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Semiolassipal A~~yais ot Weakly Inelastic Molecular Coll1s1o~ 

by M. S. Child t 
Lawrence Radiation La.borat.oey, Berke.~ey- 4,· .California 

Abstract· 

. 
This paper applies semiclasaioal analysis to v1brat1onally 

and rotationally inelastio.moleoular collisions. The 

deflection angles tor weak transitions are shown to be simply 

related to the classical deflection angles tor elastic . 

scattering conditions. The position ot the crossing-point, 

at which the values of the initial and -final Lagrangian are 

. equal plays an important role in the discussion~ and expressions 

are. derived for these points tor different types or transition. 

Allowance is made for the tact that the etteotive translational 

. potential energy may depend on the vibrational states ot the 

members ot the system..· 

. - ' 

" 

tPresent addressa Department ot Chemistry., Glasgow University .. 
Scotland, 
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Xntroducti.on 

This paper attempts to provide some physical insight 

ilito the mechanism whioh 'gives rise to inelastic behavior 

dur1ns an intermolecular ooll1s.1on. We restrict attention 

"\ 

to collisions between an atom A and a diatomic molecule BCJ 

they will be termed 1ne1ast:i.o if :ac changes its ·rotational or 

vibrational state. ·FUrthermore we shall suppose the collisions 

so weakly inelastic that perturbation theory is applicable. 

With-this restriction, any treatment ot the problem is compli"!' 

cated by two factors. First, all translational waves are 

r'~presented by infinite sums or partial waves and secondly 

. one must be able to calculate :radial integrals involving con­

tinuum wave tunc tiona. l3oth these difficulties can, of course, 

be surmounted with the help of high-speed computers, but in 

this paper they are tackled by analytical methods. 

Following the established correspondence between the 

classical and quantum-mechanical theories ot elastic scattering,l 

we recognize that each partial wave 1n the infinite sum loosely 

represents the behavior or a particle with a certain impact 

parameter. Very tew partial waves ·therefore actually contribute 

to the ·scattering amplitude at· any given angle. we use semi­

classical arguments ·to approXimate the radial integrals 

responsible tor coupling the incident "initial" partial wav.es 

· to different "t1nal 11 waves, 'lbe most important integrals are 

those tor which, at some classically accessible point R, the 

value ot the ~ian (kinetic energJ minus potential energy) 



·, ot the initial wave is equal to that of the final wave. In 

these oases the La.ndau-zener formula can be applied. It tur~ 

out that the deflection angle for' an inelastic,· collision may '·;'' 
' . ' ' '.' 

be found by following the classical tra3eotoey ror elastic ;i 
I 

scattering under the initial condition as tar as the crosainS 

point and then changing to the classical path appropriate to. 

the final conditions4 

The general theory is developed in section 2 and section 

3 is devoted to oalc,~ing the cross1~g points tor different 

types of' inelastic collision. In calculating the crossing 

points tor vibrationally inelastic collisions we recognize that, 
/ 

at least for potentially reactive systems, the effective trans-

lational potential energy may depend on the vibrational state 

ot BO and we show how th!s may be allowed for on the basis or 

a simple model. Finally we note that when applied to the results 

. ot a recent molecular beam experiment on the system K +- Jm.r-,]_·.­

with some reservations this theory supports a remark made by 

the authors to the etteot that the apparently markedly inelastic 

behavior .. at high scattering angles ie unlikely to be due to 

rotational inelasticity. 

2. General Theorz 

The Ham;ltonian \tor the system illustrated 1n Big. l takes 

the torm 
tS.2 2 212 2 H • - 2i! vp ... s vr + V(r, p,x) .. (l) 

and the potential energy v(;, p,x) can be conveniently expanded 

in Legendre polyn.omials 

~·· 
I 

·~·-··-· ' .....,., ., .-._....,--:c-~::-::----~---:-;--.--·-;--·..-·r-r-~---·~~-------~-··-.-~. --~.,...-----· ---... ,....... 
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In this formulation the overall'motion or the oentre'ot mass \ 

has bee~ neglected. T.he redUced masses: m and ~ are defined 

by the express~ions 
... 

