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ABSTRACT
Quenching of metastable hydrogen atoms by low energy collisions
with atoms,and‘molecules is conéidered, the actual process being
H(2s) + X > H(2p) + X. - The Born approximation, with long -range
multipole—ﬁultipole interactions, is used to describe collisions
of H(2s) with molecules, and simple formulas for the cross section
result. Collisions with spherically sjmmetric species (i.e., rare
gas atoms) are treated in the adiabatic approximation, and the process
" is seen to be formally identical to symmetric charge transfer.
"é ’ - Numerical results for collisional quenching by helium, based on

accurately_computed potential curves, are presented.



I. INTRODUCTION.

‘ﬁnpértgrbéd hy&rpgen.atoms iﬁlthé-Zs:staée have a
natu:alliifetime of‘ﬁé.seCOﬁd, the décay being by'twonhofon
sPontaﬁeous“emissionl:. The ZP étateé; hdwever;'whiéh are
néafly degénerate with the 2s state (within 1 Cm‘l), are
connected to the ls gfound state by ordinary dipole seleétion
rules and ﬁave a radiatiVe lifetime of @10%9‘seconds. Unlike
othefkafomic and méleéular metastable species, therefore, 2s
hydrogen étoms are “fragileﬁ;_for‘extérnél perturbations
induce 2s - ép trahsiﬁions guiﬁe efficiently; this is not so
readily possiblé with otﬁer métaétablg spécieé bécause of é
much iargér eﬁefgy.separation ffom other (short-lived) states.

This ﬁaper investigétes the destruction, or quenching, of
2s hydrbgeﬁ étoms By low‘energy coilisiohs with neutral atoms
and molecules; collisional quenching by’charged particles has
been'treéted_by Purﬁellz.and Seatbn3. Qpenching by neutrals
has also béEn consideredvrecénfly by Gersfena_and Byron and
Gefstéﬁs:- More.s§ecifica11y;'the process |

| U H(2s) + X > H(2p) + X - | NS
is treéted, énd quenching actﬁally.ﬁakes-p1§Ce by subseqﬁeht
SPOntaneQus emission of the 2p States6.f Although there is
tﬁe possibiiity of quenching by direct transitions
H(28) + X > H(s) + X + 10.2 eV (2a)
> H(ls) + X* + AE , o ~ (2b)
or 5y‘bther.indirect paths -
+~ H(3p) + X + AE , o (2¢)
the cross sections for such non-resonant procésses7~at thermal

energy is- -expected to be sméll, no more than %lAZ; aé shall
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bé Seéﬁ; thévcfoss Seétion fbr_Eq.(l) is QSgaily much larger
than this.

Section IT considers collision partners with permanent
mﬁitipble moments (ilé;, molecules). Because of thé long~
range nafgre-of the interaction, a Born-ap§rokimation treat-
ment is.possible and simpie anaiytic formulas for the quenching

cross sections result. Section III treats the case of a

~collision partner with no permanent multipole moments (i.e.,

a rare gas atom), and Section IV presents results for the
He + H(2s) collision basedvon accurately computed potential

curves.



II. COLLISION PARTNERS WITH PERMANENT MULTIPOLE MOMENTS.

'Coneider the collision proceSS in Eq.(1) where X 1is a

molecuie whoee first non¥zero multipoie moment is of order'L »
(L=1 is;a_dipole,'L=2 is a quadrupole; etc;I: For the
collision only'channel& in which hydrogen is in 2s andIth
states'ere considered, and X is in ite ground electronic
state (But‘in all possible rotatiOnal states); . As interaction
v potential we take the standard long-renge expression8 (a sum
of multipole multipole interactlons) and apply the Born
approximation. In this approximatlon the S-matrix is related
simply to_matrix‘elements of_the interaction‘potential

.'kﬁM, |

zzmzlsls,J My,%m)> (3

EEPLYY 1My

: 2m —
2152 PM, 3, 22m2|vls,jlml,zlml

where Z ,m (2 ,mz)'are the'init131:(final).orbitai'angular
momentum of reletiVe transiation and itsAprojection on a space-
fixed axis, jl,M (jz,M ) are the 1nitia1 (flnal) rotational
angular momentumof X and its projectlon, .8 is the Zs state of
hydrogen, and pM (M 0,-1) are the three components of the 2p
state; m is the reduced'mass_of,H and X.

