e el ST SN L
.* Natnonafubrary of Canada "Bubhothequenanonale/du Canada e T T o
;_Collectlons Development Bran;h . Direction‘du developpement des. collectu)ns o TR L S
. .C anadian Theses on. o ‘Service des théses canadiennes .~ o oo \‘ .
T "Mlcrof(che Serwce S ... _surmicrofiche N . R : : Lo
RREE 'Ottawa, Canada y /\\ . FARE S T
. K1AON4 . . R . { ‘v".'l,"” "",P‘ “ agp e 4 . .
> ’ PSRRI T SRR ’ .
. 09, - X0 N , S °
.o - L4 R ~ ~ e B . @ . .
B NOTICE Lo ' AVIS
The quahty of thls mtcroflche is heavuly dependent o _,‘La quallte de cette mlcroflche depend grandement de -
upon- the' allty of the. ongsnal thesis submitted for la qualité de .la thése’ soumise au mlcrofﬂmage Nous -
“microfilming: ‘Every effort has -been made to- ensure. . avons tout fait. pour, assurer une. quahte supeneure .

the hlghest quahty of reproductlon possuble
, If pages. are mlssmg, contact the umversuty whlch
. granted the degree U ,

~

. Some pages may. have mdlstlrpct print especnaHy
-if 1he ongma| pages were. typed" woth a poor typewnter
v rlbbon or |f the umversny sentusa poor photocopy

Prev:ously copynghted mat nals (journal artucles
\pubnshed tests, etc ) are not filme ST R
\,\ N : " :
Reproductlon in. full or in: part of. this fllm is gov‘
erned by. the Canadian- Copyright ‘Act, R.S,C. 1970,

¢, -C-30. ‘Please read the authorlzatton forms whlch

accompany th|s thes:s TR »
THIS DISSERTATION Q*‘ -
HAS BEEN MICEZOFILMED
EXACTLY AS RECEIVED NS
"Nt‘-ta"sg"__(r, 82/03) IR v

!,
&

vde reproductmn LT

) | \_ . : ’ ' S
S'l| manque ' des pages,

v

La quallte dtmpressmn de- certames\epages peut

. - b t‘
Les documents. qui font
d'auteur (articles de revue;.examens - publles etc) ne

sont pas. mlcrofllmes

Vo

La. reproductmn méme paruelle ‘de ce mlcroftlm

© LA THESE A ETE
~ MICROFILMEE TELLE QUE

NOUS L'AVONS RECUE

/

.‘ /

Canad"'

] veuullez commumquerf
. ~avec I’ umversute qun a conféré le grade

;“Ialsser a dgsirer, surtodt'si les pages omgmales ont été -
dactylographlees a l'aide d’un ruban usé ou.si I’ univer-.. .
T sité nous a fait. parvenlr une photocople de mauvalse

" quallte : ‘

qé;.—; Pobjet d‘un droit

- est soumise a la-Loi- canadienne sur le drott d’auteur,”
SRC 1970, ¢. C- 30 Veutllez ‘prendre connaissance. dee
, formules d'autorisation qun accompagnent cette thése. -

[




" Natlonal lerary ’

. Canada : | ;du Canada

' Canadian Theses Dr ision

53956

1 /

3 -' - %t:gah Canada
. N

‘Biblidthéque n‘ationala

Divisron dea théses canadrennes

Y . "‘y .. : i

T

ﬂ? A7ED N

o . R
RS K (')

R /%nuee
Dat:e of Birth — /bﬁte de naissance -

/\Iou 1C 1946

Country of Brrth —Lieu de nal ance

JAm@ N

Permanent Address - Résrdence fixe,

46 / 2—23§ TE?ABUU

\
~ N

N —

/(&)mﬂkum P&wab—emﬂ JHPP"*

-

% r

'Trt}a of Thesrs — Trtre de Ia these ' V ’ " S

T

/9 MOD/FlED mDLEC-UbHR—- 517?1'5 5190(.(

.r’ F | v , E/
e \5 T %Nﬁr‘é“? L% Rn d T pxcrrn'rrou
| I—le (“(lj , A "D

nt - He.(ls)’_ Col-t:{ $( N 5.“

—9—-

QH HROE

ﬂzscsﬁzas R h ;——HCI.S) ,

University — U n_iversité

i

\ 7

()Nl(,

hr— AL/?EﬁTﬂ ~

Degree for which thesus was presented — Grade pour lequel cette these fut presentee S

R

h

Year this degree conferred — Annee d’ obtentron de ce grade

J

Name of Supervisor — Nam du direc'teqrde these N

;o N
¥4 . N

Permissiori is hereby granted to the NATIONAL LIBRARY OF -

'CANADA to microfilm thrs thesis and to Iend or sell copies of
‘the frlm o

f The author resefves other publrcatron rrghts and nerther the
thesrs nor extensive extracts from it may be printed or other-
wise reproduced without the author's written permission.

N .
‘ L

THoRSoAS -

i
L’autorisation est, par la présenté, accordée & la BIBLIOTHE-
QUE'NATIONALE DU CANADA de microfilmer cette these et de
préter ou de vendre des exemplaires du film. /,

L’auteur se réserve les autres droits de publjcation; ni la.thése

. i de longs extraits de celle -Ci ‘ne dorvent étre imprimés ou

autrement reproduuts sans ¥ autonsatron écrite de‘l auteur.

. Date . - :,'\

Ao/, 0

Signature " - .

(98]

(1] .01 1 -



" THE UNIVERSITY' OF ALBERTA -

AKM661f1ed Molecular State Study of Charge Transfer and
Direct . Exc1tat10n Processes in H’-H(1s) He”-H(1s), and

' ’.7 ' o QQ-HQ (1s) Collisions N s

' . - M. Kimura
i ) : \ S l T ' " N
A THESIS B o
&

| SUBMITTED TO THE FACUBTY OF GRADUATE STUDIES AND RESEARCH

IN PARTIAL FULFILMENT OF - THE REQUIREMENTS FOR THE DEGREE

OF DOCTOR OF PHILOSQPHY

. \
e \ . PRI
Chemistry :
- " ' A ) 4-' '
.. ) - '
)
R ' EDMONTON, ALBERTA .
FALL 1981 |
‘n\\\\ .
\;\\‘ ., a
S . o ) : £
. ] - R e



L]

*THE UNIVERSITY OF ALBERTA

' RELEASE FORM . . e
i ‘ L ‘ '_ . -
| NAME OF AUTHOR - ' M. Kimura B
| TITLE OF THESIS © A Modified-Molecular-State ~study jof
Y : 'Txig‘, I & Chafge Transfgr' and Direct Exc1tatlon

Proéesses:in HL'H(1S), zHe”—H(Js), ,and”;
1'\\ : . : vf - H*—He (15) Collxs1ons ‘f‘:,_ e ,
L DEGREE FOR WHICH THESIS WAS PRESENTED DOCTOR OF PHILOSOPHY |
* YEAR THIS DEGREE GRANTED J381........:..;.....2...........
Perm1ss1on .is hereby granted to THE UNIVERSITY OF
;ALBERTA LIBRARY to ~reproduce, 51ngle cop1es of this -
‘thesis and to lend or sellw such copies for privatg,'
scholarly or'scientifféirésearch'pﬁrboées only. |
. 'The_author‘reserves’other publication rights, and

“ » . . .
neither . the thesis nor -extensive extracts from it may

;} _‘ - be printea or'otherwi;;-rbprdduced withouﬁ thé authér‘s
| l‘writteﬁ permission. \ |
| (SIGNED) ,4*7 Knoes ........'
PERMANENT ADDRESS:

g...@pr...af @/;/S/d-s...”,v
‘.cﬂkﬁkﬁ..GT;JéU&iiooﬁv.rfgleﬂ
ﬁu/. . /.7.700.2. LS .g.v. .o

’:DATED ;./&Q&Qd?....;...,1sﬁyi'



N | “THE UNIVERSITY oF ALBERTA » . - o
S ’FACULTY OF GRADUATE s'rumms AND . RESEARCH—‘ e
. AN . -
) T 'The under51gned cert1fy that they have read, and o

\
'recommend to the Faculty of Graduate Studxes and Research,’/

for acceptance, a thes1s ent1tled AfMod1f1ed Molecular State
Study of Charge Transfer and Dlrect Exc1tat10n Processes in
H‘—H(1s),~ e”—H(ls) and H‘-He (15) Coll1s1ons ‘submitted by

M. K1mura in part1al fu1f1lment of the requ1rements for the

v

- ¥
degree of DOCTOR OF PHILOSOPHY :
. | ’ 5 y v;-. ‘ | v’ . L] ... s @ . l . . . %é‘ﬁ.
’Superv1sor‘

N 2

External Examiner

i‘Date. 6)/%4(‘74(«?/ /557/ e



.:“

s

s '/rhhbstiact

The perturbep{::At1onary -states (PSS) metnod' 'modified to’

;;nclude electron translatxon factor (ETF) effects, has been

Ry

used “to. calculatev detalled cross .-sections fon‘g charge

transter and direct exc1tat10n in H*-H(1s) Hé"—H(1S) and

‘~H‘-He (15) collls1ons at low to. 1ntermed1ate energles (ES 10.

@,

4

KeV/amu), The ' close-coupled equations are solved us1ng a.

