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ELASTIC DIFFERENTIAL CROSS SECTIONS AND INTERMQLECULAR A

POTENTIALS FOR Ar + CH, AND Ar + NH,

Richard Behrens, Jr., Andrew Freedman,

Ronald R. Herm, and Tifnothy P. Parr

- Inorganic Materials Research Division, J_,awrence Berkeley Laboratory
Cx

and Department of Chemistry, University of Cahforma,_ Berkeley-

and
A:rnes leOl'ELLO"LY ERDA and Depa rt:nenb of Chemlstry

_ Iowa State Umvers:tty, Ames, Iowa 50010

ABSTRACT
Dliferentlal elastic cross sections are eported 'J.or CH4 + Ar
(E=ug /2 = 8,43 kJ/mole) and NI 13 + Ar (B = 8, 31‘1%-.7/1@:1016} in the
region of the rainbow angles. Quanturh interference undulations are
observed as ﬂvell for‘CH + Ar and, possibly, Nﬁ + Ar, The .: .
measurements are f]t to spherlcally syrnzneurlc mte;molecular iaotentlals

_ y1e1d1ng well depfhs and equilibrium intermolecular separations of 1,32

k J/mole and 3. 82 A for CH + Ar and 1,32 k J/mole and 3. 92A fo‘r NH3+ A'r...
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Intermolecular potentials in the alkali + rare gas and rare gas +

rare gas systems have now been determined from high resolution

measurements of the elastic differential cross section., The validity

of interpreting sim‘ilzi‘r measurements on atom + molecule and mbléculé '
+~'molecul.e,;sys£ems..in terms of a spherically éymrnetric interzﬁc.)l\ecula%r
potential rerﬁains unclear however. The extent to which featu_r.es' of

the elastic cross section are broadened, shifted, or Quenched by
anisotropic interaction terms anid possible inelastic transitions ca_.n-Be _
ascertained oﬁly by examining a wide variety of collision pa'rfners.

The CH,, NH;, H,0, HF sequence is especially suited for such study

because of the systematic symmetry changes. Moi’eover, the rélatively

large rotaﬁon constants in these hydrides might perfnit compléi;ne_n‘cary
high re>s_01ution studies of their .inelastic scattefind. This paper fe’presents‘
an initial attack on ‘chi-s problem and reports high resolution differential
cross sections for elastic scattering of CH4 and NI—;{3 from ..Ar.'

S

APPARATUS AND EXPERIMENTAL PROCEDURE
The ability to observe fine structure in elastic scat'ceriﬁg measure-
ments is very dependént on the angular and beam Speéd resolutions of.

the crossed beam apparatus. Although-described in detail in Ref, 1,

the apparatusz has not been described previously in the openvlitei‘a’cure..

Figure 1 illustrates that stainless steel gas reservoirs (14) which are

housed in vacuum chambers (6 and 7) pumped by 10" diffusion purhps



s_erbve as two nozzle beam sources. These.n.ozzle beams traverse
skimmers (13), céllimatmg vacuum chambers (4 and 5), and collimating
slits (11 and'12) to intersect at 90° in the main vacuum chamber (22).
The detector asserﬁbly, which is hous:ed in diffei'en’cially pumped ché.mbers )
1; 2, and 3, inéy be rotated about the ioeafn. inteféection region (BIR)’._
C.hambers land 2 are each equipped with ion>b.and Ti- sublimator pumps;
4chamber 3is '&quipped Wlt’q ion and liquidv He pump.s;. The detector's
-abilit)r to view the BIR ‘is lirnited by squafe orifié_es on_'cheb entral_nc;es
to chamber 1 (i’cén18: 0. 38 em wide, 4 4 crﬁ from }SIR) and the lonizer
{(item 10:0, 30=cm. wide, 18,4 c¢m from BIR). Item 8 is éxctué.lly mounted
on a gate valve .Whi.ch:permi’cs vacuum isolation of chambefs 1,2, and 3. |
when experin'_lents are not ivn_prog‘ress, The_defectdr co:risnists of a
 Brink type ionizer in chamber 3 followed by an EAT -Quad 250 mass..
filter and scintillation c:ountér in chamber 2" '