Eq. (3) takes on a relatively simple form because the
product of the 2s and 2p hydrogenic states hdS dipole symmetry--— 'S
'thus the integral over the: electronic degrees of freedom of
hydrogen selects only the d1pole term‘on the hydrogen center.
The (diagonal) matrix element over thebelectronic degrees of
freedom of X selects,’ofbcourse, the‘Lth’moment on that center.

Thus the matrix element of the potentiai»in Eq.(3) looks just



like'the classical interaction between a permanent dipole on
the hydrogen centef with the L-pole on the X center; this gives

i e . . (2m) - 2
<»pM,j2M2,22m2|S]s-,JlMl,Slel> = -—21(;1—%1-) pH.qu(A'rrv)z

. |
_L+1 z -L-2 _ , o
3(2+3) o g yL,L+13 |
[3(23+3)J <k,lR |2,> Z : C(1,L,L+13m) "m)")

4 . 1 1 ]
) }lel> <zlml|L+1,m +m, |22m2>, (4)

, <' m] 1m“0-0> »-<'4_.j'2M2 |Lm 1

where the radial integral is

<2, |R7%|2.> = k | arR®j, (kRIR™S3, (kR), (5)
2 1 s L v :
P _ , a 2 1 :
9y, is thé L-pole moment9 of X, and'pH is the transition dipole
of 2s %v2p'

vj&r¥ <?SIU;|2PZ> = 3 ea ; ‘ ' (6)
the métfix elements in the summation of Eq.(4) are integrals
.ovéf thfée]sphefical harmbnics and are thus given in terms of
Ciébsch —Gordan coefficientslo. [Note that the initial and
final translatibnél energy have been taken as equal, the
qhaﬁge.in rotational energy of X being neglected.]

Frém'the above S—matrix the net probability for the 2s +'2p
tfansition'ié constructeaiby summing the square modulus of §
over M,’jz;;Mz,'lz, apd m,,

' out this.procedure is tedious but straight-forward; the

and averaging over M Carrying

17
R . ' ' 11
calculation is parallel to that of Cross and Gordon for the

dipole%dipble interaction, and the result one obtains 1is
ihdependent'of m

1 and jl:



' _ mllq : _ . -
HAL 16 Z : - 2
P(b) = | —5— 3 (L+1) C(Ql,L+l,22;QO)

: h 3 .
‘ 2

-L~2l£ >2 ’ . ‘ .(7)

<L, IR 1

where b ='(£l+%)/k is the incident inpact parameter. Under

the usual semicléssical conditions (21;2 > > 1, ]21—12] < < 2)

| 2 1
one has,'jfr ’ ' _ ' s-2
e s+L -2 3 |
<R = =1\ -1/ -8
E 27 kb _ .

[A=25+07\ [A+22-27

- A=+ A+L -2
2 _ =2 2 1 2 1
c(z Azz, 0)% = 4 2 T2 , ' (9)
so that Eqﬂ(7) becomes
.  ,3 - u.d ) _
AU H'L -2L-2 . o :
P(b) = AL B b s ‘ (10)
where-v is ;hé incident velocity, and fhe constant AL is
Co 2 v o
» J L+1l-n L+1+n \_ :
A §L+1 | L+l-n:){ L+1+n o (11)
L 1 ' 2L+l '

2 [\ 2 >

and the_sum‘is over values_n = L+1, L-1, L-3, ..., -L-1} e.g.,

8 - ' . I
A 5 . | | . ‘(le)

