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'ABSTRACT

,It-iéaéﬁown that & RamsauerfTOWﬁsend‘éffect is.pdésible in'very iow :

. energy (-;‘.g'oK) g_éllisions ‘of He’“._.i{elf — i.e., & deep minimum in the sotal
 é1a$ﬁic.s¢attEring-crOSS'Sectién‘oécu¥§ ét this colliSibn energy,u It is* ‘
...éeeﬁ thé£;ﬁ6;$uch minimum ié'possibie for the:othef isotqfiq variahfg,‘

h'He3§He3 and HeSjHeuf

'\_\‘
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I. ‘Introduction .

,Explénéfioﬁ of the Ramsauer-Townsend (RT)Vefféct'inlloﬁ energy SCat-'
vtéfiﬁglbf?elecfrOné from rére:gas atoms‘was one of tﬁe first successful
apﬁlicaf{ohsléf wdveaméchénics to collision pro’blems.l The physicai
obServation is thaf at a particular value of the electron collision
energy (ﬁSually a few-tenths of an"eieCtron-volt)vthe total scattering
cross ééétion is anomaloﬁsly smail, or equivalently, the mean few path of
elebtroﬂs>in‘the'gas is correspondingly'la?ge.v Electroné‘at thié eneréy,v
ﬁherefdreé propagate through the gas as essentially free,‘unscattéred |
parficlés. |

Ih,this’paper_we consider the question of whether such an efféct

Cah'eﬁer ﬁfise_in'théfcase of'elasﬁic scéttering of,heavy particles
(ihe., atoms and'ﬁoleCules). Since an essential reqpiremént for the
effect is that only s-waves (E.= 0 relative orpitél angular momeﬁtuﬁ)
contribﬁte Sigﬁificantiy to the scattering, fhé answer at first glance
seems’ t6 be an obvioﬁsf”né"grfbr_it is well-known that-héawy particle
scattering‘ty@idally Involves manyvpartialnwaves.?'_At sufficiently léw
'eﬁergy;-hqﬁever, even hedvy-pafticle collisions:ihvol?e oniy s-wave
scattéying; these are "very low" energies, tyﬁically a few degrees Kelvin.

The next two sections summarize the requiréments'for a RT effect

and consider the restrictions this imposes on an‘atom-atom system, It is

seen that the only molecular system for which it is reasonably possible
is Heh-Héh, and the minimum in the cross section occurs at a collisioﬁ

energy ~2°K. Bose statistics plays a crucial role in the existence of

u, the_RT.effect; i,é.; it can not occur for He3-He3 3

or'He_.-HeLl collisions.
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'whefe"nofis the s-wave phase shift, and."Sufficiently Llow'

positive in the energy region just above zero
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_ II. Conditions for a Ramsauer-Townsend Effect. f

‘:v.If‘the collision energy is sufficiently low, the total elastic
scattering cross section is
' .2 L2 o
o(E) = kxn(h"/2uE) 31n>qo(E){ (1)
' means that the
phaée shifﬁé‘f6r £ > 0 are negligibly small.

" Considering a typical atom-atom potential with‘an,attractive-weli and -

‘repulsive wall (e.g., a Lennard-Jones 6-12 potential), the*s—wave”phasev

shift'atnlow'enough energy is positive due to the fact that only the

negative region of the potential is experienced in a low energy collision.

At E = 0, in fact, ﬂ0‘= nn, n being the number of s-wave bound states of

the diatom. Even if n = O, though, the s-wave phase shift is still

3. Figure 1 sketches the

‘energy dependence of no(E)'for the case that thefe.is one state of the
' @iatom "just barely" bound, compared'to'the case that the potential is

‘weakened slightly so that the state is "just barely"inot bound. In

either case the phase shift is positive as E — 0, buf becbmes negative

as E increases and the repulsive wall of the potential begins to make é

greatér'conﬁribution to the phase shift than the attractivé region.
Itfis clear, therefdre, that there ié an energyrEo‘at‘which fhej

s-wave phase shift is zero; Equation (1) then gives a zero cross section, -

'vvmeaning:that only higher partial waves contribute. If'Eo is so.small

that these higher partial waves have not begun to contribute signifi-'