.Modi-ﬁcations on the.basic design descflbed in Ref, 3 included the
: followiné: (a) A nickei—plated copper _chamBer (LN2 cooled; not shown
in Flg 1) is actually enclosed withﬂinvthe walls of chamber 22, The °
space between thgse two chambers is pumped.separately and serves as
a beam trap by means of holes in thg .coppe.r chamber and associated
v.we’dg'es on item 22 o‘pposi.te each beam which deflect molecules int§
this pum;ﬁ—out :egion_ (b) The physical size of the vacuuAm chamber has
beeﬁ i.ﬁcreased to accémmoda’ce an 89 cmidiameter rotatablevseaﬂl for-
the detector a.svsemb»er- in orcier to improve the .émgula_r and time-of-
flight (item 20 _for inelasfic or reéctivé scattering _studies)_resolution
of the detéctor. This also iﬁcreased con'duc.tanc.e‘s to the pumps of

chambers 1, 2 and 3. (c) The detector assembly chamber »;;/'a:lls (21)
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are coaled by LNZ' In conjunction with (b), this results in typical back;
ground pressures during an experiment of ~ 3 X 10~9 Torr in chamber 1.
and~ 3 x 10_10 Torr in chambexrs 2 and 3, (d) The movable gate valve (8)
is elso equipped with a O,. 075 cm diameter circular orifice which is used

" when In.lea.sux.*:ing‘angular or speed distributions of an intense nozzle beam.
'_I‘able I lists “noz.zie beam conditions, Neither beam was of

: s.ufficient intensity to meesurably‘ attenuate (~0. 5%) the cther beam..'

‘The Ar beam wasmodulated at~ 55‘ Hz by a:.rotating' wheel (18) and the

modﬁlate‘d CH4_‘ or NH, scattered signal was detected; The scattered

3 8
angular distribution was measuraed two.or three times during an appar“;@s
pump -down; data for CH4 + Ar is the airerade cf twc purn.p-downs'.
Reference angle readmgs were collected as every third to fifth data.
pomtq’cocorrect for long—term drifts in apparams_ sensfcxvuy. Coun’cuig
‘times .ﬁvel-‘e 40 seconds for deta below 10°, and 80 OI; 120 seconds at wider _'
anglles, Error bars showe are the la;rger of standard dev-iefions baeed
on the absolute counts collected for one point or the result of avefa,eing
two cr more points As a check against pOSSLble systematic errors,
the Ar + 0, elastic differential cross section was measured -m the
vicinity of the rainbow angle; this data was vvell—fit1 by the pot‘ential
parameters reported in Ref 4 H |
- RESULTS AND DATA. ANALYQIS

The rainbow stru cture is qu1te apparent in the data shown in Fig. 2 -.

where the measured laboratory (LAB) angular dlctrlbuhon \TL(O), has

4/3

been multiplied by the @ sin © small anglo scattermff form factor.

The data analysis procedure > described in Ref. 6 was followed.. Brieﬂjr,
this consists in assuming a form for the spherically symmetric inter-

a2

molecular potential, V(r), calculating the phase s'hifts, n L(g), for each
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- partial wave quantum number as a function of rélative collision speed,
g, by means of the JWKB approximation, and finally summing the con-
tributions of each partiai wave to obtain the scattering amplituae,
(9, g), as a func'tioﬁ of cen’cer—of-mass ({CM) scattering. angle, §. .A |
predicted LLAB anguiar distribution, N’p(@), is calculated from £(s, g) by
averaging the .Cl\x*_ﬂ LADB transformation over beam speed distributions
and detecto; angular resolﬁtion. V’I"né angular resolution variaBles' intro-

0

by the (8-dependent) BIR at the ionizer entrance slit. Potential parameters

duced in Ref, 6(Eq. (3)) were X, = 0,.47° and Xl = half-angle subtended

are varied so-.as-to.cbtain. the best it to the.data of Flg,‘Z by miéimizing
Z(Eq. (5) of Ref. 6 ).

The MSV pbteritial introduced in Ref. 6 prov;ides a convenient, —
fle;ciiale representation v&hi?zh 1s given in reduced units m terrhs of ‘che -
well depth € a#d i.t_s posi’cior..x rm by |

o o(x) = V(ix/r )/e, |

Cgqlx) = expl -28(x-1)] - 2 exp [ -B(x-1)],  xEx; HOR
op(*) = b+ (3-35) § bt (-3 ) byt(x-,)b,] § . x,< % <
o) = - e gx - x, € x

Wh.ere c 6 = C6/e rnf)x is the van der Waals dispersion constant in reduced
units. The role Bf @ i_s'to con.nect 2 and Oy smoothly by adjusting the

b c'o‘effi'.eientsbto nﬁake cp(x) and o (x) continuous at X3 and X4.’ Follmviﬁg ’c'ﬁe‘
prbcevdure of Ref.’ 6, %, was set equal to 1.4 and X3 was fixed by rie(}uiring,
gp(x?) = -0, 75 with ;o'(x?)) > 0. Since the 9 ?alues are t.akenbfrom the
lite'ratu?re, oﬁly €, »rm’ and p remain as adjustable parameters. -F_or .
CH,+ Ar, Cg . was taken from Ref. 7. For NH,+ Ar, the dispersion