" classical trajecto&y description ~of.=nuclear mot1on, and -

N

helectron translat1on factors approprlate to molecular states

‘have been- constructed using 7 the imethod of - sw1tch1ng

functlons, after the formulatlon of Delos and Thorson(12).

iSwltchlng fUﬂCthﬂS for molecular states ‘of H;* and HeH"
systems have‘ been determzned by the. optlmizatlon method-

_developed in earlier work from this laboratory (29)

-

fOuf Vcross sections "and . other calculated results are'

compared’with other theOretical studies and .wlth_;recent

'-conclus1ons 1s as follows.

experiméntal findingse‘ A br1ef summary of the relevant
‘ .

~

1) H‘—H(1s) coll1saons ' .

r(a) Our dlfferentaal ‘and total charge transfer

s

' earlier'. calculations, and with mexperimental
v.alne‘s_.d R o, |

. (b) The H(2p) charge transfer cross section is
in gooa'lagfeement""with the molecular state

calcnlatlons of Crothers and Hughes (48) and

1V “~

. Cross sectlons are in good ' agreement WIth :

with recent experimental values. Discrepancies
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be " traced edirectly to differences beeween the

.ETF'desoriptions.used here and in Refs,(48). Our

results appear to be in somewhat ' closer

i . ‘ N ~
agreement with the experimental measprements.l

(c) our (H(Zs). charge transfer ‘and  direct

excitation cjross sections' differ substantially

from those found by Crothers and Hughes(48) and

our results are in-’ excellent agreement with the

., most retent experimental data. = »

(d) We have stu ied the convergence of cross

‘.

sections . gs a fupctxon of 1ncrea51ng basis size

and the exc1tat1ons to hlgher (Rydberg) levels.
Lo WY
We find that a small" but non- negl1g1ble portion

-.of theuflux\always escapes to the h1ghest levels

“available in the basis set and conclude that the

-

most important ionization mechanism in these

>

'collisions -involves a "ladder-climbing" process

of sequential excitations involving such states.

He**-H(1s) coll1sxons

©

*

’_(a) Our total charge transfer’ cross sect1ons are

in good agreement with those, calculated by

Winter and Hatton(73) (see alse-~Hatton, Lane and

_Winter(zg))\\\;ndf\;wi&n\ recent experimental

,measurements, but disagree’ strongly ‘with the

values reported by’ Vaaben and Taulbjerg(72) As

in Refs.(73) we find that inclusion of ETF

'between'oufxnesul¥é and those of"_Refs.(ié) .may

'
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. ) _/
corrections
results as
the _reshl

different 1

" (b) oOur
crossl. sect-
"slightly f

both are in

values.

_H‘—He (1s)

tow

greatly improves convérgencé of the
function of basis size, and also that
ts seem to converge oﬁ‘ éiiéhtlf
imits. - |
detéiled exc1tat1on/charge transfer
ions for 1ndxv1dual states differ
rom those of Winter et'al(73), ﬁhough

good agreement with experimental

colllslons

(a)Our tota

14%~-32% sma

‘differences

(b) Even la

factor of two in one case) are

' (smaller) c

:vxons
3

increased

descriptiwons used.

ferences persist

1 charge'transfer cross sections are

ller than.tﬁose of Winter Hatton and

‘Lane(75); the differences appeé: to/ result frdﬁ

in ETF descriptions- uged. SN
rger discrepancies (as much as a
ound between our

ross sections for

’ and\/;hose give

individual state
by Winter gt al;
s basis size is

and are tracgable to the ETF
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PREFACE . - . . . o : S

| . ¢
When I handed the manusc;ipt‘ of my thesis to Prof.
Thorson, . he corrected -and extensively revised my Japanese
English.‘Therefore not‘ a .single vJapanese phrase in ’myM,
original manuscript survived in the revised thesis. Thls
preface is supposed to be my last territory where no one is
allowed to trespass, SO that at least a part of my the51s

contains mx\original wo%d-

In July '1975,"I received a letter from Prof. Thorson
after I asked him about the possibility of my study with him

at the Uan. of Alberta. He klndly prov1ded me w1th a lot of

1nformat1on about graduate study in Chemlstry "in  this
: » : ; .

University ~and 1' was so excited after I read-th: letter. A
.few days later, l‘recelved a"telegram “from 'Dr; S. Davis
,conflrmlng my acceptance as graduate student at the Unlv. of“
Alberta. When I rece1ved it, the telegram man said to me "a
couple _of.words in the telegram were lost}somewhere between
vVancouver'andATokyo. We areinow trying to find out wnat~they‘
are". I was worrled thaté%he m1551ng word was not"gin the
sentence "for not acceptlng you But fortunately, it, was
not "not" ﬂThen R rpshed 1nto‘the bookstore and looked at
the map of Canada to find out ekactly iwhere"Edmonton ‘is}

When \f told my father about ,my plan to study 1Q,Canada,'he

" said "It must take a long t1me to finish it and maybe 1



'won't see you in this world but'géod luck". I am pleased to
say that he is dq1ng fine now. | .
| On Chr1stmas Eve, 1975, I flew from. Tokyo' to Edmonton .
‘with more than a hundved of V1etnamese orphans who seemed to |
me to be one or tvo years of age. 1t was my flrst shocktvof
see1ng what is happenlng in the world "1 arrived 1n\Edmonton
,h at 5:30 PM and the temperature was -7 c, which was not so
| bad. But I soon reallzed it was just a short break I stayed
on a huge queen "-size bed at the MacDonald»Hote} during the
f1rst nxght in Edmonton wlthout any blink of sleep, thlnk1ng

*

of my study, llfe, etc. (I thought the MacDonald Hotel, n:st'
be a cheap place for a poor graduate ‘student, since it was‘
suggested I stay there by the”éhém ‘Dept. offlcer. Actually,4(
‘it was not a cheap place ) Next morn1ng,'on Christmas 'day, I
met Prog. and, Mrs, Thorson for the first time atnh;sp offlce
and \thou!ht, '"Gee' -lt is not fair to work with'him.as‘a
graduate student, because‘ of. such a huge difference in
physical size and mass". But it was just too pessgmistic;

because I am st1ll surv1v1ng. As a matter of" fact, I-~really

‘ enjoyed working with him, and learned not only his att1tude
//towards sc1ence, but ‘also h s att1tude towards life which I
had never experlenced beéore. In the last f1ve years, 1 have
met many nice fr1ends -inside and outside the unlver51ty
community, and they 'ar among the most valuable benefits

that 1 obtalned in Canada.
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I would like to dedicate this thesis to my teacher,

" colleagues, friends and parentsx'rhe work in this thesis vas

not done;by_myself alone, but in collaboration with many

-'people. | ; ' &
‘ o : : e -
Prof. 'Thorson guided me in the proper direction from

: o

klndergarden .to the PhD‘ as a Chemistry professor and an
Engl1sh teacher ~and from Lake Louise to Sent1nel pass aS' a
mountain 9u1de.

R

Drs. S. Knudson and J. Delos taught me a lot‘abOut‘”physics.

J. Choi, 3. Davis, J. Rankin and S. Barton created an

-

enjoyable atmosphere in this laboratory The members in the

,Theoretlcal Div. (Drs. Birss, Huzinaga, Fraga, Clarke, Mrsﬁ

J..Charter»and COlleagues) supported me in many ways. And my

friends, Oh’what nice people. | . | N
Without those people, I could not have completed my work. I

cannot thapk them enough. ‘

Follow1ng the ‘North Amerlcan tradltlon, 1 also would like to
'thank y w1fe, Kelko, and my daughter, Kana for substantial
moral support and sharing life with me, and of course, would
like to .thank 'to our parents for giving me many kinds of
‘;suppori |

' I should mentlon spec1al thanks to Mrs. Thorson who has

- considered us sovwarm—heartedlywthat Kana feels as if she

were her "auntie” in Edmonton. We really appreciate her.
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1. INTRODUCTION R |

A. PURPOSE
fv1We haveﬁinVestigated fundamental processes occurring inl
slow 1on atom collisions. The systems we have studied are of
the 51mp1est 3- body type (one electron and two nuclei), but
serve as adequate pro;otypes for studies on the basic
aSpeccs of vthe general ion-atom scattering problem wich‘
which we are concerned’.in- this thesis. Although these
primitive syscems, are not'_always con?enient from an
‘ experimental standpcint, tﬂey are most cseful for
theoretical purposes because | 5
.(1). The electronlc wavefunctlon for the one-electron
two- nucleus system 1s known exactly so that we can av01d
. uncertalntles abouc the accuracy of the electronic basis
funccions;:" \
k2)., The fundamental 1dynamica1 effects ‘which“cauee.A
phys1ca1 » changes :dto». the system can be clearly
represented without any 1nterference of effects arising
grom\ multi-electron, system phenomena R (e.d.,
autdionicacion,.configuraticn mixihg effects et ccrve‘

_crossings etc.)