~cantly, then the cross section at EO‘is anomalously small, and this is

" the RT effect. -



b UCRL-20542
' ,Fineliy, one should note that'qo need not actually_be.zero at
Ed,‘but an integer multiple of =x; i.e., thé arguments above are unchanged
'if one re-labels Figure 1 so that s becomed n % aﬁd zero becomes (n-l)r. ‘ »*

o

IIT. WKB Analy51s for a Lennard Jones Potentlal.

One mlght questlon the valldlty of using tbﬁ WKB approx1mat10n to
descrlbelphase sh;fts in ﬁh;s low enexrgy reglen, Even at E =. 0, however,
although hOWKB is not anvinteger multiplévof 1r,:it is a reasonably good
| appfOXimation to n_ % this is actﬁaliy a good way to estimate the numberi
of bound states in a given potentlal.h: The WKB phase shift ﬁillknot
show the bendlng over as the dotted line in Figure 1, but it will be
vroughly correct fOr.energles as large as Eo.

Foﬁ*purposes of estimating the requirements»for an atom-atom col-
_lisieﬁ system to demonstrate a RT effect,vconsider a Lennard-Jones 6-12

potential,
V) = bel(o/0)2 - (/0. (2)

The WKB.appreximation gives the s-waﬁe phase shifﬁ as
/ ' . ‘
.no(E) = Df(A), L (3)
o Lo \12,. o - .
where A\ =E/e, D = o(2u€)” /11, and £ is the following universal function

Cora: S ‘ E » o | , . | .

£(n) f [ (o- x>(a+x>]1/2 -1/6 2Xs/s W

i

1/2

= (1 +v(1+>\) 1/2

-1+ (e Y2y2

e
i

©w
[
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-f can be expressed in térms of hypergeometric functions. For small X

one has

fW)~a-w3 ' o (5).
where _ﬁ

P(4/3) T(3/2)/P(11/6) =~ 0.8113
b = 3.2’2/3 r(5/6) r(2/3)/1‘(-1/2) ~ 1.6298.

‘a

Thus f has & zero at Ay ' ' '

A (a/b)3 = 0.138;
SOlving'forﬁthefrdot numerically [without'thevapproximation in Equation
(5)1, one finds X = 0.1%0.
For E = EO(EO = Aoe'a:.lhe), therefore, the s-wave phase shift

vanishes, so that the magnitude of the cross sectibn at E0 is determined

" by the next highest'partia1 wave; normally this is £ = 1, but if the

atoms are_identical'bosons, odd‘values'of-l are not a_llowéd,5 so that
£ = 2 gives the first nén-zero phase shift.
Thé'inAgnituae of the first non-zero phase shift (£ '=,_ 1 or 2) can
be estimated by the "large £" 1limit of the WKB phase shift (the Jeffréys~
Born, or Eikonal approximation). Although £ is 6bviously not "large",
the épproximation‘actﬁally depends on the inequélity -
| 2 2 |

h2 »
V(r) «55?9 .

for all r>#/k; for low enough energy, therefore, this inequality is fulfilled.

for‘any £ > 0. Since only large values of r are'involved, one only heeds

to. consider the long-range attractive part of the pbﬁential, and obtains
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ny(8) =GB, ()
- | 1/2
where one actually makes the replacement ¢ - [£(£ + 1)]7 7, or (& + 1/2), »
and £ = 1 or 2. At Eb, therefore, the magnitude ef the cross section is /

o(s) = (1 4 3, xﬂm)[.m(m s
and with Equation (6) this is
o(5,) =~ xo°(1+8, ) ©=2/80°02 31 + 1/2)72, )

v wlth 2 =1 or 2.