(12¢)

>
neoo
br»"
Y

[)}
£

Ay=es e - a2

L
o
w

.Froﬁfthe transition brébability in_Eq.ClO) one constructs

the cross section in the usual way

o(v) = 2m f db b P(b) ; o ‘ - (13)
0. . ‘ | | ,
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sihde'P(b) éxcéedsbl for smaii b, one cutquff thé integra-
tion'inlﬁhis fegion;iﬁ the spirit'bf the Massey—Mohr approxima-
tion12.  IBecausé of the use of'the long~range ﬁotential and
the Born approximatioh, Eq;ClO) ié actﬁally only_valid for

large b.] The transition probability in Eq.(10) is the sum

of thé'transition probability from the 2s state of hydrogen

‘to all three 2p states} since only four states of hydrogen

are considefed and since the 2s + 2s transition is zero via
the dipole~L-pole interaction, it is clear that  the value of
b at which  the integration should be cut off is that value for

ﬁhich P = 1; for all b < B, one takes P(b) = 1. Thus
v w A
a(v) = mB% + 2,7'r/_db b P(b) , '_ (14)
- . B .

where B is determined by

PR =1, o | (15)

and with Eq.(10) this becomes

a(v) = mB2(1+1/L)
or _ 2/L+1 ,
o(v) = ¢ (HH k ) ' | (16)
AR A T2 A
where ‘
o , 1/L+1
. =,ﬁ(1+;/L) AL , (17)
vwifh AL as 'in Eq.(1l1); e.g.,
c. = 2T /3 = s5.924 : | (18a)
1 3 S
3 | | |
. 3m [32 - |
c, __2-.(45> . 4.206 (18b)
e o 4T (64 N\ _ _
€y =3 (353) 3.701 . (18¢)



' Eqs.<J6)+(18)'ere'the‘finallresult. A similar expression
has'neenlderived by Gersten4 using a time-dependent approach,
But cnnstents'different from CL above Qere obtained; in
.particular;ithe coefficients for Lbévl and'Z'are'factors_of_
B%Land'3%fgreeteritﬁan_thcse'in qu(lS). This is somewhat Y
surprising;lsince’Cross and Gordanllvfound thatlthe Born
approkination and theitime-dependent;’straight~line trajectory
approaen:geve'identicalfreSults,. One can readily verify that
the L ==1:2vcoeffieients'from EQs;(l7),.(18) are the omnes
obtained for ordinary dlpole d1polel3’and.dipdle-mquadr_upole14
scattering. | o :

_Teﬁlefl shows‘the cross sections from Eq.(lG).for quenching
Sy several mnlecules, eonpared-to the.resultskof Fite.gt _l.ls;
the agreement is quite good A subsequent Er ratuml6, however,
indicated that the experimental values should be increased by
50%. Still later work17 has shown that the assumptions on
Which thezErratum was baSen are ineorrectg.renised values for -
the quenching cross_seetions, however,'Were‘notigiven.

Finally, it is interesting to note that'quenching by

charged particlesz_’3

(L?0) can also be treated in the Born
approximation, but thet here the nqn-degeneracy of the‘2s
and 2p'stetes mUSt.be considerede-otherwise tne second term
in Eq.(lé) isvinfinite.' The radialvmatrix element in Eq.(8)v

is modified to permit k' # k Cross18 has,worked out the_ ‘ &[

23

necessary expressions, and if Ak/k << '1l, one has

<:‘.22v|

o R s~1 «z/2 s~ +2
RoS(p> T 1 ( 2

. . " S, Z): (19)
1 2% 1S l'f (s+22 -2 ) 2
‘ Lo 2
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where U is fﬁe confluent hypergeometric funétionlg, and

z = ._2b.Ak, = 2b.(AE/hvV) ; : | (20)
as. z -+ d; &ne recoverstq;(S). For large'b5 cheréfore,
oné'finds that

P(b) v e “PRK/p;
application of Eqs.(l4) and (15), with the more rigorous
P(b), giveé’essehtially the same results as Purce112 and

Seaton3.
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III. .QUENCHING BY SPHERICALLY SYMMETRIC COLLISION PARTNERS.