(3) 

. Following a procedure adopted by Bates and others3 in discussing 

electronic transitions~ at given r we £1rst find internal 

(vibrational-rotational) states ·11> which satiety 
---~.-~-

(4) 

and then· take the total wave tunotion in the torm 

(s) 

t 1 (~) therefore represents the relative motion ot A and ~ 

when .BC is in the interna~ state Ji). The Sohrociinger e~~tion 

(H - E)! ·:.= O, 

then leads to the following set ot coupled equations tor the 

ti (!:)• 

where 
.. 

and 

. ·~ . .. 

(6) 

(7) 



.. ---~ ·- .-

'(8) 
• ! 

from the variation with r, of the internal ene:r-gy or BC. Th~a 

variation may well be considerable in potentially reactive 

systems. , 

In this work it is assumed that the ooupling-~erma Xij 

are.so small that solutions to equation (7) o.an be found by 

the distorted wave perturbati~n me~od, 1 · (One should realize 

that this condition does not automat~ly follow from the 
. -.... 

experimental observation that the inelastic scattering cross-
-~ 

section for a given .system is small- ·.Each _partial'-,wa._ye must 

be considered separately and this cross-section would be 

small if' a very f'ew initial partial wayes were strongly coupled 

to some .final ones.. The strongly coupled waves oould not then 

be treated by perturbation theory.) It is supposed that the 

system can be represented almost entirely by an elastically 
. . 4 

scattered wave~ with unit inoid~nt· intenai~y 
'•.• 

oo J 1'11~ u~ (r) 
.t (2J +l)i 0e · 0 0 - P0 (cosO), 

£
0
=o 0 · · ~cf J,o . 

(9) 

together with an appropriate initial ~nternal state I o). · ~e 

tunot1on~ u ~0(r) satisfy . 

[ 
d2 2 ·. <.to+l) ]· o =::'2' + k0· • u0(r) - £0 · 2 . . u, (r) = o, 
~ · r - 0 

(10) 

with the following boundary condition at infinity, 

. . 
~·- :::---:-~--~-:--~-.,.----:,--,..~l----
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u~ (r) • sin(kor-Jw/2+~~ )J · »o · o 

.u~0{r.~ c~e~ly contains both 1ncom1ns and outgoing waves. ~~ 
rema1n1ns t 1 (!:) are chosen to 8at1af7 . · 

vi (x:) . : ... 
00 J, \.\ . . . 1m• 

t (r) as l: . 1 '· ~ (cos9)e . 
1 ... /, •0 . r. /,1 . . 1 . ' . 

(12) 

, .. and following the st~ard proc&d~e1 leads to 

where 

I 01(J00JJ:tm) =./ u~ (r)P~ (oos9)x01 (r)u~ (r)t,: (cos8)e1m~ ~· 
o · 0· 1 1 r 

(14) 

and u~ (r) and 11~ are defin~d by an equation like (~0).· In 
1 1 

evaluating the radial parts or 'the ·integrals I 01 (J00JJ1m)~ wa 

follow a semiclassical argument given by Ia~au5 and not9 that 

the rapid fluctuations 1n u~ (r) and u~ (r) lead to almost 
.· . . . 0 0 . 

complete cancellation unless at some point R 

2 · ·. -'1 (.t1+l) ·. 2 "o<Jo+l)' · 
ki ... tT1 (R} .. R2 - • ko .. Uo(R) • R2 J (15) 

. we shall therefore ·concentrate on those oases tor which such a 

.. 
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crossing point exists. It is convenient to distinguish betw~en 
~t: 

the oases 1n which the crossing point is and is not classically 
Iii 
··! 

•,,! 

accessible. In both cases the important range or integration 
,, 

"lies immediately around the crossing point (see tor instance' 

;sl or Landau and L1tsh1tz6). 

In the first oase, using the semiolassioal expressions 

tor r • a1, and following Landau directly we find that 

I 01.(A0JJ'm') • .r~,·l (R) oos(t~ -~~· + ~) 
. . . 0 i 0 1 

(17) 

where~. it 

and 

.. ' 

In general, the case when R ooours 1n the ·classically inaccess­

ible region is rather lesa eas1 to deal With, but Landau and 

Lifshitz show that 1n this· case 



l. 

·1-

. ; 

. (18) 

implying that the integral will be smaller the further R lies 

inside the classically inaccessible region. Equations (17) and 

(18) ~e derived on the assumption that the croasing point·lies 

su1'1'1c1ently tar from .the classic·al t~ng points that the· 

motion is semiclassical in its neighborhood. 