~s

constant for NH3+ NH3 was first estima’ced from the Slater ~-Kirkwood

zipproxirnation7 using the NH, p.dlarlzability recomméndedrby H‘ir'schfelde‘rg-
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C, for NH,+ Ar was then obtained by adding the relatwely small angle—

6 3
averaged dipole-induced dipole contribution to the dispersion constant
obtained from the Kramer—Herschbach-formula (Eq. (1) of Ref, 7),

Parameters of the MSV potenﬁal which provided tfxe best fit to
the data are listed in Table II, The XZ entries indiéate that the fii: was
appreciably better for the CH‘L# Ar data, The limitone, L and $ |

' indicaﬁe the 'change of any one iraria’oie, .holding thé _othefs coﬁstaht,
required to produce a significant deterioration in ’chev fvit;v this range;

corresponded to an increase in xz to 2.5 for CH4+ Ar and 3,1 for NH3+ Ar,

In order to test the sensitivity of the fit to the as sumed functional form,

r+

‘;he data were also to a Lennard- gonas {1LJ} n -6 potential: o
¢<x>—[n/<n— O L(6/n 1™ %76, >

Since it was const1 ained to the proper C 6/;{6 asymptotlc behavior, this

poten"cia.l provided only two adjustable parameters. Neveruheles s, an .-

eq'uallyA good fit to the CH,+ Ar data was obtained for ¢ - 1,37 kJ/mole. -

and T, T 3,77A in an L-J 18-6 potential, Plots of the 1\/:'[S'V and L-J

potentials for CH,+ Ar show them to be remarkably similar except for

some 1nconsequent1a1 dlfferences v1n the :p(x)< -0.5 region. No satisfactory -

fit to the NH + Ar data was achloved for an L-J potent1a1 coqstramed to

the proper asymptotlc behavior,

| | DISCUSSION
Brool\s anc;uros serc) have prev1ously repomcci an elastic dlfferéntlal
cross section for NT~I3+Ar with the ral*lbow structure quite apparent and have
fit thelr data to four different possible potential functlons Their réﬁort-ed
e(k(l"/mole), and Cé(kJ' A /mole) values (C calculated by us from their .
potentials) are: 1,40, 4, llA 10, 000 (L-J’ 18-6); 1.48, 3.65A,
6980 (L;J.12—6); 1.35-1.40, 4. 101‘;, 6490(Mait1%md—8mi’ch); and 1, 34—1.‘35,

4.00-4, 0_'21&, 4980 (Kihara-Stockmayer). Their_ Kihara-Stockmavyer



potential comes closest to our best literature estimate “of C6 and provides
€ and T values in reasﬁnable agreement with the entries in. Table H,I.
Schiﬁnpké and Sc;-l'lugerllo have previously répor‘ced. a narrow angle
differential cross section for CHAI-I-Ar which showed the asyqnpto%ic
potential dgpendelgxce to be; r—6. However, _fhé rainbow structure was
not resolved and potential paramotérs were not obtaA.vined.‘ Eckelt, Schimpke
and Schugerl 1 3Lo’k:)’ta.i_ned g = 1,09 kJ/mole and .rm= 2.67A by fi;ctiﬁg their
measured speed‘ dependent CH4+A1' to'x*_al cross section to an 1,-J 12-6
.po’cential, although they caution that their values may be too low.
- Aésuming an L-J 12-6 potential, Stevens and deVries :12 obtained € =1, 23

kI /mole fromtheir-measured thermal diffusion coefficient inversion

temperaﬁlre for CHy+ Ar, The similarities of the CH4 and NH;+Ax
potential parameters in Table II are striking, especially in view of the

. significantly different parameters for the isoelectronic Ne+Azx =7,

¢ = 0.60kJ/mole and r_= 3,434,

The rapid oscillations in the data -of Fig. 2 2lso warrant comment.
Goxdon, Coggiiola, and‘ Kuppermann14 have observed diffraction structure
in the differential cross section for sca’cteriﬁé of H, and D, from a number
of mo'leculé,,s. _ Data of Grosser and co-workers on Ar + NH39' and bZOls
suggest the présence of a rapid oscillatory st'r.uc:ture; howevér, these workers

were unable to find a potential function which could simuitaneously fit the

gross sti'_ucture of the rainbow and the period of these undulations. Thus,

-

we know of no unequivocal observation for a molecule other than Hé or
DZ of rapid oscillations in thev_di‘fferen‘tial cross section qu. elastic
sca’cfefing. Indeed, there are.1:1'1e01‘>¢’cica:116 and experiménfa_ll7 i_ndica.;
tions that sucvh features might be sev’er-ely quenched by anisotropic
inte:‘ra‘ction' te-rms_ Nonetheless,l there are s'gréng ind'ications’thz{t the