@‘}3\

A major objective of_this‘theéis is to determine the

degree and importance -of the electron trenslatioh factor

'effects on calculated cross sectlons for charge exchange and



)

direct excifétion processe in, one-electron systems, in
particulér, the'H,’kand HeH®® systems. Only recénﬁly‘has it
been reooonized thaﬁ these effects afe.of importanbe,-and_
.thgt their adequate treatment may require quite elaborater
degcriptions .of electron translation factors. A second
objective of this work is to examine the overalluvalidity of
the close-coupling method as it io normally employed, which
neglects loss of flux due to ionization.  We presént some
évidenceb that a small but not pegligible}gprtioo of the
scattering flui in theée collisions would oorrespond‘ in
reality to‘ionizing events, and we can make some estimate of
its magnltude.' | | | |

4 To study these colllslons, we used the impact parameter
or classical  trajectory mP}t1state perturbed stationary
5tate (PSS) method, corrécted for electron translation

K

effects by following the recent formulation of Delos and
Thorson(11,12). This method tfeafs the nuclear -motio%\
classically, and the electronic problem 1is  solved bj' the .
close—ooupling method ,' quantum  meohanically,l uéing
,molecular states as basis states. '

We have mainly applled the theory to 1nvestlgate charge ,
exchange»and.dlrect excitation for ‘the symmetr1c H’—H(1s).
system -and the : asymmetric He?**-H(1s) ahd He’(1s)-H*'
collision s&stéms. Reliable'expérimental measu;emonts havé
been . performed récently; and extensive molecular -étaté
calculations have also been reported. These serve as osofol

- ‘

" comparigons with the present theory.

~ 3



B. THEORETICAL 'BACKGROUND |

In a low to intermediate energy collision, where the
relative. velocity of the nuclei is smallerﬁtn;n the orbitai
electron speed, the colliding system 'may be regarded ‘as
\\?Brming a qua51 molecule. If this is the case, we might
sup e : as Born and Oppenhe1mer did for their. treatment of
molecules(l), that the electron system can adjust smoothly
'to the slowly changlng nuclear position. It would appear.
~that the best ba51s in wh1ch to expand the scatterlng wave
function would be the set of Born Oppenhe1mer(1) (BO) (fixed

‘nuclei) adiabatic molecular. electronic states, i.e., the

expansion

"¥(x,R) = DICNE R)x (R) ) : I-1

where the %p states - %5 (?;R) are the eigenfunctions of ‘the

‘electronic Hamiltonian at each (fixed) nuclear‘position R,

1

5> > ++=  —r.—¥ 1-2
Hel(r;R)d;n(r;R) En(R)¢n(?,R) :

and depend parametrically upon R. |

]



Substitution of this expansion into the complete
(time-independent) Schroedinger equation 1leads to coupled

equations for the components xn(ﬁ)0£ a vector X

- 2 > 2 -
(2u) "p-mﬁu + B(R)] x(i) + e(R)X(R) = EX(R)  I-3

P

where £ is the diagonal matrix with elements &.(R) . In
this formulation, all couplings (and electronic transitions)

result from the nonadiabatic coupling matrix B(R). This

matrix has both angular and radial coupling components; the .

radial component, for example, is defined as

C -»> ’ - '
) = - i - . - I-4
Pkn(R)A <k| 1hVRln? . ‘

A

and is ~ supposed to represenf’the effects of deformation of
the éleétroniC' wavéfunctions .due to changes in' the
internuclearA distance R. This formﬁlation' of sé;ttering
problems for - slow collisions is cailed ‘the
pérturbed—statiénary-séates (P.s.s.) method, | and
inyestigations»uéing it éo back to 1953, with work by
Batés,Massey and Stewart(g); The methoa has been widely used
in studies of elastic and inelastic collisions at"thgrmél
énergies;‘However; it has been known for a long time tﬁét it
suffers from some fundamental difficulties, vhich become

quite evident when the method is applied' to practical



problems involving charge transfer or direct electronic
excitations. Firstly, it can be sHown geherally that the
asympﬁotic boundary conditions appropriate to a.scattering
problem are not properly satisfied by the molecular state.
expansion given in Eq.(Iﬁl); Secondly, the coupling mafrix
elements gmA(F)(both radial and angular components) entering
into the coupled equations(I1-3) are found to depend markedly
on the reference origin chosen for electron coordinates
(i.e., they do not exhibit properlfranslational invariance),
and furthermore they show avqui;e unphysical behavior; for
vexample, some matrix eléments do‘not tend correctly to zéro,~
but to constant asymptotic values, as R —»co . Also, some
matrix elements hav? unreasonably large magditudes- at
intermediate nuclear separations, and may be expected to
give cross sections which are ﬁhch too large.

'All the above defects in the PSS method originate in
the fact that the Bgrn-Oppenheimer expansion(1-15 entirely
ignorés the translational mbtion ,of an electroﬁ, due to
motion of a nucleus to which it is attached. Suppose we
consider ahy reference origin (for example, the centre of
mass), ﬁith respect to which a nucleus 1is moving: an
electron bound;to that-nu;leus is carried along wiph it, and

‘a factor describing that translation for the electron is a

'nécessary part of the electronic wavefunction. But no such
factor appears in the Born-Oppenheimer expansion.

Numerous attempts have been made to reformulate PSS

theory correctly by inciuding' such electron translation



factors (ETF). In the pioneering work of Bates and
McCarroll(4), this is achieved in a manner appropriate to an

atomic state (i.e., a single-centre orbital): for atomic

orbitals associated with nucleus A, a factor describing
translation with A is attached, and correspondingly a factor
describing translation with B for orbitals centred on

nucleus B. If a molecular state is asymptotically correlated

to an atomic state on nucléus A (or on B), Bates and

McCarroll assign to it the corresponding atomic translation
factor. (Some additional complications are involved for
molecular states of symmetric systems like H,' which have g
or u symmeiry and do not correlate-in a one-to-one. fashion
with unique atomic states). Most attempts to correct: the
defects of PSS théory have been based on the Bates-McCarroll
scheme or minpor formii modifications of it.

The BateS*McCarroll(g3 description of ETF's ensdres
that - asymptotic scattering. boundary conditions and
translational invariance reguirements are satisfied; a
formally correct theory is then obtained and defects Such as
the incorreét aéymptotic behavior of coupling .??atrix
"elements are removed. Hoﬁever, physically, in the region of
small to intermediate internuclear distances where ghe
system formsl a quasimolecule,;the electron moves under the
influence of the molecular field: it belongs completely to
neither chleus but is partially attached to both. Therefore
a proper ETF for molecular states should have moleculg{ or .

two-centre character. AN
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Thorson and Delos (11,12) have shown that ETF's
appropriate for molecular states can be constructed using

the idea of switching functions introduced originally by

Schneiderman and Russek(9); the resulting formulation meets
all requirements of translational invariance and scattering
boundary c¢onditlens, and leadu to coupled equations
identical in form to those of PSS theory (BqQ.(I-3)), except
that the coupling matrix P is corrected fpr'the effects of

inclusion of electron translation factors. This scheme

effectively recovers the same asymptotic description of '

/ETF'S as the method of Bates and McCarroll does for
single-centre states, but the flexibility of the switching
function also permits ETF's to describe the two-centre
character of a molecular stéte at finite internuclear
distances. Initially, Thorson ahd Delos assumed that a

common switching function may be wused for all electro ic

states of a given system, but more generally it mag be

expected that the most appropriate switching ‘function will

be different for each distinct molecular bound state. More

recently, Delos and Thorson(12) have given a formulation’ of

slow collision theory, based on this more general
assumption, within the framework of a classical- trajectory
theory.
Howéver, these formulgtions do not fully spetify the
chdice of molecular state switching functions to be used,
. )

~and as a matter of fact their selection 1is an important

practical problem since the nonaéiabatic coupling matrix

*u



_‘elements for many electron1c transzt1ons are very sens1t1veﬁ_

fto the sthch1ng funct1ons used

"e

"f'AS%fa f1rst part 'fh th1s -thesis;f 1t 1s shown that

C e

'cseveral 1ndependent 11nes of thought can’ be used to . make a
‘-Acon51stent and def:nlteﬁoxce of the proper molecular state:
‘ sthchlng functlons for the systems con51dered.~'

- ']Th? remaznlng part of the the51s then proceeds to a j
*fteStM;of,hthep corrected PSS. method by applylng »_;c;f

CaicuiationSjtof cross sectlons for the followlng coll151ond

.processes;
ﬂ' D B
ca.. Symmetrlc Systemf' e .
h?“ B + H(1s) ———%r H + H(nl) (Dlrect excxtat1on)

| H*+ H(1s) -——i> H(nl) + H* (Charge exchange)
R Asymmetrlc System f‘ 3 d- f- : C)f:’ o
He”+ H(1s) ———ﬁ» He”+ H(nl) (Dlrect excitation)
.He"+ H(1s) —*—er He" (nl) + H’(Charge eichanée)7“
Tl Asymmetrlc System Y | | | :
He (1s) + H ———%» He (nl) + H* (Dlrect ekcitation):

~ He"* (1s) - H ———e» He" + H(nl)(Charge.exchange},»

Ny
iis

A |
Our results ‘are. »compared vith other recent molecular
fstate calculatlons and w1th exper1mental measurements. |
| In the symmetrlc H‘-H(1s) coll1s1on system, 1. have made
-‘.some stud1es w1th ba51s sets 1nvolv1ng ‘a large number _of
’_molecular states (up to 16 ungerade states) '1n an effort tp'
}f{test Vther 11m1ts of ,the- close coup11ng method ,inmzthisik:

»
S
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L.
i

'context; Close-oouplingfmethods at present use _only bound

L o 4 . O I : ‘ L
_ state basis functions and give no‘account of flux loss due

to ioniiihg events}iThe results.=of these stodies suggest

that a smali - but not completely negl1g1b1e port1on of the

-coli1s1on probab111ty, even at the lower coll151on energies,

wlll in reallty .appear -as 1ionization by a sequence of

nladder-climbing" excitations, and we can form ~a rough

estimate of the magnitudes involved.

