 

vibrational excitation of D2 . Indeed, the nonreactive scat--

t · · tl o+ n· t · '· 1 · 1 t · 18 , th ·er:tng ln 1e 2 - 2 sys ·em ls ex-creme y J.ne_ as -Jc, o.nc; - c 
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+ small amount of nonreactive scattering of N2 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 

relative energy of .collision is as high as 12.1 ev. The 

19 experiments of Dittner and Datz show a similarly small vibra-

tional excitation of n2 by collisions of K+ and K with D2 in 

the same range of energies. 

The most primitive analysis of collisional vibrational 

excitation shows that it occurs because interaction potential 

between the atomic prbjectile and the target diatomic is a 

function of both the proj ectj_le-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 

ion-molecule potential is not very sensitive to the inter

nuclear distance in the molecule. 

To compare the reactive and nonreactive scattering further, 

it is advantageous to have available product angular distri-

butions or differential cross sections. Accordingly, for each 

of the twelve velocity vector maps we have integrated the 

specific intensity over the barycentric velocity at a serie.:. 

of angles spaced by twenty degree intervals. The resulting 

set of twelve relative differential cross sections w~s put on ... ,,. 

an absolute basis by integrating the reactive cross sections 

,. 
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over artgle to give relative total reacti6n ctoss sections, and 

then normalizing our result from the 2.77 eV experiment to 

the absolute total reaction cross section determined by Robb 

et a1. 20 for the same energy. 

'Figure 7 shows the twelve absolute differential cross 
' 

sections. At eac~ energy, the Ar+ scattered nonreactively 

from D2 has an angular distributipn that is somewhat smaller 

and shaped very similarly to the differential cross section 
+ -for Ar -He scattering. This result is rather different frbm 

. 21 
the observations by Greene et al. of the nonreactive scat-

tering of potassium atoms from hydrogen halides and krypton . 

. In these systems, the nonreactive scattering of K and HX is 

noticeably attenuated at large scattering 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 

no such features, and consequently we conclude that the reaction 

probability is not sensitively dependent on impact parameter 
0 

for values of the impact parameter less than approximately 2 A. 

For the 2.75, 6.83, and 9.13 eV experiments, the differ-

ential reaction cross section is less than the nonreactive 

cross section at all angles. For the 2.75 and 6.83 ev experi

ments, the sum of the reactive and nonreactive Ar+-D2 cross 

·._sections closely approximates the Ar +-He differential cross 

section at angles greater than 60°. This approximat€ relation 

is not unexpected, in view of the fact that the reactive and 
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nonreactive scattering at large angles involves the repulsive 

potentials of Ar+ with n2 and He, which are likely to be of 

similar form and magnitude. The discrepancy bet'V'reen the sum 

of the reactive and nonreactive scattering from n2 and the 

scattering from He that is apparent in the 9.13 eV experiment 

is probably due to the increased importance of dissociative 

+ and nondissociative charge transfer from Ar to D2 at these 

higher energies. 

+ _ The 4. 55 eV expe-riment is u.Dique in showing an Ar -D2 

reactive differential Cross section larger than the nonreactive 

cross section. It is likely that this is a consquence of 

some systematic experimental error in this one reactive 

experiment, although we have been unable to identify 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 ln cr as a function of energy, and thus 

it seems probable that both the total and differential cross 

sections are in error by approximately this factor at 4.55 ev. 

+ The similarlty between the sum of the Ar -D2 reactive 

and elastic cross sections and the Ar+-He differential cross 

section suggest that we might define a reaction probabllity 

~p(e) at each angle by ; .. 

P(9) = I +(9)/I + (6) 
ArD Ar -He 

+ or by replacing the denominator by the Sllil of the Ar ~n2 reactive 

and clastic differential cross sections. The quantity P(e) is 

not necessarily sj_mp1y re1a ted to the more interest:t.ne; quantlty 

P(b), where b i~> tllc ill1pact parameter, since in e;enera1 

t 
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reactive and nonreactive collisions with the same impact 

parameter do not give products at the same angle. However~ 

·P(B=Tr) is very probably the same as P(b=O) for these high 

energy collisions. Evaluation of these reaction probabilities 

for head-on collisions show that their averages range from 

app~oximately 0.1 at 9.13 eV up to 0.35 at 2.77 ev. Thus 

while the assumption that "close" .or head-on collisions always 

lead to reaction is surely not correct in this higher energy 

range~ it becomes incre~singly appropriate as the rel~tive 

energy decreases. Extrapolation of our reaction probabilities 

to relative energies below 1 eV suggests that reaction at 

nearly every close collision is an accurate description at 

such lov1 energies. 

