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Large Angle Elastic Scattering of Ar by He 

* M. H. 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, 

Berkeley, California 

ABSTRACT 

Measurement of accurate differential cross sections for 

systems of the type "heavy projectile--light target" are shown 

to be practical, provided measurements are restricted to large 

center-of-mass scattering angles 8. As an example, cross 
. + 

sections for the system Ar -He have been measured from e = 600 

to 1800 in the energy range 2.7-9.1 eVe Using two-parameter 

repulsive potentials the results are inverted to yield a 

potential which reproduces the scattering at all energies. 

Dramatic evidence is given that potentials of the form 

VCr) = ~rs are unsatisfactory for fitting the intermolecular 

potential in the region of 1-10 eVe The potential derived 

from these experiments is an average of two molecular potentials, 

since both the X2Z and A2-rr states of Ar+-He correlate to ground 

state atoms. Comparisons are made with theoretical estimates 
. . + 

of the two molecular potentials and with the Ar-He and Ar-He 

potentials . 

* Present address: Department of Chemistry, University of Illinois 

at Chicigo Circle, Chicago, Illinois. 
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INTRODUCTION 

The 'study of intermolecular forces in molecular beam scattering 

experiments has been quite fruitful in recent years. This 1s es

pecially true for low energy experim~nts w~ich give information 
. '. .1 

about the attractive region of the intermolecular potential. Short 

range repulsive forces have been' studied by a number of me-thods. 

One involves the measurement of elastic differential cross sections 

at small angles but high energy where repulsive interactions' 

2 
dominate. A closely related technique is the determination of 

high energy total cross sections as a function of energy, a method 

pioneered by Amdur and coworkers. I Both techniques, however, 

involve measurements of scattering at very small angles where the 

angulard~stributions are ~hanging rapidly with angle. Thus, sub-

stantial corrections must be made for the finite angular resolution 

of the apparatus before comparing with theory. Measurements at 

larger center of mass scattering angles, where the resolution prob-

lem is not so severe, have been made in low-energy crossed beam 

studies of elastic scattering. These also give direct information 

about the repulsive potential. Again, however, the analysis in 

these experiments can be quite complicated since one beam usually 

is not velocity selected and may have a large angular width. An 

additional problem with these experiments is that the elastic 

differential cross section is many orders of magnitude smaller at 

1800 than at 00
, and signal-to-noise problems can become quite 

important. 

In this work measurements are presented of the differential 

cross section fr.om 600 to 1800 in the center of mass coordinate 

• 

.. 

• 
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system for the A~+-He sys~em. The relative kinetic energy has been 

varied from 2.7eV to 9.leV. The experiments make use of the fact 

that a heavy projectile scattered elasticly by a light target must 

remain in a region of velocity space where it can be detected 

quite easily. To obtain a differential cross section it is neces

sary only to velocity select the beam particles before and after 

collision and measure the intensity at the accessible laboratory 

deflection angles. We feel this method has many advantages which 

make it a promising source of data on intermolecular forces: (a) 

Localization of the scattering due to the relative masses of pro

jectile and target greatly increases the density of scattered pro

duct in laboratory velocity space. The signal at the detector is 

correspondingly larger. This localization also permits use of a 

scattering cell with its concommitant improvement in signal-to-noise; 

(b) In many cases the velocity of the target gas can be neglected 

in the data analysis, either by use of high energy beams (as in the 

present case) or by cooling down the gas to sufficiently low tempert.

atures; (e) Restriction of the experiments to large center of mass 

angles neatly avoids the problem of angular resolution because the 

scattering varies slowly with angle in this region. For example, 

the Ar+-He differential cross section varies by at most a factor 

of six in going from 60° to 180°. Because of this we feel that no 

corrections need be made to our data, even though the angular reso

lution of our apparatus in the center of mass 1s only 23°. 