We now return to Eqs& (12) and (13). First we recognize 

that a g1 ven final partial wave wil~ generally be made up or 

contributions trom a rather small. number ot initial partial 

·. wavesJ in other words, ro~ given li' the actual sum 1R (13) will 

be quite short. In order to o,alou~ate its length oq.e would )1 

expand Xoi <!:) in the to~ ' I • ,: • 

. L .e .em . 1m• 
x01 (£) • :& :& . x01 (r )~(cos9 )e , (19) 

J=~ ~-~£ . . 

where Lis the last term f'o~ which X~~(r) is appreciable. The 

.. sum 1n (13) would ~hen have 2L+l terms. We thereto~e write 

i(k1r+.mt) L · 
t 1 (r) • - e r · . l: s~(e) (20) 

... · 8J•-L . 
'·. 

(21) 

' : ·'"' ·, ~;'' ·~ .'7":.; ·' 
··''·· . ' 
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by the stationary phase approximation~ For ltieJ •> o, 

l.ti(w·B)f •• 0 ·and Ji >> m, (m cannot exceed L)7 

Hence, tor the case when R is classically accessible 

· .. 1..... /iCt-+ . it .... ]dJ 
e + e + e · · 1 . 

where 

At given 9 we now look tor those values or .t1 tor which 

· (o•~oJi • o), since at all other values ~he rapid tluctu-

(24) 

-- 1. . 
ations in e ** will cause almost oompl~te cancellation. For 

an attractive pot.ential only •++ and .. •-+ have such turning .. 

points,· J+ and J_ sat, .at ~hi~h 

. 0 [ 0 0 ·1 1 J .... - (11_, +~_, ) + (Tl,e -~., ) . • 9+ o.t
1 

o o .. 1 1 .e .~, 
1 + 

.. ·· .. ~·· 
0 [ 0 . 0 . i 1' or <11., ~«., > + <11.e +t" > . • 9 • 

1 0 0 . i .1 Ji J_ -
(25) 

Similar formulae hold tor a repulsive potenti~tor which only 

++ ... and • ... - have 'turning points. In 't!oth cases S~(e") 1-s the 
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.. 

sum( ·or ·contributions .. from two branches. The ·physical reason 

·for the twb branches is quite simple. There is a well-known 

conneotion:between the·w.JC.B. semiclassical expression tor the 

phase shirt' •. · 

. . .. ~ . ,. ~ . 

..... ---:--

and the classical deflection angle tor elastic scattering; namely 

i . . . 
~~ . . . ~ . 

~ = ei(~,ai) ~ ei(ai,~J, 
i ~ 

(27) 

e1 ( -x1 ,x2) and ei (x1 ,;x2) 1n equation ( 27) are ~e angles between 

the radii at points r a x1 and x 2 on the t~aJectories-o--tor 
. . . ·----;-

incoming and outgoing motion under .ti, k1 and u1, respectivel-y. 

This n9tat1on was adopted to make clear the implications ot 

the following tor.mulae to~ 9+ and e_, which· are derived-from 

.EQs. ( 25) by 'similar methods J · · ·. · · · 

e+ • e0(-.,a0 ) + e0(a0-R) + ei(R,•) 

. ' 

e_ • ~0(~,-a) + e1(-R,a1 ) + e1(a1,•). 

When the crossing point lies in the classically accessible 

region the particle ~st pass thrOugh 1t twice. The two 

branches arise because the particle may make the transition . 
. . . 

(28) 

from I o) to 1'-> on either occasion. EQUation (28) shows that 

~a tar as its path is concerned, the p~iole 61mply follows 

the classical trajeotox7 appropriate t'o the Wtial state 

(k0,_.0,u0) until it makes ·the tranSition .. atter which it t'6llows 



' 
;·­., 
[ . . 

i!' .. • 

the appropriate ·nrinal" trajectory. '!'he case when R is 

classically inaccessible is treated in a similar fashion. Si~oe 

the formula (18) tor I 01 (.t0~ ()i.t1m) contains no fluctuating { 

factors like the term oos(~~0-t~1 }f,t_, 1~ (17), the scattered,' 

wave has only one branch •. tn the n~~a~on ot.Eqs. (27) and· 
. / 

(28) the deflectio~ angle is given by ' ~~ 

These two possibilities are illustrated in figure 2. In 

the lower diagram the zig-zag line /\11M 1e· meant to denote 

quantum-mechanical tunnelling from a0 toR and then back to a1 • 

It.is in~eresting to find that the scattering angles for given 5J 

are independent or m. The strength ot a gtven transition how· 

ever is. determined by the angular integrals J~J (R) which do 
- 0 i . 