In the course of determining and working with the differ-

ential scattering cross sections~ it became clear that the 
. + 

unfavorable Ar /D2 mass ratio had produced a resolution in 

the center of mass system that was low enough to affect 

seriously the appearance of the calculated differential cross 

sectj_on. This instrumental broadening does not falsify our 

qualitative comparison of reactive and nonreactive scattering 

by particles of the same mass measured on the same apparatus. 

Hov1ever ~ to remove the effects of apparatus smearing, and 

to make the comparison of the results of several laboratories 

more meanj_ngful ~ we have at tempted a partial deconvolution of 

the reactive scattering angular distributions. This Emalysis 

follows. 

I 
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We first obtain an equation which relates the measured 

specific intensity of product to the spread in v., the initial 
-l. 

beam velocity, and the detector band pass. If N(v.,v) is the 
-l. "v 

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

0 N (v.) the flux of primary beam particles, pis the scattering 
"-'l. 

gas density and 1 the scattering length, the specific intensity 

of product I (v. ,v) is defined by 
-l. "v ' 

0 N(v. ,v) = I(v. ,v) N (v.) p9, 
-l. - -l. - -l. 

( 1) 

We assume that the scattering gas is at rest,-and thus v. is 
-l. 

the initial relative velocity. To obtain the number of products 
I 

counted by the detector per second, v·Te must integrate N (v., v-~ 
' -l. -

over the properly normalized beam distribution and detector 

band pass functions. Accordingly we define P(v. ), the normalized 
-l. 

velocity vector distribution function for the primary beam by 

(2) 

where I 0 (v ) is the total beam current of nominal velocity v . 
"-'0 ~0 

Also, we define the det.ector band pass function B( vD' v) as the 
"" "v 

probability ·that a particle with v will be co'unted when the 
"" 

detector is set at ~D' Integration of B(~D'~) over a1l velocity 

space gives Z, the nominal volume in velocity space intercepted 

. by the detector: 

Substitution of Eq. (2) in (1), multj_plication by B(vD,v) and 
"" "" 

inte£Y,re.tion over all values of v and v. gives C, the total 
"" "-'l 

number of cmmts per second at a detector set~ at ~D: 

t 
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C = JN(zi';f;) B(zD,_z) d;f; d_zi 

= p .£ r 0 JP ( v. ) d v. Jr ( v. , v) B ( Yn, y) d v 
""'~ ""'~ . ""'~ 'V -~ -~ 'V 

The last equality defines I(v ,vD), the specific intensity 
"-'0 'V 

averaged over the detector volume and beam distribution. It 

is equal to the true specific intensity I(v ,vD) in the limit 
"-'0 'V 

of ideal apparatus resolution, or when I(v ,v_D) varies only 
'V0 'V . 

infinitesimally over the detector volume and beam distribution. 

We have previously shovm3 that I(v. ,v) is equal to I(v. ~u), 
. 'Vl 'V "-'~ r~ 

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

It is easy to show from this and the equality of volume 

elements in the laboratory and barycentric systems that 

I(z0 ,zD) = fP(v~)d;f;ifB(zD_,:l) I(;f;i';f;) d~Z (4) 

= fp ( v -1 ) d v. JB ( uD, u) I ( v. , u) du/Z 
...L ""'~ . 'V 'V ""'~ 'V "" 

The latter quantity is what we have plotted in Figs. 1-6, and 

in all our previous work. The experimental differential and 

total cross sections can be calculated as follows: 



UCRL-19082 

-16-

If there is appreciable apparatus smearing, none of these 

quantities is equal to its true value. 

We will estimate the effect of finite apparatus 

resolution on r(e) at small angles by assuming simple Gaussian 

forms for I(v. ,u),.P(v. ), and B(vD,v), and using Eq. (4). The 
"-'l "" "-'l "" "" 

coordinate system and the important angles are shown in Fig. 8, 

where the z-axis is taken to lie along v
0

, and the detector 

is assu~ed to be located above the positive x-axis. Since 

I{v.,v) depends on the angle 8 between v. andy, and B(yD,y) 
"-l "" "-'l ·- ·- ·-

(' 

is a function of the angle 8fD between ~D and ;[;, we must 

express 8 and 8fD in terms of 8f' 8i' and en· This can be 

done by using the spherical harmonic addition theorem, which 

in the lim:i,t: .of the very_ small angles w.e. are 'interested in 

gives 

For simplicity, we assume P(,~i) and B(~D' ~) can each be expressed 

as a Gauss5an function of angle times a Gaussian function of 

speed. The appropriate functions are 

'.; 