Tf ﬁhe;coiliéidn.partner in Eq.(1) has no pérmanent
multipdiéiﬁoments; then the matrix element of the long-range
pofentiél vanishes; i;e.; the'intéraction is of shofter range
aha”thd§~mofé difficult to.déal with'in q‘simple manner. At
po coi1is£§n energies;_however, one méy take»advantage of
tﬂéHZé;Zp dégenéracy'and.the ﬁorn-Oppenhgimériapproximaﬁibn'
toksimplify thé treatﬁeﬁﬁt o

| .Fo} fixed ﬁositioné of Ehe.huclei'théré aré two 2:
Born;dﬁééﬁheimer (BO) electrdnic states‘and‘one I state
»ariéing ffom the grduna_state of X (a closed shéll) and the
n=2 sfétes of hydrdgen. HIhe initial electfonic éonfiguratibn,
Xv+ H(Zé),.is obviously'iiE: state, and for.low collision
eﬁergies.ifiis in the spirit of the'BO approximation to assume
thaﬁ the 2:-charéctér'ofbtﬁé eiectfonic state.is preserVea

throughsut the collision. The validity of neglecting such
' ey 20

bz:mﬂ transitions has been diééussed by a‘number of workers™ , .

who genefally conclude that it is quite well justified. Lawley
and Ross21 héve»applied éhe Samé approximation to molecular
rotational.angulaf‘momentﬁm-(neglect of coupling in their
M—representation) and fﬁund it to be reasonabiy satisfactory
even héré; one ekpeéts it to be a much Better approximation
,for'the'case of electronic‘angular momentum--i,e., the com-
ponent 6f aﬁgﬁlar mqmentum of the electrdn along ﬁﬁebrelative
poéitidn Vé;tor should "fblloﬁ" the incoming atom more closely

than_thé:fotational,angular momentum of a molecule.
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tWiEﬁiﬁ this approximation, therefore, it is only
néééséary to consider the Un;z:potential cufves'grising
froﬁ X'a§6»thé n¥2_statés:§f Hydrogeﬁ.' Tﬂe collision involving
tHeSe';&o s£éfechan bé‘simplifiéd.éven'further by the

followihgférguménts: for very large internuclear distances

‘these BQO states correspond to hydrogen being pure 2s and

pureHZp, "At'an intérnucleaf distance Rt (v 19aO for X = He),
howévéf}{ghe Bo.stétes cﬁangé quite rapidly (within lao) to
Statés'fqr.whicﬁ_hydrogen is essentially 2s + 2p and 2s -~ 2p.
(In Cheﬁiéal ianguége,.tﬁé'BO states become s-p hybrids.)
Thévchéréctef'of thé electronié states changes quite slowly

fb? éll smalief internuclear.distancés. Bécause the-energy
separaﬁibn'éf the ;wd states is so small at Rt,'it is easy to
sﬁo&_(éeé'fhé Aﬁpendik) that the'suddeh approximation describes
fhis_trénsition region; i.e.;'hydrogen is initiélly in the 2s
stéte (#pd thus one of the BO states), énd after-passing

through‘the transition'fegion at Rt’ it is still in the 2s

state. Now, however, the 2s state is not one of the BO states,

but‘a-iinéarvcbmbination of them:.

2'srv,="[('zs+2p>ﬂ//§.'+ (2s-2p) /V21/V2.
Since.thevéleCtronic states vary slowly with internuclear
distancé for‘R < kff one.inﬁokes ‘thg adiabatic abproximation
Iin this1région:' n6“transitions'occur between the two Z:

BO states for R.<VRtv~iJe., the scatterihg for R <'Rt is pure

elastic s¢atter1ng on the two separate BO potentials.