LI

C. HISTORICAL SURVEY

:UnreSOIVed'probiems still remain ‘for “the study of

ion-atom collisions in the ‘one- electron prototype systems

‘despite.their'simplicity. In all energy - reg;ons_ there ére

T e

some major dlscrepanc1es among - theories, among different
experimental« measurements, and' Hetween~ theory and

exper1ment. These: systems have “been exten51ve1y studied;

.spec1f1ca11y more than flfty theoret1ca1 -and more than teh

experlmental 1nvestlgat10ns have been . reported Jf%r the
H‘-H(1s) COlllSlon ‘system and only sllghtly fewer ‘for the

.He"~H(1s) system Here we- w111 not attempt a survey. of all

the work reported but w111 concentrate ‘most attention on‘

studles of low to 1ntermed1ate energy COlllSlonS.'
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1. Proton—Hydrogen Atom Collisions .
Numerous theoretical studies have been -repOrted which '

are most. likely to be valid at energies _above the
intermediate region(Ealo Kev),;‘and' these ~have obtained;

reasonably accurate cross sections for higher,energies.

Methods . used - include‘d ~Born and ‘distorted—nave.
,approx;mation;iso) Glauber's method( 51,52), the eikonal
'approximation(gi), impulse approx1mation(53) . Faddeev's
method(§§), ~and close-coupling - treatments }involving

.pseudo—states(56,57r58), as well as a variety:of'hYbridS'“of
:these(59) ‘ However, all tnese methods failiincreasingiy at
: lower collision energies, g1v1ng wrong positions for cross\\;
section i maxlma- and in 'many cases qualitatively quite
‘1ncorrect behavior. The remedy for these difficulties is the
use vof moledular state descriptions which should be more
appropriate below 10 KeV,

A pioneering study was done by Bates and W1111ams(40)
using the straight 11ne impact parameter approximation and a
three—state - PSS closefcoupling ~ theory (corrected by
‘ Bates-Mccarroll ETF;s).-Their calculations showed that at’
low collision velocities the - most important 'ineiastic
process is the population of H(2p) via 2pQy --2pT, rotational
coupling ‘(Their work has been of major 1mportance in
understanding primary exeitationf events~.in more eomplex
‘~1ion-at0m. 'systemg%%especially in ,respect.'to inner-shell

y

vacancy production’ processes).



Later, -.imoaCt parameter _nultichannel'w Pssétype.
calculations were done. by'Roeenthei(gg),-Chidichimo-frent
and P1acent1n1(46) and Sehinke and Krﬁger(47-e) All these
.tudles neglected_ETF effects as the uncorrected PSS method
does and therefore the results lack the required Galilean
invariance with respect to the choice of reference_origin
'for electron coordlnates- in. addition, radial,coUplings were
,entlrely neglected in these studies."

! A more sophlst1cated molecdger state calculation Has
been reported ‘recently by Crothers and Hughes(48) Their‘
treatment of ETF effects is based on a modlflcatlonv of the
' Bates—McCarroll scheme: . they construct linear combination
fragments of g and 'g moiecular states whrch) correspond
‘asymptot1cally to one-centre atomic states, and w1th each ofv
these vfragments ~they f assoc1ate" the correspond&ng_l
. Bates-McCarroll ETF; f1na11y they recombine‘the:modified
fragments to form g and u molecular basis states; However,
thie approach has‘_’the same ‘generai defecte "as  the
BateSchéerroll scheme because the "atomic fragnents" are

not really one-centre atomic »functione at finite
'internucleari separations but aiso have a | two—centre
molecular character.' To offset ‘the result1ng def1c1enc1es,‘
_Crothers and Hughes introducela variable.parameter A(r) Tn
the 4éTé and‘vdetermine its optimal value at each R by the
‘Euler LaJrange viflat1onal pﬁ\Qilple(ZI) [It can be s own

that their procedure is equlvalent (1n low- veloc1ty 11m1t)

to the use of‘a:crude swltchlng,functlon(gg).]

U



The results ohtained'by Crothersuand‘ﬂnghes ‘shoﬁ much
‘:closer_ agreement .with‘ eXperimentv than‘ do the eariier
‘studies, which completely 1gnore ETF effects. However, .the"
-vdefects in their somewhat ad hoc description of ETF effects
. do ,have s1gn1f1cant effects on their calculated cross.

sections ‘in certain cases . (as I show in this thesis); in

. addition, they incorrectly used Hermitian 'averaqes of
non-Hermitian couplings which appear'in thertheory, although
it can be"shown that_'the n%n—Hermitian character _ is
e . : ,
necessary. to preserve unitarity, and in some cases this may
) lead- to'-incorrect' vaiues‘ for individual state cross
sections. | |
One of the purposes in' my the51s 1nvestlgat1on was to
clear up gamblgultles- Ain the 1 KeV 10 KeV reglon resu1t1ng
f&bm these defects,‘b§ usang'a r1gorous. theory with more
detalled molecular state sw1tch1ng functlons to describe ETF
'effects, 1nc1ud1ng an attempt to- demonstrate convergence of
the. molecular state close coupling results as a functlon of
basis sxzef
| (Some studles have been carried out for energles below
A KeV,ebut:these have been pr1mar11y concerned w1th the

pdifferentialﬁ cross sectlons for charge exchange and Lyman-

a excitation‘-and its relatlon ‘to the E cla551ca1_
'trajectories used; below 1 KeV 1t can be’ shown that effects'
of deviation from a stra1ght llne (1mpact parameter) path

are 1mportant (see, for example, papers ‘by Knudson and'

Thorign(42) Bates and Sprevak(43), and Sch1nke(47 b)).
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Until rec%ntly, experimental data - on - H'- H(1s)
emcltatlon cross sectlons -at low to 1ntermed1ate energ1es
" have not been ava1lable, early measurements concentrated on-
the ‘resonant charge exchange cross sectlon (Fite, Sm1th and
Stebblngs(gg) and McClure(63)). - Lately, however,j Morgan,‘
Geddes and Gilbody(66) measured direct and chargesexchangev
‘excitation to H(2p) and H(2s) atomlc leuels in the -range
2-30 _KeV. In addition to the above, H(2s) product1on cross
sections_have been measured(by Bayfield(64) (from 3 KeV)
Hill, Geddes and Gilbody(él) (from 1.9 KeV), and most
recently, Morgan, Stone and Mayo(68) (from 2 KeV). Hlll et
al give somewhat larger values than those of Morgan et al
-oelow 3» KeV, but above this energy _are in excellent
agreement ulth - them. On the -other hand;‘Banyeld's much
older H(2s) measurements disagree with these; showing a
' pronounced minimum near ' 3-5 KeV, though above 10 KeV his
- data agree with those of other authors.
| This major disagreement. among the- experiments is
: resolved by the rlgorous theoretical study g1ven here; our.
results are 'in excellent agreement with the more recent/
”measurements-hy Morgan et al .

\
i

2. He**-H(1s) and H'-He'(1s) Collisions
Again most theoretical’studies have been done for the

high energy region (E>100KeV) where atomic state methods are -

more»appropriate; among the  methods widely used are the
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close- coup11ng method(76,77,78 77 78) an un1tar1zed d1storted

I
f
‘wave approximation (UDWA)(79) As e pected close agreement:
between exper1ments and the theoret1 al results is found at °
these h1gh energies.
| Below 100 KeV however,' sntuatlon becomes qQuite -
different. Attempts to reproduce the experimental behavior
‘using atomic state ~basis schemes fail miserably ~ and
different ‘theories “give widely dlvergent pred1ct1ons. It
therefore'seems.clear that a molecular state approach is
essent1a1 for this energy reglon. j - -
' The earllest molecular state treatment lfor. Hei‘-Hfis)
collisions \was reported by Placent1n1 and Salin(ZQ). Their
‘3-state-nork was much more fully extendedcin a very>thoroughl
"study-.by"Winter and La?e(ll)“using up to 22 basis-states;
Both these st;dies took the'reference' origin for 'eiectron.

-

coordlnates on the proton but did not take ETF effects into

n'jaccount (hence they lack proper translatlonal ‘1nvar1ance)

:vslnce‘ asymptotic boundary conditions 'for all 'states
H(nl) He®* are satisfied by thls ch01ce of reference or1g1n

the total charge exchange cross sect1on may 1n pr1nc1ple be
calculated from the dlrect Cross sectlons . by - using
orobabflity 'conservationf’ ‘but_ ‘individual state cross. .
sections will not be"correctly predicted, especially' for‘
charge 'exchange excitations, "Even for the total cross
sections, relatively poor agreement wfth ‘ experimentai
results is ‘found when only "a few'basis'states are used;

agreement is 1mproved if the bas1s set is extended greatly;
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Nbut convergence as function of basis size is slow.