.. 

t 
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[ 
3/2 . 2 ]~1 [ /. : 2 J [ 2 ') = 1r (6v.)(L\8.)v. exp -(e. 68.) exp -(v.-v) /(6v.)'-] 

J_ J_ J_ J_ l J_ 0 l 

(5) 

exp [- ( v- v D) 
2
/ ( 6 v 

0 
) 
2 J ( 6) 

and are normalized as indicated earlier, under the assu~ptions 

.·that 6vi << v
0

, and 68i << 1. 

Inspection of the ArD+ distributions suggests that the 

barycentric differential cross section can be expressed as the: 

sum of tvro contributtons, one a term strongly peaked at e equal 

to zero, and a second, slowly varying term, which contributes 

a small a.mount at all barycentric angles, somewhat like hard 

sphere scattering. For the sharply peaked, or stripping, term 

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

Thus 

(7) 

Assuming that the first term is strongly peaked, we get 

cr = Jr(v. ,u) du = ·cr t +erRs· 
. rvJ_ rv "" S 

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

plus a "hard sphere" cross section. We shall assume JHS is 

not appreciably dj.stort~d by appa~atus resolution. The first 

term, hovrever, must be transformed into the laboratory coord:i.natc[',; 

'I 
I 
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and substituted in Eq. (4) to 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 

ui. Consequently, if the target is at rest, the final laboratory 11 

velocity peaks at avi where 

and M1 and M2 are respectively the projectile and target masses. 

Under the assumption that the stripping function is sharply 

peaked in anglej we use 

and perform the straightforward transformation of I(v.,u) to 
' ''· "" l "" 

I(v. ,v) to get 
"-'l "" 

+ IHS( v., v) 
"-'l "" 

(8) 

with 

The final results for the experimental specific intensity t. 

I(;[
0

,XD)' the experimental differential cross section I(~), 

and the expcr5Jnental total cross sections are obtainBd by sub-

stitutine; Eqs. ( ~-;), (G), and (e) in ( 1) . \·Je obtain 
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( 9) 

(10) 

cr = cr HS + 0 s t = cr • (11) 

Thus in this case the experimental total cross section equals 

the true value. The experimental barycentric distribution 

follows from the equality of I(v ,vD) and I(v ,uD) and inte-
""o""' "-'O"" 

gration over velocity. The result is 

( 12) 

Here all the barycentric distribution parameters ~e are related 

to their laboratory counterparts by 

(13) 

Equation (12) represents the experimentally determined 

differential reaction cross secticn. From the measured angular 

· shape of the unscattered ion beam, we could deten1line the smn 

·of the squcires of ~ei and 60D. Thus by fitting our-data to a 

form resembling Eq. (12), and makin[!; use of the Gaussian 
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parameters of the beam and detector, we could deduce 68f, and 

thus the "true" differential scattering cross section 

The experimental differential cross sections for the .J 
Ar+(D2 ,D)ArD+, N;(D

2
,D)N

2
D+, and N;(H2 ,H)N

2
H+ reactions were fit J 

to the form 

> 

(15)' ~. 

where P2 (cose) is the Legendre polynomial, using the least 

squares criterion of minimizing 

The experimental I(eD) were evaluated at 20° increments, so 

ten points were available for the fit in each experiment. The 

ru~s deviations for the various fits averaged 8%. Other fonns 

in which the first two terms of Eq. (15) alone or with P1 (cos8) 

were tried, but could be fit somewhat less successfully. 

From the parameters of the analytieal fit to the experi-

mental data, it is possible to calculate the parts of the total 

cross section a~s~ciated with "hard sphere" and with "stripping" 

which are given respectf~ely by 

47rB 
- ··tJ 

0 HS = 

Aa
2 

[1 
a2 4 6a6 . . ~ J cr.st = 1r - 3! 

+ 2a - -crrr + 5! 

• 
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The stripping fraction crst/(cr
8

t + crHS) was calculated for 

each experiment, and the values are given in Table II, along 

with the measured beam width 
.. 1/2 

. L\8 B = [ ( L\8 i ) 2 + ( L\8 D ) 2 J 
and the true scattering width 

2 2 1/2 
L\8 f = (a - L\8 B ) . 