A number of other kinds of molecular beam exper:iments have 

found this localization of scattered intensity due to favorable 
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mass ratios quite user'lll.' 
+ . . 

For example, the Ar -He measurements 

discussed here ~ere originally ~ade to compare with a study of the 
+ It t 

reactive and non~~active scatterin~ in the system Ar + D 2 • For 

this and other ion-~olecule reactions involving H2 ~nd D2 the 

scattering at all center or mass angles is easily detected, and 
. 5 

very complete studies have been made in a number or laboratories. 

A "second example is the 'recent molecular beam studies of vibrational 

excitation in small impact parameter collisions for the systems 

. + 6 +. 7 
Li -H2 and K ...;.H 2 • 

After a brief description of the experimental apparatus, the 

conversion of measured intensities into absolute differential cross 

sections is discussed in some detail. Because of experimental un

certainty in the data.; no attempt is made to directly invert the 

data to obtain potentials. Rather, the measured cross sections are 

compared to the scattering expected from three simple repulsive 

potentials. The major problem in interpreting the scattering in 
+ . 

the system Ar -H~ is that two states, the X2 E an.d the A 2 IT , correlate 

to separated ground state atoms. It is shown, however, that in the 

region near e = 1800 scattering by two potential curves is equivalent 

to the scattering by one average or "effective" potential, and simple. 

rul~s:aregiven for finding this effective potential. We have 

determined the effective potential for Ar+-He in the region of 0.5eV 

to geV. A theoretical est~mate of the x2 r and A2rr pbtential curves 

8· 
has been reported by Smith et aI, and our r,esults are in reasonably 

good agreement with ~hem. A considerable amount 1s known·about 
+ 2 , 9 , 1·0' . la, 3 , 1 0 ,1 1 

the related systems Ar-He and Ar-He, and a cqrh-

• 
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parison of the three diatomics is quite instructive. 

EXPERIMENTAL AND DATA ANALYSIS 
1 2 

The apparatus used for this work has been described elsewhere. 

Briefly~ it consists of a conventional el~ctron bombardment source, 

a magnetic mass spectrometer for preparing the ion beam with a well

defined energy, a scattering cell which contains the scattering gas, 

and the final analysis and detection system. The gas pressure is 

monitored by a capacitance manometer. The exit slit of the scat-

tering cell is mounted on a rotating lid, so that the laboratory 

scattering angles can be varied. Ions which emerge from the slit 

pass successively into an electrostatic energy analyzer, a quadru-

pole mass filter, and an ion counter. Thus the intensity of 

scattered ions is known as a function of laboratory angle and 2nergy. 

The angular resolution (in the center 6fmass) of the apparatus 

for this mass ratio is about 23°; the energy resolution 1s not quite 
, 2 2 

good enough to observe transitions between the P'/2 and P1 / 2 states 
+ ' 

of Ar (0.18eVapart). 

The next step is to convert the measured laboratory intensities 

i'nto center-of-mass intensities. , The Ar+velocity in the lowest 

energy experiment was 1.2 x 10 6 em/sec, whereas room temperature 

5 helium has an average velocity of 1.1 x 10 em/sec. Thus it 1s 

reasonable to neglect the helium velocity in the conversion, and 

any laboratory vector v can be converted into a center-of-mass vector .., 

u by the expression 

v-u = Ycm = (40/44) Yo' (1 ) 

Here ,Ycm, the center-of-mass velocity vector, is parallel to the 
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Ar+ beam velocity Yo' since we have neglected the He veloci~ty. The 

two specific differential cross sections I(y) and I(!:) are functions 

of bottiangle and speed, and it can.be shown (see Ref. 4 for 

details) that 

The 'cross sections are normalized so that 

(J = II(y)dy 

= II (E-)dE-, 

(2) 

(3) 

where a is the total scattering cross section. In this work we 

ar'echieflYiffterest-ea irr~1;ne -center--of.;;mass dtfferential--cross' 

section Ice), calculated from 
, QO. 2 

1(6) = [I(y)u duo (4 ) 

Our experiments measure the scattered intensity at a large number 

of labo~atory arigles and energies. Eaeh intensity is converted 

into a value'of I(jJ) using Eq. (2). The values are then integrated 

numerically using Eq. (4) to obtain I(e) at 20 degree spacings. 