Recently, "thorough calculations using PSS 'theory
corrected with Bates-McCarroll (one- centre) ETF' s .have Dbeen
done ' by Winter and Hatton(73) and Hatton Winter and
Lane(74). They examined convergence of cross sections with-
respect to basis size . ahd ,calculated_usome individual
He’(néZ) state cross'seCtions, as vell»as theaktotal cﬁarge
exchange, Their "results* show very markedly improved
convergehce as function of-basls size and are in generally
good agreement with. measurements on total _and"He*(ésf
transfer cross sections. However, as polnted out prev1ously,
- while some molecular states of HeH" are. nearly "atomic He""
states at most“lnternuclear distances (e.g.,1s0- ,2pT ),
others, _such as 2pq~ —whlch correlates to H(1s), are truly
molecular states w1th substantlal two-centre character at:
the : small R—values where' coupling ~ occurs, “and
Bates-McCarroll ETF's may not be adequate for these .Cases;j
molecular state ETF s should be more appropr1ate. ‘

[Vaaben and Taulbjerg(72) have reported a moleculafﬂ
state calculatlon of total charge‘eXChange cross sections in
He”-H(1s) coll1s1ons u51ng a molecular state ETF. based on a
'common sw;tchlng funct1on for all states. Their results are
in very substant1a1 dlsagreement with all the results c1ted
above, partlcularly at lthe lowver energ1es studied (thelr
- cross section at 1 KeV is only 50 % of the value reported by
wlnterv'gtégl), this is very surpr151ng, in view of the fact'

s

that at lower energles the cross\Sectlon is dominated by the
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¥

2p0~ﬂ_2pﬂ'_ and 2pa  ~-3d0~ codplings and is relatively

‘unaffected by ETF 1e§fect§. In this thesis, 1 have done

calculations using-theg switching function of Vaaben and

’ Téulbjerg and find, contrary to ‘their reported values,

~values in .good agréément»with Winter et al at 1 KeV (see

SectionVI.B.2)].
Winter, Hatton and Lqpe(zg) have . carried< out

calculations of direct gxcitation' and charge exchange: in

Hﬁ-Hé’(Js)'collisions, again using - Bates-McCarroll ETF's;

ohly‘ charge exchange into H(1s) is included. (They also

checked the probability fér'capture to H(n=2) levels 1in a

22-state PSS calculation by thé'methOd'uéed by Winter and . .

Lane(71).. The same*,qUéétions may be raised as before
regarding ;the; valid{ty of Bates-McCarroll ETF's (versus:a
molecular ETF descriptioﬁ based on switching functions)).

In this thesis I have performed calculations for the

HeH?* coilisionn systems using molecular states, with

‘molecular state ETF's based on different switching functions

1

fqr each‘molecular,state. ConVeréence of 'the,;;esu}ts as
function of _baéiém size, as well as behavibf"ofv both
individual state and total Cros$ sections, is"studied._lt is
sgdwn that individuai state cross sections eSpecialiy are

sensitive to molecular effects on ETF's. Sdfprisingly, even

for the ébalitativelj "He*-like" 1s0~ state, 'molecdlar

character has a big influence on cohpliné matrix ‘elements
and this effect is pattiqularly large for cross sections 1in

H‘—He’(l(ﬁ.collisibns (1so~  initial state).
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Experimental';measufements for Qe’?-H(1s) collisions
haQe been doneiby Fite, Smith, and St@bﬁings(gg)'and Shah,
and Gilbody(83), tht;‘ ﬁcCullough, Brady;f lshah, and
Gifquy(gg) and Bayfieid and Khayrallah(gg).. All thg
measurements except those 6f‘Bayfield’and Khayrallah are in_
lreasonably good agreement abo&e'10 KgV.'(Bayfield g&;gl give
éomewhat larger values in this énergy region). Below 8. KeV,
only two experimentél measurements. are availablé (Fite et

al(80) & G11body et al(83,84)); however, data of Fike et al

lie about an order of magn1tude above the more recent values
of Gilbody et al. For H*-He‘(1s) collisions, the
exper1menta1 vélﬁés haQe been determined from the ﬁeasdred
He" formatlon by Peart, Grey and Dolder(BS)‘ and Angél,
SeWell Dunn, and Gilbody(SG 87). Dolder et al measured the
Héf* formation cross sectlon from c.m. energy 3 KeV and
‘higher and their values t1e in well to those of Gllbody et
\ll (who measured only at higher energies 260 KeV ). These |

’

values for the He?* formation cross sectlon 1nclude both

4

‘ﬁipnization and charge exchange to.both ground state H(1s)

i
wd

and excited states H(nl) and this fact should be taken into-

a

account whgn one compares the theoretical results with the

measured values.



1. Gmnznxp THEORY

The or1gxna1 perturbed stat1onary state(Pss) method and its
serious deficiencies are described. f%e corrected PSS theory
incorporating  electron translation factors. (ETF's),
following Delos and Thorson(12) (see also Thorson and Delos
‘11), is summar1zed The result1ng coupled equat1ons (in the
classical trajectory ' formulation) are presented in a form
adequate for .lou energy collisions. Both differential and

total cross section formulae are 'shown and a brief

discussion of the coherent effects is given.

T

A. THE PSS THEORY
In an atomlc coll1s1on,dif the relative velocity Voo
of the collision is smaller than the orbital veloc1ty of a
bound electron, Ve ' i.e. V<< Vg ,,the‘ electron might-
be supposed to adjust . smoothiy to changes'in the ﬁuclear
position. In such a case, the molecuiar adiabatic states
' should form the best expansion basis to represent_the
electronic state of the colliding system: fixed nuclei
Born—Oppenheimer (B-0) adiabatic  states are chosen~asdthe
basistset and’the nuclear motion itSelf uay be regarded ;s'
‘the perturbatlon wh1ch causes electronlc trans1t1on between

states. This formulat1on was named thegperturbed stationary
. “\ '

~
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T
N ‘

o ‘ /
state (PSS) theory by Mott and Massey(2), who originally
) 6")

developed it,
' The conventional form of the PSS method can be
developed either in a classical trajectory form or in a

fully quantum mechanical form.

L N -
e wg e

Foom

1. Quantum Mechanical Form
In a quantum mechanical version, the total scattering

. . ) -
wave function can be expanded in B-O wavefunctions ,|n> )

v = [ x (R [n> o 0 11-1

-

where xn(ﬁ)'ae5cribes‘ the nuclear motion associated with
internal state n. 'The electronic state |n) is  the
eigenfunction of the electronic Hamiltonian, at fixed

- nuclear configuration R,

- > . .
. = > I1-2
Hyy (FiR) [n> = € (R) |n |

where He is the sum of potential energ§ V(r,ﬁ) and
electronic kinetic energy T, .. |
- Both the -eigenvector [n) - and its eigenvalue depend

parametrically on R.

-
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The total. wavefunction satisfies the time-independent

-

Schroedinger equation for the entire system,

2 a2
(4 /2uVR + H

[ 4

p I = EY 11-3
"Coupled equations for the components X, (R) of an abstract

vector x(R) are obtained by-multiplying Eq.(II*Bi from the

left by bra {m| and have the form (see Ref.(11))

-
I

- - 2 > - >
(@ =T+ BRI xR ey R) = Ex(R) 114

Since E(R) is a diagoﬁal 'matfix in this adiabatic
representation, all the couplings between different states
are caused by the matrix P. P(R) is called the nonadiabatic
coupling matrix; it is‘responsible for all the electronié

transitions and is defined as

[}

> . > .
P_(R) = —xh<m|vR|n> ’ I1-5

2. Classical Trajectory Form

Altgrnatively, ig the claséical trajectory version, one
can assume that the nuclei A and B move albngl a ,class;cal
path, specified by the iniernuélear vector R(t), and that

the wavefunction for the electron satisfies a time-dependent
: . L4

Pl



Schroedinger equation,

nel(?,imn(;,t) = iR3/3tT(r;t) 11-6
‘ 1f the total wavefunction

T

is expanded in the set of B-O
basis kets [n) ,

T = ] a(t)|n> 11-7

coupled

SN

equations

for the components a, (t) of an abstract
vector a,

which result from substitution of

Eq.(11-7) into
Eq.(I1-6) and multiplying again by <@l from the left, are

where

vV = dr/dt

The classical trajectory version of the theory may be
derived as an approximation from the more rigorous gquantum

mechanical version, under certain conditions, which will be
discussed in the following section.
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;3 The Valxdxty of the Classacal Tra;ectory Vers1on of the;]‘

-*‘Theory i |

‘The 'ﬁroblem of the - derlvatzon of; Lth?v_‘c13551calxﬂf‘ﬂ‘
’trajectoty versxon ;of; scatter1ng theory from thé' mo;e l ; 5
r1§otous quantum mechan1cal vers1on, and tge correspondin;; )
ireductlon f the coupled second order equﬁt:ons (11~ 4) toi
f1rst order txme—dependent cla551cal trajecto;y equat1ons 1n:
h‘Eq.(II-B) has.' been w;dely dlseyGSed Wukin !the_l
hl1terature(17,18z19) . Thevreduct1on depeﬁas on the use of ‘a
3sem1cla551ca1. approxlmatzon to descrlbe the nuclear motlon.'