•' 

The true I(8D) was estimated for all the experiments by 

replacing a in Eq. (15) by 68f' and increasing A to A' in 

order to keep crst constant. The ratios A'/A are also given 

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

. 3 + + 
~aboratory on the N2 -n2 , and N2 -H2 reaction was also per-

fonled, and the results are also presented in Table II. 

Examination of Table II shows that the stripping fraction 

for the A~+-D reaction falls rapidly with irtcreasing relative 
2 

energy. 'l'his indicates that as the relative energy increases, 

it becomes increasingly difficult to obtain from grazing 

collisions products that are stable to dissociation. This 

effect is not evident for the reactions of N; with H2 and D2 

in spite of the earlier conclusion, 22 drawn from a qualitative 

examination of the scattering maps, that it did occur in this 

system. 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 N

2 
reactions than 

in the Ar+-n2 system. This would be the case if the repulsion 

+ between the ArD and D products was somewhat less than that 
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between N2D+ and D. This would explain the somewhat sharper 

angular distributj_on of ArD+ compared to 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 N2 -n2 reaction exceeds that for the Ar -D2 reaction. 
+ + ·.·· 

A closer comparison of the Ar_-D2 and N2 -D2 systems is 

given in Fig. 9. Here the deconvoluted ratio I(eD)/I(O) is 

plotted for the ion-molecule systems and for the K(Cl2 ,Cl)KC1 

reaction, 23 which is probably the most strongly forward peaked 

of the alkali metal reactions so far studied. The comparison 

shovJs 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 

+ as that found for the N2 + CH4 , CD4 systems which we studied 

1 0 4 ear J.er. The deconvoluted scattering widths for these systems 

are only four or five degrees. 

A second difference between the Ar+-D2 and N~-D2 system 

is evident in Fig. 9. 

the Ar+-D2 reaction is 

studied in this work. 

The width of the stripping peak for 

virtually the s~me at the energies 
i . . + 

In centrast, the breadth of the N2D 
. ..• a . : . • I 

product pe.g_k increases noticeably at· the lower. energies. "t\Then 

the data frum other laboratories is examined, however, the 

difference between the two systems is less marked. We have 

analyzed the laboratory differential cross sections measured 
14 . 24 13 :i_n the vrork of \·lolfgang, Turner, and Bailey, fitting 

.".:·' 
. ~ ' 1 

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

' 
I 
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contribution can be neglected at small angles. The effect of 

the beam width 6B:s was taken into account25 by combining it 

with the measured product width 68 to give a "true" sea ttering 

width 

Finally the center. of mass scattering width was computed using 

Eq. (13) and th.e ratio of v/u at the intensity maximum. Thus, 

. asid~ from the neglect of the contribution of product scattered 

' through large barycentric angle, our treatment of the data 

from these other laboratories involves no new assumptions and 

approximations. 

The.resultant values of 68f are shown in Fig. 10. The 
. 14-

agreement between· our work, and that of Wolfgang !-:.~ al_. - and 

Turner et al. 24 is remarkably good. 'l'he work of Bailey ~t al. 13 

appears to be 25% lower in the case of N2D+ and 25% higher for 

. + ArD than the results of others, but in both cases has the 

energy dependence found in the other laboratories .. It should 

be understood that the approximations which we have used break 

dov.rn badly at low energies where the scattering is neither 

sharply peaked i.n angle, nor well separated from the center of 

mass. Consequently, we have not included Wolfgang 1· s lowest 

energy data :Ln the analysis. 

From Fig. 10 we see that the scattering width for N
2

D-I 

is greater, and falls more slowly with increasing energy 

than does the sccdtering width for ArD+. 'l'he widths. for N
2

H+ 
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+ N2D 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+-D2 systems even at low energies 2 2 

show that factors more complicated than the simple ion-induced 

dipole potential determine the distribution of small angle 

scattering. 

SUMMARY 

From our product velocity vector distributions we have 

+( ) + . demonstrated that the Ar n2 ~n ArD reaction proceeds by a 

direct interaction~ at least for initial relative energies 

above 2.27 ev. The most probable reactive process prod~ces 

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~. is predominantly elastic 

or only slightly inelastic, and closely resembles the scattering 

+ of Ar by He. The reaction ,probability at a particular energy 

is essentially constant for scattering angles greater than 

60°, and increases as the initial energy decreases. Partial 

deconvolution of the differential reactive scattering cross 

sections shmvs that the ArD+ has an angular distribution m-ore 

sharply foi:wa rd peaked than any other known react:i. ve differential 

cross section for systems of four atoms or less. The partia1 
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cross section for stripping or forward scattering falls as 

the initial reactive energy increases, and accounts for less 
'I 

than half of the total reactive scattering at.the higher 

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

N;(n2 ,D)N2D+ deduce~ from the data of severallaboratories 

are in surprisingly gobd 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+(D
2

,D)ArD+ Experiments. 