| The RT effect is significant if o(E ) is much smaller than1t02
(the "hard‘sphere" cross section). Since xo and £ are fixed values,
thisAwill'be~true'if_D is‘éufficiently small — i.e., it is the value of
D whieh.déﬁermines the extent of the RT effectf',The fact that‘o(Eo) in
EQuatioq'(7) is proportional fo D to Such‘e_high poWef_meahs that the
cut-offnvelue'of D-— that value below which'the RT effect is prominent -
, and above Wthh 1t is non-ex1stent - 1s qplte sharp " If one supposes
that U(E ) must be below .1t 02 for the RT effect to be significant,
Equatlon (7) glves D, = 1 62 for £ =1 and D, = z.uo for 4 = 2 as these

1 2

cut-off values.‘ For values of D less (greater) than D or D,, there

2,
should:(should_not) beva‘51gn1f1canthT‘effect.

Thelebove discussion has considered the eituation that there are
no (or just barely one) ¢ = 0 bound states in the two-body ‘potential.
The eiguments may be modified to handle the more geheralvsituation; but
_this hardly seems warranted - if the pdtential*is‘tﬁls Stroﬁgly attracti?e;

a collection of the particles will probably be a solid at: temperatures low
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enough for these eonsideretions to be of interest.

IV. Helium-Helium Collisions.
' The D parameter for most atom-atom systems is much larger than the

critical values obtained above. For the interaction of two helium.atoms,;'

, 6 -4 o ' .
- however, one has™ € ~8.94 x 10" eV and o =~ 2.64 A, so that D =~ 2.46 for

Heu—Heh; and D ~ 2.28 for He3-Heh; s-waves cannot contribute to He3-He3'

5

so no RT effect is possible here. Since £ = 1 contributes

for'He3-Heh and_Dlr: 1.62 is the maximum value of D for which the RT

‘effect_is'eStimated to be significant, one concludes that there is -

3

definitely not & RT effect in He--He' scattering.
For Heh-Heu, however, £ = 2 is the first term past £ = 0, and since

it is estlmated that the RT effect should be 51gn1f1cant for values of

- D up to D, = 2.40, thetvalue D =~ 2.46 for Heh-Hey makes this a border-

line case. One expects there to be some evidence of the RT effect, but

just how deep the minimum in the cross section at EO is depends in a
sensitive‘ﬁay on the precise shape of the outer wall of the potential
well.

7,8 of Heu—Heh’total elastic

' Severél»recent Quantum calculations
cross sectlons at very low energles have shown thlu RT mlnlmum With ’
10 K the WKB treatment of Sectlon III predicts the m1n1mum at’ E ~ 1.L4°K, .

whereas these quantum calculatlons flnd it at ~'l 8°K. Figure‘5 of

'ﬂiDondl et a.l7 shows dramatically how sensitive to the shape of the poten-

tlal is the depth of the RT mlnlmum, ranglng from below 20 K to over

100 A for varlouS'potentlals all with the same € andrrﬁ-

In‘coﬁclusion, itvis seen that there 1s the p0331b111ty of a prom-

l
1nent RT minimum in the two-body scatterlng Cross sectlon of He -He - at
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“a colllslon energy ~ 2 K, there is~ no such p0331b111ty for He3

3

’_He -He,+ c0111s1ons.. If such a. w1ndow ex1sts 1n the two4body crossfv'

3

-He or

' {sectlon, 1t 1s 1nterest1ng to- Speculate whether or not 1t in any way _
- eenhances thepecullar'propertles of He)+ 1n this temperature range.‘ ;%”
,;\
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Fig l _ Sketch of the s-wave phase shift as a functlon of collision
~energy for a potentlal with an attractive well and a repu151ve
- 'wall; the s0lid line corresponds to the situation’ in which there ;
-1s one bound state in the potential, and the dashed line. correspondsAt
- toa’ sllghtly weaker potentlal for- whlch the state is "Just barely"

_Qnot bound _ . o ‘ o ‘ T SR
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