depend on m. · 
1m ' 

For given 6, S6,e(9) in Eq •.. (23) may be «Yaluated by 
~. .' ~ 

_ standar<f\me'thods. . ... Consider a + ·branch for ·instance. · Near 

Ji • I+' •++ may be expanded in ~~e torm 

• •• <o~ + ~ •(2) (l _1 )2 
++ '.++ ' " ++ 1 + . 

(29) 

and if. the ~ntegra_l ov_er ·the r~s:t ot. the.- range ot .e1 is essen-

_ t1ally zero. , • : .. "; 
t. ~ '. ' ' " ,; • .. •• •• t 

•J _______ -- -~. --

.. . ·. ,, 

- .. ·. ,, ··. 
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, ... -... ·.• 

J . an..l· · it · 
I (J ~) · c:Jim (R)e ++dr o · 1 ·~~ "o'.ei . . 

. . . m4 . 1.(0) co !,.(2)(.e-.e· )2 

.. : (a 1) 31m (R) ++ J·ec=:++ + d• 

... h++f .e++al.t.t+ e . . 0 ~~ 

1 i.(o) . 
1 DHt 1m "'++ 

a (A++f) J .t++GJ 
1 

.t+ (R)e A/ 11'/t(aE'J~l) Ja.t+) i (30) · 

since according' to gqa. (24) ~d (25), 

. .<2> ·(a2•++ \ =· (oe~\ · . 
. . ++ .. 'O.t.?.) Jr:a.t+ dlj .e-.e ..... 

l . 

(31) 

s~(e) may therefore be ~1tten in· the· rorm : ; 1. ~ • 

. ·; 

(32) 

represent the scattering amplitudes·into the! branches of' the 
,,t 

f'inal a.e wave. .. 

Finally, it is important to a.ppreciate· the approximation 

on which these formulae are based. We have assumed. 

(1) that the'coupling terms Xij(~) 1~ ~~· (8) are 

sutf1c1ently'small to act as small .perturbations; 
~ . . . 

(ii) tha~ R lies sufficiently rar'i~id~ the classically 

.accessible region that the particle behaves eemiolassioally 

. there. For some values ot &.t ot course the crossing point may 

., 
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. be olassioally i~aocessible, in whioh case the particle must~;~ ' 

tunnel past the c~ssical turning point to reao~ it. The 

corresponding scattering amplitude will therefore be rather 

small; 

(111.) that Eq. (22) is valid tor the values of £*' 9 

' and m under consideration. This analysis will therefore 

breakdown tor scatte~ing at ver1 small angles and probably 

also at ~ery large angles becauee Jt are then very smallJ and 

(iv) that (ae..Jo.t) in Eq. (:so) does not vanish. (i.e., 

8+ is. not a rainbow angle tor· the+ branch.) 

The semiclassical analysis ot rainbow angle elastic 

scatterin61 rece~tly published by.Ford and Wheeler8 can h~wever be 
. . 

· applied to eaQh branch separately around the points where 

ae;jaJ • o. 

3. Calculation or Crossing Point~ 

' . 
In view or the importance of the position of the cross~ng 

point·R, det'ined by Eq. (15), it is interesting to investigate 
·' 

its pehavior for different types or inelastic collision. we 
. ' 

begin by considering purely rotational excitations.· 

In this case u1(r) =a u0(r) and at the crossing point 

where 

·~ .. 

i 

' t. 

' 

• '(34) 

(35) 

~-. ~-----·~-. - .. "7-.~. ~-1~.-I~:":~""~"o.-··:-~~;~.:fT.T,.;r."""\:•;;--·-'V''., ... :_;-.r:;r-~ .. ~>"r,.;. r •• • ,··-:-~~.;-,,' ·f-~G~f";-~~..;'~'~~- 7,';Co;'; ~--r--::--·~·-:;'";"':"·-,-. ---~-~-:--:--.-:;-·-;---·--:.-·7"'r••··::~ .. --~·~-- .... ~-



.; 
l . 

. ,· 

~ 

" . 