For example, the differential cross at the nominal angle 8=160 0 

is obtained using all values of I(E-) which fall between' 1500 and 

170°. Assuming I(e) is approximately linear in this 20 degree 

• 

region,th~ value obtained should b~ quite reliable. This method ~ 

willcert~lnly break down at small ang~es, howe~er, so we have 

restricted ourselves to angles greater than 50°. 
It 

The primary, data for 'this work has been presented earlier, 

including two .contour maps of I(~) for'Ar+ -He scattering as well 

as thediff~rentl~l cross sect~ons 1(0) at r~lati~e energies of 

2. 75eV, J-t. 57eV, 6. 83eV, and 9. oBev. The nonreactive scattering 

\ 

• 
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+ of Ar by He was originally done for comparison with the reactive 

systemAr+~D2' In fact, the absolute magnitudes of I(e) for both 

+ + 
the Ar -He and Ar -D2 systems were obtained by normalizing our 

reactive scattering data to a total reactive cross section measured 
. .13 

by Robb et al. This normalization procedure is described in more 

detail in Ref. 4. Here it suffices to say that we estimate the 

+ absolute values of I(a) for the Ar -He system to be uncertain by 

10to 15%. 

For the sake of comparison with theoretical calculations it 

is best to present the data in a different format from Ref. 4. 

First, in Fig. 1 the differential cross sections at 8=180° are 

presented as a function of relative kinetic energy. The data at 

other angles are presented in Fig. 2 as the ratio Iee)/ren) plotted 

against (n~e)2. Each pOint in Fig. 1 may be in error by 15% to 

20% when the random experimental error is added to the possible 

nonrandom error due to the normalization procedure. Points in Fig. 

2 will not show any effect of the normalization procedure, but in 

extreme cases we estimate each point could be uncertain by 15%, 

simply due to random experimental errors . 

RESULTS AND DISCUSSION 

Since the data have a substantial amount of uncertaJnty, 
'. 

it would be pointless to try to directly invert the cross sections 

to obtain a potential. Rather we intend to compare the scattering 

with that predicted for three simple repulsive potentials, namely 

the inverse power potential 



, /' s V=Kr", 
\ 
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the exponential repulsive potential 

V = Aexp(-r/a), 

and the shielded Coulomb 'potential 

V = A(a/r)exp(-r/a). 

For these particular experiments we are almost certainly safe 
'I 

(5) 

(6 ) 

(7) 

ignoring the long-range attra6tive part of the potential.lti our 

lowest energy experiment the potential ehergyat .the turnint point 

for a collision with 8=60° is 1.2eV, and it is correspOndingly 

larger for wider-angle collisions. For comparison, the well depth 

+ of the Ar -:-He system is most likely 0.1 eV or smaller. 

The analysis is complicated cori~iderably by th~ fact that Ar+ 

and He will interact along two potential curves, the x~r and the A2rr. 

Statistical weighting indicates that two thirds of all the collisions 

will oc6ur on the 2rr curve and one third on the 2r c~rve. Since 

there is no w~y for us to distingu~sh the scattering from the two 

curves, we must analyze the results assuming a single potential 

is responsible tor all scattering. The potential obtained in this 

waY,will be a weighted average of the 2r and 2rr potentials. A, 

further problem is the spin-orbit splitting between the 2 P3/2 (lower) 

and 2P 1 / 2 (upper) states ofAr+ of 1~32 cm"'7 J or 0.18eV. Thu~ the ~rr 

.' 