undulations in the CH, + Ar data in Fig. 2 are real. The theoretical



calculation shown in Fig, 2 indicates that the int_erference between iarger
impo.ct paramet ers leading to r>ainbow scattering and smeller impact
parameters eamplirig the repulsive wall of V(r) should proauce ocillations

in NL(®) large enoué;h to observe only on the far side of the rainbov.( maximum,
It is noteworthy that the osc Lllatlons in the data appear only in this

angular region. Moreover, the potenqal function derived by futmg the
overall shape o f the rainbow reglon {minimizing X ) reproduce the

pefiod and positions of the undulations in the data well The limits .on

€ T and B i.n Table II also indicate the app;*:oximate range in these
parameters which still provide a good fit to the undulations. These
remarks m 1g’:1 also apolv.toNH,ﬁ A:..(.e:-:ce;a that the iimits quoted in
‘Table II should be reduced by a factor of two ’co ive the ranges eonsa.stent
with ’che oscillatory structure) although tbe ooservations of undulations

here is less cled.rly established owing to the poo"'er cuahty of the data.’
Observation of such interference unc-ula_tw_ons for CH4-_F Ar is consmtent
with the expected weak anisotropic terms for the system: the longest
range enisotfopic term is an r:[ dispersion in’teraction‘l8 end CH4-¢ CH4 '
" thermal conductivities indicate that the fei:)ulsive CHy interaction should
be close‘to spherically syrm'neti'iclg.- Persistence of these undulations ’
in NH3+ Ar would be more surprisihg but not Withou’e orecedence_ |
Rothe and Helbingzo observed glory undulations in the total cross sectioﬁs
‘for Li + NH; as well as L1+ CH4, although the amphtudes of the glory

were measuraoly attenuated for the NH3 system.
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Table I. Experimental nozzle conditions, &

d 4 s y oW 3 P, T, M E
' CH,  0.010 0. 0025 0.07 0.6 0,18  1,3° 760 295 8,0
Ar . 0,010 0,010 0,05 1,4 0,20 1,5° 760 295 20 . 8.43
NH,  0.010 * 0.0025 0,07 1.0 0,08  0.6° 400 295 7.2 |
Ar 0.010 0,010 0.05 1,2 0.20 1.5° 750 295 20 8,31
a

Lengths in cm; source pressures, PO, in Torr; source temperature, To’ in °X; and relative

’

collision energy, E, in kJ/moles. Other symbols refer to: d - nozzle throat diameter of length 4;
s- skimmer orifice diameter (84° and 60° external angles for CH, - NH, and AT respectively); . Ny
y - nozzle to shimmer distance; w - beam width (FWHM) at BIR; § - beam angular width (FWHM),
Mach numb.ers, M, were obtained by f.itting measured nbozzle number density s;[aeed distributions
o ' ‘1/2 . _ , _ o . »
2 , 2 501/2 o : 2 e _ - -
to v exp {-[(l +(y-1M/2) e -y M/ JZ] } W.Lth @y = ZkTo-/m énd e CP/C"V = 5/3 for Ar

The entry of M = 20 for Ar is ohly a lower limit,

and 4/3 for CH, and NH,,

-
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Table II. rmrmmaeg§bfﬂm1wyfPownuaqu1)whmhbeﬂfu¢hedaa
of Fig. 2. -

CH'4 + Ar NH,+ Ar

€ 1,32+0.015 - 1.32+0. 025
r_ 3. 820,025 | 3.92:+0. 04
6 7.05+0, 35 8.45+0,7
C, 5660 Csa20
¥4 | 1,10 1. 08

Xy 1_.40 | 1_:40‘

b, -0.75 075
b, 1. 89 1sg

53 -5. 41 -1.36

by 5,50 1,08
X2 1.5 2.3
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FIGURE CAPTIONS
Fig. 1. Cross sectional view of apparatus viewed from above." Ttems not
" discussed in text are: 9-detector chamber 2 entrance slit;
15-tube for circulating fluid to heat or cool nbzzle;_ 16-gas

inlets; 17 and 19- beam flags.

Fig. 2. Data points show measured LAB angular distributiori plotted -

4 : : ,
as ©® £/3 sin © NL(G) versus LAB scattering angle © for CH4+ Ar

@ ™
+Ar(uH4 or NH3

Error bars smaller than the data symbol are not shown. Solid

and NH3 beam direction taken as @ = 0°). :

"curves show fits to the data for MSV potential parameters listed

in Table 11,
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, 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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