The above discussion implies that the overall 2s » 2p

transitioh»takes place in the same manner as symmetric charge
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trénsféfzz; in this casé tﬁe initia1 electfonic state has
the_éleétroﬁvdefinitely-dn one center; this_électronic state
vié résol?ed into g and'u'components which thén”scatter,iﬁ_
dépéndently (since the Hamiltonian‘pfeServgéfg!u symmetry) ;
éftér{CSilisiOn; the g and u compdnents are converted back
intb étomic stateé;‘and there is a probability that tfansfer_
has océurred becéﬁse 6f the different écattering phase shifﬁ
fof tﬁé:g ahd.d'potehtials; The 2s =+ 2p transition discussed
above i? éxactly the éame, eicept that (1) there is no~exa§t
symmetr&t(éuch-as'géu).which"prevents transitions between the
two Bb poténtials—vthe BO approximation itself takes care of
this, and (2) the pertinent ﬁhase shift difference is_that.
out only to Rt’ rather than ®. The ma;hematical'details are
so“siﬁilﬁr*;o'symmetric chgfge traﬁsfer that we only give the
result: ftﬁe cross section is given by Eq.(13), where tﬁe

transition probability'is

P(b)”F sinzfnz(B) —'hl(b)], | v (21).

w.hére nl

and n, are the phase shifts for the two ) potential
curVes:,with‘the WKB approxiﬁation for these phase shifts -one

haé

ny(b). = ) (b)
R

’ t - ' ._ : 9. 1
-A dR { 2u[E-V,(R) - Eb2/r%1/0%)2

N An_(vlvav)

. 1 v .
-where Vi and_Rijare ‘the two BO potentials and the classical

turning péints thereon. In Eq.(22) the upper’limit_iS’Rt,

t ' 5 1 ‘ o
ar { 2pIE-y () - E&Z/RZ1/MD}E,  (22)

¥
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and not.a value R + o, this is the only difference between
the ahové.expressions_and ;hbsevfor syﬁmetric charge transfer.
In prééﬁiéé,.though; Rt'is so“largé that it is effectively
infihite; |

Rafﬁernthan evé}ﬁate_the integral1over b in Eq.(13) with
_the'highlf_oscillgtory trénsition proBabiliﬁy of Eq.(21), one
ﬁéy'makeié:Massgy-Mohrlzvlike appréximatidn. Thus B is the

largest value of impact parameter for which

stn’lanee)] = 5, @
and then o _
G(V) - WBZ(%) + 27 u/idb b sihz[An/b)]. , (24)

_Furtherﬁbré; since B will typiéaily be 1arge, one may.employ
tﬁe-lagéerﬁiiimit of the WKB phase shift, so that Eq.(22) becomes .
. o 'Rt o " . . :

An(b) = - %‘;:l ar AV(R) (1-b2/R2)7? (25)
where;AV'é Vé-Vl)éﬁdfv is thé céllision~vglocity. Most of
‘the resultS—in the next section'ﬁere computed using Eqs;(23)_
(25); spme.calculatiﬁns were made using Egqs.(13),(21),(22) and
thefe'was'less than 10% difference in results-éf the two
procedures.

Ong may attempt aﬁ estimaﬁe of AV(R) for iarge R in order
‘to thain,a.simple analytic expression for the cross section,
‘analogous to'ﬁhﬁt of Segtioh IT. Although the collision
partner_his ﬁo permaﬁent multipoles, it is polarizable. The
SimpleStJapprokimation for AV thus is>

AV(R) ~ 12 @ meq, R, (26)

 where o is the polarizability of X, and Uy = 3 eab, 9y = 6 ea
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are the dipéle and quadrﬁpoiekof-a"(25+2p) hydrogen atom.
Byrén'and'GérStens have recently investigated this 1ong—range

interaction:in detail and find that the iﬁteraction is greatly

L

incrgaséd'when properfaccount is taken of excited states of
hydrogen, giving ' _ ' ‘ : - (i
AV(R) ~ 1020 o R 7. , R (27)

-Using Eq. (27) with Egs. (23)-(25) glves
o(v) = 18 (ja/v)?, - , ' e (28)
éil quantities Being in atomic units. Eq (28), however,
actually does not flt the more accurate treatment of the next
section very well; Eq.(27) is just not accurate for sufficientlyb

small R.