i»'A 51mp1e 111ustrat1on of the methods 1nvolved 15 prov1ded if

‘Twe set
| xjg)fefexp{ipV-E/ﬁJij)_v' Sl o II-9

R | | %
here V is a constant veloc1ty of magnltude (2E/u) / I
;(1mpact parameter approxxmatzon ). Apply1ng Eq (II 9) ton_j}
Eq (II 4) and sortzng _accordxng “to powers of pr"; wve

jlmmed1ately obtazn,

1-ati-T, + e+ VBlam = ow ™ 0 00® 11-10

RN o s

-

EQ- (II 8) is. recovered 1f the ‘RHS of Eq (II 10) is neglected -
and a(R) is 1nterpreted as a(t) accordlng to the class1cal

connectlon ﬁ(t). More generally, the plane-wave factor ,in



Eq;(Ii-Q)‘ may be replaced by - a su1tab1e -

26

emiclassical

approximation descrzblng nuclear motlon, in whxch V=dR/dt

'need not be constant(18). Conditions "under

o semiclassical reduct1on to the cla551ca1 trajec

ofythe theory+*'is va11d vary someqhat accord;ng to 'the

methods' used,vﬁut alﬁays-requ;rebthat(lg):
(1) .The momentum- -ﬁgm'= tzu(e—s (R))]l’/2

large i.e, de Brogl1e wavelength for ‘the sta

whxch a

tory ver51on

~

must “be

te ﬁ) ‘must“.

be small compared to dlstances over ‘which G;AR) changes

apprec1ably (thls 1s the usual JWKB condltlo

Ae(2).,§1fferences 'Ik —k | <<'k o, i.e.,
o » n m :

S

energy transfer in a transition must be a small fraction

of the total momentum and energy in collxs1o

l ~

n)

momentum angd

n.

In  most vcollisions ofr atoms at KeVVor»higher impact

energies &and ‘even  lower . for  heavier

semiclassisdhl approx1mat1on to the< nuclear

.certainly adequate, ‘and in thia study the .

‘trajectory form of the coupled equatlons‘is
R4

: actual calculatlons.pA separate questlon arlses,
stralght—line-_(lmpact ,parameter) approx1mat1on

. o N . S . : &
other more sophisticated t:ajector1esv(Coulomb t

atoms),such

motion is

adopted f°ff%a

wvhether ‘a

is valid or

rajectory or.

Jother trajectogles) are needed and this ‘point will be

'vdlscussed‘1n a later sectlon(II c. 4) However; e
h1gh energles that the sem1c1ass1ca1 approx1mat

_‘and even that a__stralght 11ne trajectory as

ven for such

o

ion 1s valid

sumpt1on s

classical

%
3
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"valid, a collision can st111 be slow in thé sense that the
zcollision' speed 1is less than the orbital veloc1ty of bound
~electrons, so that a molecular’}state descrlptlon ~of the

electron system is appropriate. -

B. . DEFECTS OF PSS THEORY AND ORIGIN OF ELEC?R?N TRANSLATION -
N

FACTORS : I - . Ty ; -

In both quentumj mechanicéiw\andfeiassféal trejeotory
’formulations o@ythe PSS theory, tran51t1ons ar;se -from the
\same non-adiabatic apupling matrlx,g, wh1ch is supposed: to —

descrlbe changes 1n the adiabatic state as the,~nuclear-'
‘position alters. Honever, closer inVestigation reveels a
fundamental amblgu1ty 1n the meanlng of B the der1vat1ve in
‘Eq. (II-6) is taken while keeplng the electron coordlnate

fixed with respect to its reference orlgln, but thlS .means. N

N -

that P depends upon ‘the reference coord1nates chosen to
represent the system. Major defects of the PSS approx1mat10n
arlse from thls .situation. We can explaln the problem as'
foilow5(llng); '
¢1). 1In the' usual treatment of‘molecular sistems, the
v’centre -of ~-mass of the nucle1 (CMN) ;s taken as . reference
orlg1n " for the electron sﬁstem. At large 1nternuclear
separatlons, however, the phy51cally approprlate orlgln\

’for an electron coordlnate is not the CMN but the atomlc

*centre'to‘wh1chvthe electron' is bound: the electron
. ] . v . . i C R ~)
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moves with the nUCIeus to which it is attached.

(2). P is assumed to represent.effectsvof polarization,
distortion, change—oELCharacter, etc., in the molecular
wavefunctions as they adjust to the chang1ng molecular
flelds, but if the reference orlgln for the electron is
taken (for example) as the CMN, then a contr1butlon ‘to P

s

also arises from simple displacement of the ba51s

= *

functions with the moving nucle1 to which they are
‘attached This introduces spurlous -couplings into ,the
‘P—matrix, since it is obvious that the part'of.g uhich
merely represents d1sp1acement of ba51s functions with
respect to electronlc reference orﬂgln is not-a real
coupl1ng whlch could lead to electronlc transitions; the
_"dlsplacement‘ part"- must somehow be removed from P, to .
remove these fictitious" coupllngs. ;
(3);>'Slnce P is origin- dependent, the PSS theory as 1§'
stands does not meet‘phy51cal ‘invariance _requ;rementsql
An  electron bound to a particular--nucleusv has
xranslational motion, w}th respect to . some reference
origin such ‘as CMN, due to gﬁe nuclear'motion with
respect to that orlgzn. Transformat1on theory requires
that when a state wvhich is at rest in one reference
frame is descr1bed in a new frame, with respect to which
it is uniformly moving wlth velocity ?, then the
; wavefunction (as seen in the ynew frame)“‘muSt‘ be
'suhjected to a unitary. transformation to maintain

Galilean invariance:
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v @R = Us(E,R) | o TS S

 where U is a unitary,transformafion_ operator with' the
form -

U= exp[(im/h)(V-? - %vzﬁ)] | , _11—12 ~

LY

ThlS operator 1s here convent1onally referred to ,es ‘an
>e1ectron translatlon factor (ETF); it descrlbes the
rmomentum and k1net1c energy of the electron, associated
. with its translat1on along with a moving nucleus to‘
yhich it is bound. Because PSS 'theory ignoreS' such
factors, it does not meet - Galilean invariance
requirements, and in»particular tne individoal molecpiar
states whieh"make up the Pssb'expansion‘cannot meet
asymptot1c boundary cond1t1ons for scattering andﬁ are
not in one-to-one correspondence with correct initial

~and final scattering states.:

T | e
The defects of_ PSS theery which result from 1gnor1ng

1these con51derat1ons are not purely formal “ones, but may

lead to grossly 1ncorrect phys1cal predictions' in §ome'

a
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~ cases. The ndnadiabatia coupiiag ﬁatrfx,g,'has fhe ﬁéllowing'
unphy51cal propert1es' ‘
(1).  For certain_ dlscrete discrete trans1t10ns, Pvtends
to-a f1n1te value as R-»c (e.g., H;’ ‘150§ ———2503 |
coppl1ng Figure(I11-1)), and the magnitude 1n the small R
region is aneaé%nably large-(e.g., H,* 1505 ——*3d05 : /
coupling Fiéure(II—Z))(See also Ref.(38)). |
‘\(2).,Fo: iaaizing ;rahsitions;jfhe_g—matrik eiahehts are
_ physically unrealisticﬁ eacﬁ iqitial bound électronic
stafe is 'aoﬁpled"to 30-40 paraial,‘waves . in the
electronic cohtihuum ‘and ‘the aoﬁplings extend out ta‘

~extremely large dlstances ("50 a,u.)(see Rankin(29b),

Rankin and Thor son (29a));

It mlght be argued formally that ih spite of these
deﬁectsh since the molecular states {|ny} (1ncluding the
continuum) form .a complete set, the resultlng coupled
equatlons and hence .PSS theory are still completely rigorous

~as a scheme for solving scatterlng problems. ThlS would be///

true, provided that: - o V /////
(1). a complete expansion basis were actually used
. " . . / - - B
, | o N o
(including continuum states); and .
'//‘ g

/,,

(2). the resu1t1ng wave faiSE;c were projected onto a

'f1gorously correct set af/flnal scattering states.

However, such a procedure is completely impractical, ant
. ~ - ) ‘ uetl .
€ \\
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when the'expansion basis used is truncated to‘a‘finite set,
the defects of-PSS’theOry can lead to serious errors.
Defects of theAg_matri{.ail reeﬁlt from tthe spurious
"diSplacement" terms  described }'earlier.- To obtain a
ﬁhysically correct theory, it will be'necesSary to eorrect"
the nonadiabatic coupling matrix by removing such terms. In
the .next section;'we‘shall see that when a‘ description of
electron tranSiation factors is -prbéerly-includeq in the
theory, the most important: tesult is. that the matrix P
appearing in the coupled equatiene is in faet replaced by a

corrected coupling matrix, P+A.