· · ~P; is th:e ettective moment ot inertia ot BC in the given 

vibrational state. Hence 

.. 2 . (.t1•.tOW1+.1o+1) (~P;,) 
R ~ .. (Ji'"'Jo)(Ji+Jo+l) m • 

i 

t, 
' ·~ 

(~6) 

f 

.tt therefore exists only when .ei •-'o and. Ji <.Jo (or vise versa), 

which Amplies a weak selection ~le on the allowed angular 

momentum changes~ transitions t·or Which J increases and .i • 

decreases (or vice versa):are strongly preferred. The remains 

the question whether R is clasaioally accessible or not. 

Consider tirst the artitic~l case. with u0(r) • u1 (r) • o. 

'l'he claseioa.l turning point b0 tQ then .siven b7 · 

b2 .. ~o<Ao+l) 
0 . 2 ko 

and according to Eqs. · ( 34) and ( 37) R2 ~ b~·. only when . 

•' .. (37) 

"o<Ao+l)ki ... .ei(.ti+l)k~ 
2 . """"2 . - . ,.. o. ( 38) 

(ko - ki) 

Equation (38) therefore puts a rough upper ltmit on the ratio 

[ J1 (J1+1)]/[.e0(.t0+1)] tor strong transitions, namely 

Ji(Ji+l) k: 
l 0(:t0+l) • k2" ." 

. 0 

I 
' (3.9) 

In general, or course; ·u(r), ~ o, and one cannot give a stmple 

general expression tor the/classical turning'point a0 • But a~ 
will still 1nc.reas~ roughly· quadratically- with J0 whereas, 

· · aocord~ng to (36), R2 depends onlt linearly on .e0 (tor a given 

type ot transition Ji•Jo is constant). T.bere will therefore 
. . . 

.. . .... '~ . 

·. ;, 



·, 

' ·h. 
I • r·, 

again be :an upper limit on Ao (and hence on the initial cla,slcal 
\ . . ': 

impact parameter). above which 8J • J0 ... Ji. transitions are T 
ver-:~ improbable. The critical value ma,- even be J0 • o, in 

which case one would expect'ver7 little rotational exoitatio,n 

at all. 

It is worthwhile noticing that aooording to Eq. (36) R · 
' . . 

will be large,.and therefore more Ukely to be classically 
,· 

accessible when ~ is large. and m '·is amall. In other words 

collisions between a light atom A and a molecule BC with high 

moment or inertia ax'e most likely to lead to rotational 

inelasticity. 

In this context it is ·interesting to examine the results 

·. ot a· recent molecular beam experiment on the collision between 
. . . 

· K and Her. 2 The authors asaUl'lle. an exp-6 torm tor the spherical 

part.V(r) ot the translational potential 

·. ~ . {6 f.( ' r )11 (rm_,GJ· 
V(r) • i-(67a). aexpla ~-r;~- rJ • (40) 

With the values E.~ 0.55lical/mole,· Q.a 12, ~m • 4r.5 Jt chosen 

to fit the low angle scattering, the' crossing. point for 
• 

rotational transitions always lies in the classically inaooess­

ible region. . The apparently inelastic behavior reported tor 

high angle scatter~ng could not therefore be attributed to 

rotational transitions ... This conclusion supports the vie!' ot 

the authors.· .It is not.clear, however, that this torm tor 

v(r) is the only one which· would give rise to the reported low 

angle ~c~tter1ns and th1a. poin' cannot be definitely settled 

,•'' 

. ' . .·.·, : . 
.. . -:·---;·--- :---:·-.. :o::::;·.r·c· -· ..-~-...,... .. :......-;::---· :-·.-::.:--:;--r---.....:·-=--.::..:...-.-r.--;-~..:·.- ; .-, .. .;:_ ~ ~--·.' ",•' ·- ~- .---·~-~-.-.; ~~~-,---... ";'"-.-. -:::--:--,-.-.• -. ...,.....,....-.--....----
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·· without more· detailed information :about the state or the 
I 

·. system after the collision. 

we now turn to the more general possibility that both 

·, 
' ~ . ·' 
l .Jzy 
~ !¥'·. •: 
"t"t;}.l 
·F· 

Vibrational 'and ~otational state may change during the oollision, . 
. . . J . ~ 

The main oomplic~tion is that the vibra~ional. energy ot BC may · 

change with r 1n di.t'terent. ways tor dit:rerent vibrational 
I 

states.·· . . 