E v Forward Peak Backward Peak 
rel 0 

(eV) 
xlo- 5 

vf/vo 
a Qb (eV) vf/vo Qb (eV) (em/sec) 

2.26 10.959 0.9609 -0.70 0.8734 (-1.55) 

2.73c 12.033 0.9563 -1.18 0.8543 -0.64 

3.63 13.880 0.9542 -1.75 0.8619 -1.57 

4.55 15.545 0.9547 -2.13 0.8577 -1.50 

4.55c 15.541~ 0.9555 -2.06 0.8589 -1.63 

5.48 17.056 0.9568 -2.31 0.8551 -1.42 

6.78 18.980 0.9605 -2.23 0.8592 -2.49 

6.78 18.982 0.9594 -2.42 0.8551 -1.75 

8.12 20.776 ~-2.0 0.8571 -2.54 

9.01 21.990 <-2.0 0.8527 -1.74 

9.14 22.043 <-2.0 0.8553 -2.41 

a. vf is the velocity of the scattering peaks at zero 

laboratory degrees and v is the initial ion beam 
0 . 

velocity. For ideal stripping, vf/v
0 

= 0.952L1. 

b. Experimental uncertainty in Q is ~ 0.15 eV for 

forward peak, ± 0.35 eV for the broader backward 

peak. The location of the backward peak at 2.26 eV 

relative energy is very uncerta'in. 

c. Complete contour maps showh"in text. 
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Table II. 

and 

Reaction 

'+ 
Ar -D2 

+ 
N2-D2 
I 

+ 
N2~H2 

Parameters 

+ 
N2-(H2 ,D2) 

Ere1 
~eB 

(deg) 

2.72 35.6 

4.54 14.4 

4.54 20.9 

6.83 17.0 

3.12 21.8 

8.12 10.8 

11.23 15.5 

3.13 31.5 

5.62 25.4 

8.11 28.3 
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for deconvolution of Ar+-D
2 

Reactive Scattering. 

~ef 
cr(st)/cr(tota1) A'/A (deg) 

29 0.54 2·71 

26 0.38 1.22 

30 0.40 1.82 

29 0.17 1.55 

50 ·0. 63 1.18 

34 0.53 1.11 

27 0.58 1.30 

53 0.50 1.32 

36 0.59 1.45 

36 0.46 1.57 
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Figure_Captions 

+ .. 
A contour map of the intensity of ArD per, unit 

velocity space volume (the specific intensity of 

ArD+) in the center of mass coordinate system. The 

circles labeled Q = +1.0 eV and -2.5 eV enclose the 

approximate 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. 

Fig. 2. ·A contour-map of the normalized specific intensity 

in the center of mass coordinate system of Ar+ 

scattered nonreactively from n2 . The ci~cle through 

the beam intensity maximun1 is the locus of elastic 

scattering. · 

Fig. 3. A contour map of the specific intensity of Ar+ 

stattered by He. The circle labeled Q = 0 locates. 

the elastic scattering of an infinitely sharp beam 

from a stationary target. The intensity units are 

such that the intensities iB all maps in this article 

may be compared directly. 

Fig. 4. A contour map of the specific intensity of ArD+. The 
.. 

cross near the intensity peak locates the ideal str5.ppinG 

velocity. 
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Figure Captions (Continued) 

Fig. 5. A contour map of the specific intensity of Ar+ 

scattered nonreactively from D2 . 
-~ 

Fig. 6. A contour map of the specific intensity of Ar+ 

~ scattered nonreactively from He. 

____ . -·------·· ·----= 

Fig. 7. The absolute barycentric differential scattering 

cross sections for reactive and nonreactive scattering 
- + -

of Ar by D2 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 Ar -D2 system. 

Fig. 8. The velocity vector diagram used in the approximate

deconvolution procedure. 

Fig. 9. A comparison or' several differential-reaction cross 

sec,tions after the approximate deconvolution. Note 

th~ differen~ ordinate for Ar+-n2 and the other 

reactions. 

Fig. 10. A comparison of the dependence of the gaussian·width 

of the small angle scattering on relative energies 

for three ion-molecule reactions from four labora,tories. 

In the lower panel, the symbols refer to the Ar+-D 2 
+ reaction, and the curve represents the N2 -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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