Bates ahd'McCa:roll(g5 were the first to recpgnizeﬁthev
serious aefects of the PSS method due to its neglect of
electron translation effects, . and | they developed ‘a
modification of . t he theory which - at 1least removes the.
aeymﬁtotic defects. 1In their forhuiation, a piane-wave ETF'
of the form (11-12) 1is aifoc1ated with each molecular state.
Assumlng ﬂthat the ‘molecular "state |i> is asymptot1ca11y
correlated in unique fashion to a particular atoﬁic stateign‘
nucleus J, they associate.with»state~a a factor (I11-12), in
which the'velqcity vy whicﬁ‘ appears is the velocity of-
~nucleus J with _nespett to (say) the CMN This guarantees
that the basis states in the expansion are' in one-to-one
correspondence with the .correct. atomic scatterlng states,

and removes such defects as the spurlous f1n1te values as R
* and much of the very

9

"~ —ow for some P matr;x elements,

.
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ldng?range béhaviour of the iqnizing-t{ansition matrixé
elements. (In the special case of gthe ;symmetric molecular
Vsystems (tor example,H,* ), where ‘molécular,statgs have
geradé'(g) or ungerade (g) symmetry and do not correspond
uniqﬁely to atomic .states on a singie atom, a more
compliéatéd procedure is used \by Bates and McCarroll(4):
they combine pairs of .g and u molecuiar states to form
f:agments wﬁich do corfespond asymptbtically to states on
ﬁnidue atoms ,J, .and then associate an ETF of form (11-12)
'lfo?each such fré?ment.) R
In spite of these major improvements, the formulation
of Bates and Mccarroik(g{ still contains assumpt ions which
are phySicél}y.incorrecp, because they assign ﬁo,an electron
in a molecular state an ETF which descrfbes transﬁort
"aésociated with é particular atomic'centre; At tﬂe finite
| internuélear distancés where 'fegl 'couplings occuf, g a
molecﬁlar electroﬁ.qay\be partially attaéhed to bbth céntres
(i.e., a moiecular State méy‘%ave two-centre character). For
'such 'situa£ions,‘ a proper,;ETF for a molecglar state mUs£
ifseIf have'hoiecuiar, two-centre.character.‘As we will see
‘in- the hext section, this can'be done uysing the device_of
switching functions«

3
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C. THE CORRECTED PSS ‘Tabony (MODIFIED BY  ELECTRON
“PRANSLATION FACTORS (ETF)) | | ’
We now present an accoﬁnta of a modified PSS theory
which is _cqrrected to include electron translation factors:
(ETF's) and their effects. ‘The formulation meets all
 requirements of Gali;ean invariance and asymptotié boundary
conditions. The method used is that first bresepted
'rigorously by Thorson andﬂDeloé(ll), who.showed that ETF's
appropriate for molecular states can be constructed ‘using;
_switching functions. In:.effect, thes;_describe an "elaétrod
translation” which is a function ' of the electrdn‘s local
behavior: alternatively “they can bé“&iewed as defining a
local refarance origin for an -electron adapted to _its'
‘"degrée af attachment™ to one or the other of‘thé'nu;lég.
Asymptotically, ‘pfoviaed théA switchidg function » meets
certaiﬁ boundary ’cénditions,_ a description. effectively
identical to that of Bates & McCarroliv is recovered as  a
limiting formy \
The orlglnal formulatlon of Thorson and Delos(11) was
based on the assumption that a single switching functlon may
~ be used fof all electronic states of .a given system.
Howevéf,\»study of the shapes Qf e;ectronic aavefunctions
reveals clearly that some states show substantial two-centre
;haracfér at finite» internuclear separat1ons,'wh11e .other
-groups of states have almost entirely one-centre character

over  nearly  the whole range of 1nternuclear separatlons.

This as well as other evidence strongly supports the



36

assumption . that different switching functions for each
molecular state are more appropriate. A fo;mulation based on
this more general assumption has been ‘givgn by Delos and
Thorson(12) in  the framework -of classical tréjecto;y
collisién theorj. | |
This theory 1is rév{ewed in slightly modified form for
pgactical use bearing_ on the processes occurring in
(symmetric) H'-H(1s) - and (asymmetric) . He?*-H(1s) and'

H*-He*(1s) collisions. !

1. Coupied Equations for 51oQ.C9115ions

| It is assumed that the nuclei A and B move along a
classical path, sﬁecified by the internﬁclear’vectdr R(t),
and that the wavefunction for ‘the' electron satisfies a

time-dependent Schrqedinger equation -

i#;a/at"r(?;t);'uel(i;’ﬁ(t))'r(?m ¢ . 1I-13
: .

The total electronic wavefunction T 1is expanded in‘thegtTF

modified set in the form

T = .
2n a (L)F ¢ 11-14

- .

where ¢ are the basis states describing internal motion of

A -
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the electron . and F, are associated electron translation
factors (ETF) descri ing the electroﬁ's transport momentum
and kinetic energy as it is carried along in state & with
one nucleus or the/ other. If the basis % were a set of
atomic states, thenr the appropriatetinn 's would " be
Bates -McCarroll faétérs of the form (II—fZ) but since

¢, are molecular State% (for a PSS expansion) we shall

define the ETF's E, in a somewhat different vay.

For convenience,iwe take the geometric centre of the
system (GC), ratgfr than CMN, as the reference origin for
electron coordlnate r, As Delos and Thorson(12) po1nt out;
\fhe physical descrxp;1on is in any cgse invariant to choice
of reference origin, if Gélilean invariénce requirements are

met correctly for' that choice; furthermore, since the

velocity of the CMN with respect to the geometric centre is

simply _'Exfz ,where A = (HA-'H;)/(HA-Q—HB‘)" , it is easy
to‘construct ETF's with respect to CMﬁ as reference-.origin;
if these were needed, by the rules of transformatlon theory
(Schmid (27))

With GC as reference origin, we define the ETF's as

L .
. + 5 1 2 ’ z
_ F = exp[(lm/h)(w er = =1V dt')] II-15 -
n n 8 :
- e . N A
where w, 'is defined as
—+(+->_1f NN j S
Wn r;R) = 7 n(r;R)V : I1-16
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and

L]
. [

? . r = a/at

W is effectively a local',transport velocity for an
electron in molecular state n, and it is spécified by the
sw;tch1ng function fq (E,R). Since the electron in a bound
state is attached'asymptotiéally to one of the nuclei, we

have the asymptotic constraints

. -+ > - 1 "
N lim £ _(r;R) = +1 , if ?B = |r —-JERI finite  II-17 ' ’a
R A = |
» > 12 Lo Lol
= -1 , if r, = lr + ERT finite ‘ N &3

The atomic- type'ETF s of Bates & McCarroll, (11-12), are then

effectxvely recovered as R —»eo , since a "B-atom® state“ﬁif

5

‘e A

L . ] -
pro;%ﬁ%s out-a velocity @ =+ 2 V, and an "A-atom"” state ‘a

% iy

velocity v o= ;%'V, in Eq. (II 16).

The idea of using a swltchlng function to achleve such
. 2 ‘ %
a moleculax ETF description was first introduced by

Schneiderman and Russek(9), who also éonsidereds

4""’\"’ )
constra1nts vhich must be met by such a funcq‘on. Thejc $
and Delos(11) carried out tﬁ first rigorou ?formulatj
S ~,‘v

a scattering theory using the device.

~



Apart ‘from the asymptot1c constraints. ngen above, the
tform of the swztch1ng functlon . ¥ (?,R) is ‘not fully'
,spec1f1ed ;7The'_ determlnatxon' éf 75ppropti$te. sﬁitching”
funct:ons for moleculs} states is” an. 1mportant"ptastica1»
_pzpblem, because the corrected nonad1abat1c couplxng“m@trxx
elements whxch resurt are in some cases ?xtremely sensitive
wtp the ch01ce used for fM. Detalled methods for determ1n1ng-
sw1tch1ng funct1ons are discussed in Chapter III.

fIh: thls formulatzon, the expans1on ba51s states ‘QL
are agaip” just the‘Born-Oppenhelmer ad1abat1c e1genfunctions
tor' th" electronlc Ham11ton1an, wh1ch obey Eq (II -2).
'obtaln the coupled equat:ons, we substltute Eq (II 14) 'znto
Schroedlnger 'equat1on Ed. (11-13), multlply on the left by ?:
’; and close w1th the brav <}| with the result |

"t

o &

Zn<m|Fan|.n‘>1hd/d‘t a = Zn[,<m|Fan(.Hel - l‘hi;.‘;R) lvn_>

* V<m|Fm{ [;Hel'Ev‘n'] - ';lﬁ,a(at, Fn}’,‘h,p ®n

i
4

N S
CII-18

i?heseA,féqUatibns' are equ1va1ent  to the Schféedinger.‘
"¥QQUatioh(iI—13) '},.bw1th1n the approx1mat1onsl 'ths'
c1ass1cal trajectory theory, they afg eraLt. -After
v51mp11fy1ng by neglectlhg small terms. telated to bV/dt and

3 . :
. ) R . ) b
T . . : . ey
R L .

‘, Lo . » g : ) i_ 2 ' :Wv /



.Q.anﬁ‘< , the oodpledvequaﬁions have the form (in _fhe

’

.abst:act vector notation) - T
sv)iha/dta = (V) + V-@w) + Avla . II-19 )
" where - x
N sy = <m|Fan|n? I ' 1I-20a
C % ’ . » .
h(v) = <am|F_F_hin> - AR . II-20b
mn mn
= v (i » : II-20¢
E(V%““‘<m|Fan( V) [n> N , ;
. : .. S S S
’ o AWY) = (im/ﬁ)<m|Fan[hf3;]ln>,‘ _ | . 11~ 204
S JUSPRN B iI-20€
n 2mn7 " . : .