,~r a simple model ·ot the potential v0·(r, p) in Eqa. (2), 
i 

consider the torm . I . . 
. . . J -2i:S(p·~ ) -13(P-Pm)J 

v0(r, p) • V(r) + D(r f . m .;2p(r )e . . 1 . (41) 

I . . . 

A.t given r, the vibrational potential v0(l•,p)-v(r) then has a 

m1nimum energy -p2(r )D(r) at 

(42) 

It p(co) • 1, V(oo) • 0 andD(oo) is the dissociation energy or 

BC;V0(•,p) is a Morse tunotion. At eveey r, the lfibrational 

eigentunctio~ V n (~ ... p) and character1st1o energies ~n (r) must 
. . I 

satiety. 

{ 
2 d2 :. [ -2~(p•p. ) · ·t3(P'"'A )] 1· 

~ k ~ +.D e m •2pe · . m -~n Vn(p) • 0. 
dp . . . . (43) 

· . For b~evity we shall temporarily omit the reminders that D, p 

. and '>n .depe~ parametx-ically on r •... The substitutions . .. 

where 
•.. 



. " ~ . . 
' 

' ' ~ 

. ' '~-

i _, 
\:; 

.. · 2 8~L"'n a a .. ....,....,. • 
n f:l ,-

. '· . ' 

f'· r · throw ( 43) into the form . . , 
1 

~::2 +f~n -1) ;n"~(~~- ~n)rn • o. ,, ·,<~)"'' 
. •' ,· 

. The bound' solutions :()t . ( 44,) ar-e oontluent h)'J)e%'geometr1o . 
•,' ' 

functions 
' . . . . 

I , } ' f . ·,. . .. ·. , . n .· . 
F(-n,l+aJ~) • conat x eza·U s._ (e·z,/J+n), 
. . . ·cizn 

where 
~· 1-+<t 

. ~ .• ""iir· p • . 2 n ' ' '-' t 

'•'' •. 

. . 

(45) 

(46) 

· ; ··must be an integer .. · Ti.L1~ ~11ee that ?u 18 restx-io.ted to the 

values 

~n • •[p - (n4)q}2n, .. 
' : ( .f. 

(47) 

w1(r) ·~·v(~) ·:f:· "1(r) • V(r)'• J_.p(r}o.(14)g(r)l 2D(r) • 
-' ,. (48) 

. r 

;, 

. · If:' now follows trom Eq~ •. (7) and (15), that ... the crossing point 
. ' . ' . . . : ' _; _., .. 

· · · ·· to:r a vibrational-rotational transition trom 11) to f j) is · · · · ' 
. . 

·;·.given by ·. . .. 
r ·, / •• 

. ' ' ; ~ • .. 1 ' . 

' ' ' . ' •' . 

··- .. -... ~ .. 

· .. '·.· 2 2 ,,J1(.t1+l)~.tj(Jj+l) ' ' '( ' 
. ki-kJ • . . 2 -· (i•J) t2(p(R)q(R)D(R)~p(cio )q(co )D(oo)] 

·R 
·,. !' l l ' i ' ••• : .~ 'I, l 

•.• · : ' s ' 

.. '·· I ,' 
·, .,- '.; .. · . .. 

. . . . . . 
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·· .... When ·more 1s known about the way in whioh the Vibrational. lF 
,. ' , . . . ~-

potentiaf, tunot1ons v0(~.p) .. V(r) V&7J?! with r tor 4itterent:.' 
' ' 

actual . physical aysteiJlS Eq~ . ( 49) tda7 be . uatttul in deciding 

whether v1brat1onal .. x-otat1onal·· trans.tt1ona .are veey. 11kel,- or 
' ' f 

.·.~ .. 
.. not. '·' 

. ' ' , 
'. . . . j 
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Figure 2 

: (attached ) ' ·. 
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Sketches to illustrate the traJeotort ot a particle 

sutte~ing an i~elaetio.dollieion when.the •oroeeing-point" 

Ria olasaioal~y (a)-aooessible and .. (b) 1naooess1ble. The 
.' .· . . . . . 

-18-zas line NV\ in (b) . d~n~tea quantum mechanical tunnelling 

via R from: One 11S:laati~" · traJeotorj' :to the~ ·other, . X 18 the 
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