.... 
pote'ntial at small separations is also spli t into two st,ates. coliision 

induced transitions between the two states'of Ar+ have been directly ob. 
, + 

served in Ar -D
2 

collisions by Moran a~d Cosby. I~ In addition, 

deconvolution of the Ar+-He ciata taken in our laboratory indicates 

that for head-on collisiohs(8=1800) the two states of Ar+ are sub~ 

stantiallymixed, by collisions. This suggests that the two ,2rr 
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states cross, or at least remain quite close at small internuclear 

separation. Since the electrostatic energy analyzer will not clearly 

separate these two states, no effort is made to distinguish them in 

the data analysis. All the intensity is integrated together to give 

I(S). For these reasons we will ignore the effect of spin-orbit 
, 2 

coupling as rela~ively unimportant and will talk about a single E 

state and a single 2n state. In reality the latter represents an 

average of the two 2n states. 

In a companion paper 15 we examined the scattering near 9=180° 

for the three potentials given earlier. For the inverse power 

poten'tial in Eq. (5) we can write 

I(S) = (sin 9)-1(n-S)(K/E)2/s i (s)[1-h(s)(n-S)2+ . J, (8) 

where the functions i(s) and h(s) are tabulated in Ref. 15. Thus 

a plot of I(S)/I(n) will give Sj once s is known, I(n) will yield K. 

One drawback of this potential is that s must be known before even 

the units of K, let alone the magnitude, can be determined. If 

the scattering arises from two potentlals,one with potential con

stants (L,t) and the other with (M,u), with statistical weighting 

factors x and y (x+y=l), the total differe~tial cross section can 

he put in a form similar to Eq. (8), but now 

I(n)=(K/E)2/s i (s)=x(L/E)2/ti (t)+y(M/E)2/ui(u) (9) 

.. and 

(10) 

Thus, near 9=180° (typically, to 9=60°) the scattering of two inverse 

power potentials is equivalent to the scattering of one "effective" In-

verse power potential, and Eqs. (9) and (10) indicate hm.,r the "effective 
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,potential parameters K and sare to be found. Both K and s depend 

on the potential const~nts L,t, M, and u, the weighting factors 
, 

x and ·Y. and the relative energy-E. Even though the exponents 

tand u are constant, the value of s wil1, in general, change with 

E~ At low ener~ies s will approach the smaller oft and u; at ' 

high energy s will approach the larger as would be expected. The 

results aretonsiderably simpler for the special case t=u. Then 

Eqs. (9) and (10) yield 

(11) 

Clearly, K and s are independent of E In this case. 

Scattering by either art ~xponential repulsive potential (Eq. 

(6» or a shielded Coulomb potential (E4. (7» yields si~ilar 

results. 'In both cases the differential cross section near 8=180° 

can be written 

-I(a)=(sin8)-1(n-6)a 2 j (A,(E)[1-H(A/E)(n-6) 2 + ••• J. (12) 

Approp~iate formulas' for the functions j(A/E) and H(AYE) are given 
, ~ ,~ I 

in Ref. 15 for both potentials. We see from Eq. (12) that a plot 
, 

of I(6)/I(n) will give A/E and ~hus A; subsequently~ a can be ob-

tainedfrom I(n). If two pa~ticles scatter off two exponential 

repulsive pbtentials (or two shielded Coulomb potentials) which 

have potenti~l constants (B,b~ and (D,d) and weigh~ing factors x 

~nd y (x+y=l), the total diff~rential cross section near 6=180° 

can be put in a form simi~ar tlo' Eq. (12), but now 
, . 

I(n) = a 2j(A/E) ~ xb 2 j(B/E) + yd 2 j(D/E) 

HCA/E) :: [x.b 2 j(B/E)H(B/E) + yd 2
j(D/E)H(D/E)]/I(lf). 