¢
&



15
IV. EXAMPLE; QUENCHING RY HELIUM ATOMS.

‘The twbﬁzz: potential curves arising from ground state
He and thé‘ﬁQZ states of H have been computed by a full

configuratioh interactioh (321'configurationé!) with an

-exteﬁdéd'ﬁésis set Slater orbitals ls(l.O),'ls'(Z.Z), and

2p(2.0) on ﬁe, and Slater orbitals 2s(1.0), 2p(1.0), plﬁs the

exact hYdrogenié is,ZS;and 2p orbitals on H; the method of

calculation has been described in detail elsewhere24. Figure

‘1 showsuthesé two 22: potentiais, along with the ground state

He;ﬁﬁﬁéténtiél. Miébels and Harriézs have'earlier carried
oﬁt iéss e#tensive éaléuiationsvfor these two states, the
highér oﬁe'being‘described only roﬁghly.

"TheSErpbtential curves are quite interesting, the lower
onebhaving-a’lafée;attractive well of 2.50 eV at internuclear
disfané§:1.4 a - Tﬁe upper curve is parficularly unusual,
havinglg'lel depth.of.0.63 eV at 1.6 a and a maximum of
0;85 eV-(above its asymptotic limit) at 3.8 ad,-

THéfpresence of.thiébmaximum can have interesting con-
sequences for He-H(2s) scattering. Consider first fhe angular
disfribufidﬁ; in similarity again with symmefric charge
tranngrzz, the différentialvcrosé section for thé 2s +,2p
trénsition is |

(0 = |£,(8) - fl(e)l_ | - (29)

where.fl'and'f2 are the elastié scattering amplitudes for the

fwo potentials. Interference structure will be present in 0(8),
therefore; Bécause of‘the_crossvterm 2-Re(fl*f2) in Eq.(29).

For energiés.Bélow'the maximum of V, (the upper potential),

2
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the ihterference structure should bé[quite similar to that

for symmetric charge’tranSfer, for V is effectively a purely

2
repulSiVe potential and Nl is attractive (as is.tyPically the
case for symmetric chafge transfer). For energies above the

- maximum of V however, there is a small impact parameter

2’
orbitiné~éingularity in VZ' Figure 2 shows a sketch of classi-
cal défiectionvfunctibns for potentials V and V, in this

1 2

energy?region; the'significant feature is that they must cross
(this'céhnot happen fof a collision energy below the bar£ier
maximuﬁ)w This'meahé that the fféguencz of the oscillations

in 0(9) re$ﬁlting from the iﬁterference term iﬁ_Eq.(29) becomes

zero as 6§ - 60; i.e., the oscillations "stop oscillating" in

max

the régibn about 60.' For a collision energy just above v, s

60 = m, and as the enefgy incfeaées, 60 decreases and can.
pass th:bugh zero. xThé orbiting singularipy in éz eventually
becomes'a'finite minimum és thé collision energy ipcreases
further, so that 92(b) has two rainbow angles.