. I ' 

(13) 

(l~) 

.' 
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Thus near e=TI the scattering by two exponential potentials (or two 

shielded Coulomb potentials) is equivalent to the scattering by 

one "effective" exponential repulsive potential (one "effective" 

shielded Coulomb potential). The parameter A and a for this "effec

tive" potential can be obtained from Eqs. (13) and (14). In general, 

both A and a will be functions of E even thoughB, b, D, and dare 

not. 

These considerations focus the problem in interpreting the 

+ scattering for the Ar -He system. Even if both potential curves 

can be approximated by the simple, two-parameter potentials in Eqs. 

(5)-(7), the experimental cross sections will not give these 

potential parameters directly. Rather, at each energy the data 

gives the "effective" potential which reproduces the combined 

scattering of the two real potentials at that energy. The analysis 

is simplified somewhat if we make the assumptiori that the ratio of 

the 2n and the 2r potentials is roughly constant (independent of 

r) in the region of our experiments. As we ,will see, there is some 

theoretical evidence for this, and it seems reasonable because the 

relevant atomic orbitals of Ar+ should have a similar r-dependence. 

Assuming the two potentials can be approximated by inverse power 

potentials, then the exponents must be the same. This is the 

special case covered by Eq. (11). If instead, the two real poten

tials are approximated by exponential repulsive (or shielded Coulomb) 

potentials, the two fall-off lengths must be the same. Calculations 

using Eq. (13) then indicate that 

,I 
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a~b=d J 

provided that Band 0 are not greatly different. 

Exact differential cross sictions have been computed for the 

three potentials in Eqs~ (5)-(7). The details are given in the 
15 

companion paper. In Figs. 1 and 2 these cross sections for the 

exponential repulsive potential are compared wIth the experimental 

results. Within experimental error all the data in Pig. 2 can be. • 

fit byA~22Q±20eV. We then used this value to gen~~ate the curVes 

in Fig. 1. Combining the results from these two Figures, we· find 

that all of our data can be fit by the potential 

o .. 
V(r)=(220±20eV)exp[-r!(O.39±O.03A)] (15) 

In Figures 3 and 4 the exact calculations for a shielded Coulomb 

potential are compared with the experimental data. All the data 

in Fig. 4 can be fit by A=190±40, and the value A=l90 was used for 

the curves in Fig. 3. From this we can see that the potential 

o 0 

V(r)=(190±40eV)(O.55A/r)exp(-r/O.55A) (16) 

also fits the data withih experimental error. The fall-off length 
o . 

of O. 55A is uncertain by about ±O. 04A. , These two potentials are 

shown in Fig. 5. Their range of validity is trom 9.leV, the highest f 

experimental energy, down to about O.5eV. Again it should be 

stressed that although the experimental cross sections can be fit 

by a single potential, th~re are in fact two potential curves 

contributing to the scattering. 
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The cross sections computed for inverse power potentials are 

shown in Fig. 6, along with the data. The values of the exponent s 

which fit the data may seem surprisingly small, but are in fact 

consistent with the potentials given in Eqs. (15) and (16). A more 

serious problem is that the value of s is changing rapidly with 

energy, but in an interesting manner. As discussed earlier, if the 

two potentia.ls for the Ar + -He system can be approximated by inverse 

power potentials with exponents t and u, then at low energies the 

scattering witl be dominated by the longer-ranged of the two potentials 

(i.e., the one with the smaller exponent). The "ef'fective" value 

of s which fits the data will then decrease with decreasing energy, 

approaching the smaller of t and u in the limit. As shown in Fig. 6, 

however, the "effective" exponent s actually increases with decreasing 

energy! We must conclude then that the inverse power potential is 

a very poor approximation for at least one, and almost certainly both, 
+ ' 

of the Ar -He potentials. In fact, the decrease of the "effective" 

value of s with increasing energy is reasonable, conSidering that 
. -1 the potential must approach the r form at very high energies. These 

data are perhaps the most dramatic evidence to date of the failure 

of inverse power potentials to fit the repulsive part of intermolecular 

potentials. Both the exponential repulsive and shielded Coulomb 

po~entials are much .more satisfactory in fitting intermolecular poten

tials over long regions'of internuclear separation. Over short regions 

• of r, of course, the true potential can be approximated by an inverse 

power potential. Thus, if we invert the data in Fig. 6, treating each 

experiment separately, the inverse power potentials obtained are in 

satisfactory agreement with the exponential and shi'elded Coulomb 

potential& derived earlier. 
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, ." + 
, A'theoretical estlma'teor 2}: and' 2. potential curves for Ar -He 

has been reported in the literature by Smith et aI'" 8 They scaled 

the 2}:;and 27T"curves compu.tedfor the Ne+":He systembyH. H. Michels. 

(unpublished). vie have fit the ,two ,curves in theirf1gure by the 

. rollowihgeqti~tions: 

. . 0 
(A 2

1T) VCr) = (1194eV)exp(-r/O.277A) 

(X2}:) V(r)=(563eV)exp(~r/O.211:). 

(17) 

(18) 

The~~ curves are cbm~ared in Fig. 5.~ith the potentials in Eqs. (15) 

and (16). Apparently, the calculated fall-off lengths are the same 
. . 0 

for, both states, but s~aller than our experimental valu~ of O:39A. 

However, the preexponential factors are such that these theoretical 

curves agree reasonably well with the "effective" potential'deter

mined in these experiments. A better comparison can be made by 

usin,gthe two theoretical p,otentialsand the analysis in:Eqs. (12)

(14). to predict what "effective" potential should be determined 

experimentally; Recalling that ,the A2~1 state has a weight bf 2(3, 
I 

the X2X a ~eight of 1/3, the result is 

o 
V(r)=(l007eV)exp(-r/O.277A). (19) 

This potential is shown as. the dotted line in Fig. 5. Assuming the 

experimental results are uncertain by 15 or 20%, we see that "the' 

agreement is qUite gdod over~most of the rarige of r. ,Thi ~xperimental 

results .,sugges t, . however, that the fall-off lengthof'thcpot ent i~l 

• 

• 

• 
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o 
is somewhat larger than the predicted -value of O.277A. 

It is of interest to compare the potential curves for the three 

systems Ar +-He, Ar-He +, and Ar-He. All three have shallow van der 

Waals wells -- the best available values for Ar-He+ and Ar-He are 

given in Table I. Wee can estimate 'the wells for'the two Ar+-He 

states by combining the repulsive potential in Eq. (15) with the 

attractive ion-induced dipole potential which will dominate at 

large r: 

where e is the electronic charge and a is the polarizability of He. 
o 0 

With a=O.206A 3 
16 the minimum lies at 4.9A, far larger than the 

+ 
values for Ar-He and Ar-He (see Table I). For comparison we also 

computed the well depth and location using Eq. (19) in combination 
o 

with the ion-induced dipole potential. The m1nimumat 3.5A is 

closer to the other two diatomics. In either case, the well for the 

+, + 
Ar -He system is much shallower than for the Ar-He' ; this is to be 

expected because Ar has a much larger polarizability than He. 

In the repulsive region of l-lOeV we can compare the results for 

Ar-He + 2 and Ar-He 1 1 with our resul t s for Ar+ -He in Eq. (15). 

This is done in Fig. 7 by arbitrarily superimposing the asymptotic 

• energies for all three systems. The three potentials are remarkably 

similar in this region. 

SUMMARY 

The determination of intermolecular potentials is seen to be . 
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feasible for 'systems 'where the projectile is much heavier than the 

target atom. Although the mass ~atios make thec~nter-of-mass 

angular resolution much poorer than when the projectIle Is light, 

this can be compensated for by only measuring angular distributions 

at large center of mass arigles. Here the cross section varies slov/ly 

with angle, and, as we have seen, the analysis of the data is quite 

simple.' The "effective" potential we obt~ined for the Ar +-He mole:... 