Tﬁefe are also intereéting‘conseéueﬁcés of the maximum
in V2 Whiﬁh appear in the total cross section. Eqs.(23)-(25)
give the Massey—Mbhr-like appraximation fo'the integral over
impact parameter with thé transition probability of Eq.(21).
Anélogbus to the glory contribution to totai élastic cross
sections;z, however, there will be an "extra" contribution
to the.integral o?er impact parameter'ifba poiﬁt of stationary

phase exists, i.e., a root of the equation

An'(b) = Q ‘ (,3_6)

but éince n' (b) %kO(b),»Eq.(3Q) is equivalent to

R
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0, (b) = ©,(b). c o (31)

As has bheen seen above, a root of Eq.(31) will exist if the

a4 e - < Mmax " "
collisfion energy is greater .than v, . This "extra
dsciliafoty coht:iﬁﬂtion to the total cross section is given
by an expressidn analogous to the'gldry contribution for

elastic scattering
1

D - (32)

A Q S - \# | -A
.0 f qbo - sin (2 N~ g

—Ano'
where‘b;iis Ehé root of_Eq.(3i) (the intérsgction'of@iv.and @2
in Fig;‘zj,”Anof='An(bo), and An_" = An" (b_). When the
éséillaEOfylfefm first:apﬁeafs; Bo.isvsmall and Anb" is
lgfg;; éq tﬁat_the.amplitude of the oscillations is quite

smalljJWe determiﬂethhevamplitude in Eq.(32) for energies up

'to,3»ev énd'found it not to exceed'lAz; Byron and Gersten5

have aisoipbsefvéd this type.of oscillatory'contribﬁtion to
tﬁébtotéi‘croés éecﬁibﬁ. .‘ |
-Figﬁre 3 shows the cross section for the 2s + 2p transition
as’ca1¢ui;ted from Eqs.(23)—(25) of the previous section. At
the highg:genergies, of couféé, there is the possibility
(as discussed in the Intfoduction) that processes other than
Eq. (1) ébntribute to the Qverall quenching of H(2s).
Byt6ﬁ and'Gefsten5'have recently reported results for
this saﬁe collision system,v They generated the nécessary
éotentiéls by two ﬁeans,_abperturbation treatment and a

pseudo-potential method, ‘and performed the scattering calcula-

‘tion in;a'straight—line trajectory, time-dependent framework.

The égreément between our results in Fig. 2 and their pseudo-
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poténtiai<values is rgasonahly‘good, particularly s0 when

one reaiizés the completely different approaches used.
Théabnly ekpéfimeﬁtal’value for collisional quenching

by helium at IOW'Enéfgy is thét>gi§én By Cémés and.Weﬁning26,

g = 8A2 ?t an average;hydrpgen velocity of v = 3_.5#105 cm/seé

(v .064 éV). At tﬁis:enérgy-Fig.-Z giVés o = 8582, a féctor'

of 10 lérgerg Byton‘and‘Gérsten'ss two methods givesv% 30&2

and n éOAz in this energy region. ‘It is ¢lear that'more

experimental and theoretical studies would be useful.
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Table I, Cross Section for Quenching of Metastable

‘Hydrogen Atoms by Collision with Molecules

L. e

Collisioﬂ Partner. L | qL(ﬁad ) . BAT Exgd
‘HQO o1 o0.724 981 1000

_ Néﬂ'= o2 113 - 111 100

Hy | 2 0.484 63 70

o, 2 . 0.29 45 60

Order of the multipole moment.
The molecular multipole moments(_qL = e <rLPL>) in units

of éaoL as given by-D}E.FStogryn and A.P. Stogryn, Mol.

 Phys. 11, 371 (1966).

Crdss_seétiop (in Az) giVen'by'Eq.(16)vand (18).

‘Cross~section'reported'by Fite,-g&vgl., reference 15.
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'APPENDIX