2 2 cule, an average of the E andn potentials, is quite reasonable 

and in fairly good agreement with the estimates of Smith et al. 8 

It,.is expected that the general method described can be applied 

to many other systems. 
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• + + 
Table I. -- Comparison of Potential Curves for Ar -He, Ar-He , and Ar-He 

• 

Well Depth· (eV) 

Internuclear S~paration 
at Minimum (A) 

a Determined using Eq. (15) 
potential. 

b Determine'd using Eq. (19) 
potential. 

C From Ref .. 2. 

d From Ref. la . 

of 

of 

-O.OOlSa(-O.0066)b 

4.9 a( 3.5) b 

the text plus the 

the text plus the 

+ .Ar-He 

c 
-0.15 

3.0
c 

ion-induced 

ion-induced 

Ar-He 

d 
-0.0022 

d 
3.4 

dipole .. 

dipole 
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FIGURE CAPTIONS 

Figure 1. Differential cross section at w radians versus relative 
kinetic energy. The circle~ are experimental data. The 
curves are computed for the potential V=Aexp(-r/a) with A= 
220eV. 

Figure 2. The ratio of I(S) to I(w), the differential cross 
section at n radians, versus (n_8)2. The individual points 

• are experimental data. The curves are computed for the poten
tial V=Aexp(-r/a). 

, 

• 

Figure 3. I(n) versus relative energy. The circles are experimental 
data. The curves are computed for the potential V=A(a/r)exp(-r/a) 
with A=190eV. 

Figure 4. 
data. 

I(8)/l(n) versu~(n-e)2. Individual paints are experimental 
The curves are computed for the potential V=A(a/r)exp(-r/a). 

. + 
Figure 5. The potentials VCr) for Ar -He. The two dash-dot curves 

are the theoretical estimates of Smith et al. 8 The solid and 
the dashed curves are experimental results-=- Eqs. (15) and 
(16) of the text, respectively. The dotted curve is a weighted 
average of the two theoretical curves due to Smith -- Eq. (19) 
of the text. 

Figure 6. l(e)/I(n) versus (n_8)2. Points are experimental data· 
The curves are computed for the potential V=K/rs. . 

. + 
Figure 7. +Comparison of the intermolecular potentials for Ar -He, 

Ar-He, and Ar-He .. The Ar -He c~rve is from this work --
Eq .. (15) of the text. The Ar-He curve was derived by Smith 
et alfrom experimental data in Ref. 2. The Ar-He potential 
was-Computed by Matcha and Nesbet in Ref. 11. The curves 
have been shifted so that VCr) is zero at infinity in each 
case. 



i.. \. ,.' .. 

,( 

... (" . 
. ). .... ~- ~ .', . 

...... 

.. ' 

20 

... ., ... 

'> . 

: .. .iTfi ':, .• 

" . ' . 

. ;'~;O.4,:; . 
, .',', . ' c • 

~ 
. , ... ,' \;;0;. 

C\J~'O· 3·" . 
. Oc::t'" • . . 

.. f·'-,· 

'0 ·=O~ 39·Jt 
.. ,~ " 

..--

..1:'0.,2· ~, 
H 

o. f 

O~~~~~~-~_L..J 
046 

·E (eV) 
,t,.. -

Fig. 1 

': ,. 
'. ' 

! ...... 
! 
I 

. .. 

• f •• 



• 

,-..,. 

1= 
'--

H 
"-,-..,. 
(t) 
'--
H 

10 
9 
8 

6 

5 

4 

3 

2 

21 

8(deg) 
140 120 100 80 60 40 

2 

Fig. 2 

AlE = 10 15 20 30 

50 

80 
100 
150 

( -ria -Theory V = Ae ) 

o E= 9.08 eV 
AE=6.83eV 
oE=4.57eV 
• E:: 2.75 eV 

5 6 



.. ' '\ 

. ' 

. " 

::.-.',., 

.". .',! ' •. 

,..... 
:'-0 
,en 

......... 

~. 
"~ ,......., . 

.. . 

,~O.2 
Q:) 

H 
.0.1 

i' 

'[" ",,' 

'r::' .' .~ . ' : 0'" 

,".; :", 

./1 . 

,. 
, 22 

".1 

...•. 1" 

~ . . 
;. ... 

" r 
" " .. 

0::0.·59'&:' 
.) .. 

0=·0.55/1\ . 

o =0.5 f 

V· - A (O·.)i: ...... ·~r/ia· 
.'- ·"··.-r·'·:e . , . .;,.' 

'4' ,:6'·· 8'- 10 
E (eVJ' '.' 

.; ," 

Fig 3 

.' . 

I.' 

", ~ ... 

i 
.. J,' . . , 

," i 



10 
() 

,9 

• 8 
7 

6 

5 
.......... 

t:: ;:;4 
"'-.......... 
Q) 
~ 

H3 

2 

o 

23 

2 

8 (deg) . 
80 60 40 

AlE = 5 10 15~20 
30 
50 
70 
100 
150 
200 
400 

- Theory V= A(~)e-r/o 
o E = 9.08 eV 
/::,. E = 6.83 eV . 

o E= 4.57 eV 

• E=2.75eV 

3 4 
. 2 

(7r - 8) 

Fig. 4 

5 6 



: . 

. '.~ 

.. ":, 

•. t, . . ' ., 

\ ,'. 

-> 
CD :. '"", -'--.... > 

.: 

" . 

.6 

4i 

'.' 2.···· 

'.;' " 

1:0· 
, ~8·· .: .. , 

"::6 

1 
. '8' . . " ", 

6 

4 

24 

'. 
'"'-j • ' 

. ,;;t, ;~ , 

" "~ . 

. \. 
) 

~ ':.' 

t ", '\ 

.. 

.. ~ 

'rtAJ 
Fig. 5' 

.: 

..J 



Ii 

7 

6 

,5 

2 

25 

8 (deg) . 
100 80 60 40 

2 

. s = 2 2.5 3 3.5 

4 

4.5 

5 

6 

- Theory (V = c/rs) 

o E = 9.08 eV 
6. E = 6.83 eV 
o E = 4.57 eV 

• E = 2.75 eV 

5 6 



-: " 

, , 

',: 10,,·, 
"8" . '. 

, , . 

'6 ' ", 
" . . :c.~ 

'~,.:' , '.' 

" 4 

",......··.2 ' .. ~>, 
.- CI) . "'. 

, !-. 

... ,' 
~ 

26 

'." ; 

. 
)\ 

\ 
.~ 

, \ ,. \ 
<\.\ ... 
. .1 . 

.., ," :\!, .' 
,"\\ . 

, '\.' ' . ~\ 

.. .-; 

~.\ \\ ~ ,,' 

" 
.. ' . 

.. ; 

.. '\ ...•.. 
, .. 

'.+ -- Ar ~He, ,', 

. " . ,-
.. .,., ',~' :;". . 

I , •. • '; ~ ~~, 

. ~ .. 

. .. + ---- Ar-He 
-......;-~-Ar -He, 

" .. ' .'.-.\ , , " 

. ,," iIIo",:. 

\\ 
\\ 
\\ 

:, \ .. '~. 

Fig. 1 

. -" 

·1 

. I , 

I , I , 
, i 

1 

i 

I 
·'1 ' 

i 

I· 
i 
I 
I 
! 

L~ • j 

! 
I 
I 

I , 
I 

" , 
j 

i 
. I 
. :1 

! 
" 

i 
! , 
I 

,I, 

') j 

, i 
, ,I 
. f'l ;', '. "9, 

-j 
I 
j 

i 
i 



r------------------LEGALNOTICE---------------------. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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