AThergfféct of.thevRorn«Oppenheimer states changing from
2s and 2p for R > R to (2s % 2p) /VZ for R< R, can be .examined .
within.fﬁe diétorted wavé Bofﬂ épbroximation27. Thé dis-
torteé @aVe functions areithe solutions on the two adiabatic
(BO) poténtial curveé, aﬁd thé ﬁonfadiéﬁatic coupling involves
derivafiveg of the internal fUnctions with respect to inter-
nuclearvﬂistancé.v'if the transformation from the atomic 2s
and 2p functions to ﬁhe adiabatic internal functions is expressed

by therunitary‘transformation

: cos W sinw . - ‘
(—sin W  cos W s S o (A1)

where w“éiw(R) [note that w(R) = 0 for R >> Rt and % for

R <<7Rt],-then the S-matrix connecting channels 1 and 2 is

o 1(8,+8,) [ -
S. . = -2i(2u/8?) e. - " dR u, (R)
1,2 : 1
K2, (82, emy -
=2 W (R) u,(R) - 2 o7 Je (R) u, " (RY ] 5 (A2)
or integréting by parts gives | |
4 . - - \J B \J
Sl,2.— Zi_e _ 0 dR ® (R)[ul(R) u, (R)
' - ulf(R) u,(R) ] . o (A3)
With the WKB approximation for the radial functions
A ol o R ST |
ui(g) = ki(R)_ sin [Z + _RidR ki(R_E] (Aé)

‘and with fecognition‘of the fact that the major contribution
to the integral comes at large R for Which'kl(R) & kz(R), .

this Becomes
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_ ,.__. | E . | ‘ o .
o _ i(ﬁl+&2)' .- i
8, ,=21 e ' dR w'(R) sin [ -dR'kl(R')
o - a P TR
R .
- dR'kz(R')] oo (A5)
In the'sudded-approximatfon w(R) is a step-function
w(3) =% h(Rt’R)_, | y | (A6)
so that &'(R) is a delta function

o'® =-Te@®-0. | (A7)

In this limit, therefore, Eq.(A5) becomes.

- g (8 48,) |
Sl,z=’" i-z—e l[ de (R) | _
_ ' - Zde (R)],v (A8)
and 7d1’._.. o R
ISAVI,_QIZ;% % - sinf [J[ 4Rk, (R) -_'[.dkkz(R)] : (A9)

2

Eq.(AQj wddld be exactly‘the same as Eq.(21) of the_text if

m

2 were replaced by 1; the fact that g, rather than 1, appears

in Eq. (A9) is a result of the distorted wave approx1mat10n

To consider the more general case, suppose that w'(R)
isvof_thefform'

N2
-G(Rth)

1
2 e o ;- ' ‘ . (A10)

w'(R) = Z(F)
as a‘§ w;bthie reduces to the delta function of Eq.(A7). The

integral in Eq.(AS)'is evaluated by expanding the argument of

 the sine function as a quadratic about R s the integral can

then he evaluated analytlcally, and the result for 181 2[
is Eq.(AQ).multiplied by the cqrredtion factor exp [w(Ak)z/Za}.

Stnce Ak = AE/%v for collision energies large compared to the



22
"fenéfgy]separation‘of the two potentials at*Rt,_this correction

‘factor is exp (ZE,/E), where S

t. .

9 .

e, - Z%'(AE)2/8GQ; T S S U R

from our calculation one determines E¥':ﬁ3;6xlﬂ_fﬂevv#-4X10 §°K’ .

,39 thét'the'suddén app;OXimainh.i§1Valid inthéftrénsifioﬁ"

;‘ f¢giqn7fdr”ésééntially 311 Co11iéioﬁ;gﬁéfgies..

b

"
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J.0. Hirschfelder and W.J. Meath, Adv. Chem. Phys. 12,
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‘Figure'Captionsv'

ThQZIOWESt thfee'zﬂ states of He—H, dfsaociating to
ground state He and IS,ZS,ZP states‘of H. ' ' o o

A sketch of the classical deflecinnAfunctions which

(o

' . ‘ 2
correspond to the first and second excited "L states

of He-H, at a éolltsion energy greater thanvthe,relative

‘maximum in the second excited state (see Fig.-l);

The cross section for He + H(2s) »+ He + H(2p) as. . a
function.of relation collision'enefgy, as computed from

the potentials in Fig. 1 and Eqs.(23)-(25) of the text.
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