! e

“ For * low and intermediate energy_collisions[ which are of

s _
-part1cu1ar interest 1n our present stud1es, we can agply a

\

ubstantial 51mp11f1cat1on to the above coupled equatzons .
Expand1ng the ETF' s in powver ser1es‘ of veloc1ty vV, and
neglectxng all terms of order v? and h1gher, we can obtain
simpler coupled equatxons by reta1n1ng terms to flrst -order

" in V; and to second—ord%r in v, as requ1red
o o Pl



B

'attached?'Eqs.(II-ZI) h

- or1glnal equations -

Coupled eQuat1ons to £1rst order in veloc1ty

When terms of order (V’) are also neglected the

coupled equations have the 51mp1e form-

. . L o |
fhd/dt'2_=‘(5_+ 3-(2 +A)a - - - : 11—;;\
where ) -
e = <m‘h|n>sm\ ) S ©1I-2a
‘b = <m|(-iMV ) [n> o Ir-ub
=mn 'R ;
' . R
= (ih/rn)_<m‘ [h,'é' 1|n> o - - I1-22¢c
-mn . hE n ] | )
2

v

In these equations g and P are . familiar terms, ,

vhich arise ln the PSS theory in which ETF's are

neglected P 1s the nonad1abat1c PSS coup11ng term.

‘The new coupllng matr1x A arlses from the presence
of. the ETF 1n‘expans1on(11 14), it is the correction

: matrik which identifies and removes from P that

portionfwhich represents'just si ’le “dzsplacement"

of basis states with-n :1 wh1ch they are

‘/PSS“theory, but -the

‘nonad1abat1c coup11ng mat 1xuhas been correctedwkto

remove the f1ct1tzous couplxngs due to dlsplacement.

]

he same form as the

~
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"b. Inclusion of secbnd-order'terms<ihfveloci§y\'
"'_ When second-order terms are also included, the

~coupled equations are

> > >
_ r‘fld/dt a, = €@+ ZnV°(P +-A)a
. | T T s - '. -> Lo > i
N [flm/hr{fkl[V°(snfsﬁ)?lvf(fIﬁVR.+ (imA) (H_ s 1)1 |n>
-"Xj <k| [V (E’j;'é’k)]!j><j|3- (~hV + (im/h) [”ei;gﬁl’ In>}

v x| /e 1= + DA gD’

+ 2(VeE) (E VeV £+ 2VeV f)]IQJ I : .
' _ n rn ‘.Rn'n h 23 ' .

4y

Thesé equations contain the samé firsgﬁqrdér terms
‘as (I1-21), but also include the very méssy' and,
'cqm%}icated ”seé;ﬁd-brdé} terms - shown. These terms
become _inc:easingly .impértant<.as the - coliision
yeloéity kecomes v¢omparablelwith the;orbital«épeed.
of a bound electron, but as a rule we have found

that for energies - below about 5 KeV/amu their

}efﬁwx in’the’systems stuéiéd ére,negiigiﬁly Small,b
Their importanée, hOweQér;‘élso véries someﬁhat from
system to system; if oﬁe-. considers - couplingsib
involving states which have .st:ongly‘;mOIecular"

~character out to kelatibely. large interﬁuclear

separation, differences between SWitching functions



for diffefent _states have a relatively much larger
effect; for example, in the symmetric H’FH(1s)'
collision -system, thisa effect is much more
pronounced than: for He"—H(1s) or .H'-He* (1s), where
many of the states are eﬁfectlvely He* (nl) atom1c-
| states at relatlvely small 1nternuclear separations.
lAs a ‘result, in H*-H(1s) coll151ons , second-order
terms have a noticeable effect already at collision
\

energies 4-5 KeV, while for 'the HeH?* 'system they

remain quite small even up to.20 KeV. v

These are the.required'forms }of’the coupledaequati%Ps
for pract1ca1 appllcat1ons to slow and intermediate energy
‘coll151ons.: They can ‘be solved numerlcally Because of the
neglected terms 1n (dV/dt) and the hlgher order terms in V,
Eq.(II 21) and? Eq (II -23) ’may not exactly conserve
probability in general, but this failure of unitarity is
small, _ofl the . order of ‘the neglected terms, and wve will

l;pfove.thiskin the next section. ﬁ"

2. Unitarity
As polnted out earller, the coupled equat1ons (11-19)
_are equ1va1ent to the t ime-dependent Schroedlnger equation

(II—13) from whlch they were obtained, and, w1th1n the

_cla551cal trajectory description they are exact. Slnce the

Schroedlnger equation conserves probablllty, it follows that

. e
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the quantity

-, . 5
<7l =] - a (tha (t) <n|F F_[n> " II-240
.o . m,n o ! ‘

N

_is conserved, i.e., = , >

- X ‘ . . ! - '*
© thasat<T|T> = ] {a;smn[ihan],f [—iﬁamlsmnan
- om,n. - : _

+ q;[iia/at s_Ja} =0 _:‘11— 24b

1f (as ve have doﬁe) }ihe exact equations .(II—19)‘ are
approxlmated by neglectlng certain terms, then there wlll be .
a correspond1ng fa11ure of the conservatlon ofe probabll;ty'
in Eq. (II -24b)., ‘ : ‘ IG\‘_ |
To derive Egs. (II -21) or (II- 23), wve have‘(fifneglected
Iterms in (a¥/at) and v-V f-,.and (2) after expanding ETF's
~in powers of the veloc1ty, we have kept terms in the coupled »
equatxons only up through first-order in veloc1ty
(Eq. (II -21)) or second ~order in velocity ~4Eq (11- 23 {\ and -

have’ d1scarded h1gher terms. Correspond1ngly, it can be

shown that errors in the conservatxon of probablllty are \Bg

the order of the dlscarded terms. Thus, for the first-order
equétlons (11~ -21) it can be shown exp11c1t1y " that
Eq.(I1-24b) is satlsf1ed to within errors of order V’(and

.of'course,‘dV/dt;and vngfn“). Itlxs 1llum1nat1ng to give
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#
this proof explicitly (Green(14)). Using Egs.(11-21) . in

"eqs.(11424b),‘we obtain o . L

Hhasat<r|1> = a’ [V (>-p") + V(A=A )la

> * =] -1
+Va (gs h-hs g)al

- :
* -+ > >
N A RIS - I1-25
" Using the relations: N
.' ‘Ls ’
A - A =‘—ﬂim/ﬂ)[g§_1§_- I3-26
we find

/

’

. : * o * e
tha/at<t|T> = a Ve (2-p ) + V-V S + ow’)la 11-21

and since it is easily shown that

N e | o
-d¥s=p-2 . 11-28

PO N o . ' o , 5
it follows that Eq.(11-24b) is satisfied to within errors of

) ) } . 7/
order V?. This proof is relevant to a particular “point in’

the practical calculationss Since the switching functions

~
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are different for different molécular.stateé,'it follows

® - . . .
. that £§M~, is not egual to AN , and hence the  coupling

matrices are not Hermitian. Some workers who have included .

treatment of ETF effects in calculations have incorrqttly

assumed  that these distinct forward and reverse coupllngs

should be replaced by their Hermitian averages\

(e.g.,Crothers and Hughes(BO)) However, as Eg.(11-24)"

shows, what is to be coriserved is not ( (z mn)_:)‘, b T

<TlT> ) g1ven by (11-24a) (to errors o(v?)), and as we

have just shown using Eq§<£;1-27), the non-Hermitian

‘character of the matrix eleme t@ is just what is needed to

ach1eve thlS. Slmllarly, one can sh w that if terms up to
order V? are 1ncluded as 1in Egs.(II- 24), theh'errOrs in

| probablllty conservat1on in Eq.(II- 24b) will be of order V?

(as before, ,there are also errors of order (dV/dt) and

i
¢

/

3. Componehts'qf P- and A-M?tricés in the Rotating Molecular.

Frame
In the foregoing #developments we - have shown the
' nonadiabatic ~coupling matrices  (P+A) as vectors in

-

three-dimensional space:

+

jav)

(R)

kn <k|fiﬁ$R|n>v

A _(R) = (im/2h) (e, - € )ek|£ F[n> . 1I-30
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'Now, it is well known that the Born- 0ppenhe1mer elgenstates
|n> ‘depend parametr1cally only upon the magnltude of R, ana
not upon its di;ect1on, and it mxght thgrefore appear that
the only non-vanishing coﬁponent ot'P wbuld be the radial
one. This is not correct because the gradlent in Eq. (II 29)

is, to be taken keeplng the electron coord1nate T f1xed in a.

non-rotatlng reference frame; but the Born-Oppenhe1mer'

eigenstates depend only upon R, provided that the electron
coordlnates are describéd in the rotating molecular .
_reference frame. .Let ? (x, y z) be the coordinates of the

"electron in the lab. frame, while ?"=(x',y‘,z") denotes the

‘same -point in the mq}ecuiar frame.. These are related:

L4

by(7,15,16)

x' cosBcos?d cosOsin¢ ~-sin® X
y'| =| -sin¢ cos¢ . 0 |ty . 1I- 3
1zt sinOcos® sin@sin$  cos@ z

~

where @ § are the polar coordinates of the vector R.
From this it can be shown that

7 . ' - ) ’ Y

. . \\ L . , 3
’fh(?/aR)xQz = -ih(a/aﬁ)x,y,z, ' . II-3a
_rh(a/aO)xyz = -iﬂ(a/ao)x,y,z, - Ly I1- 326
-rﬁga/a¢)xyz f 4ih(a/a¢)x,y,z, + [sinOL , = cosOL,,]

II~- ”c

wid
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where 'El fi* Le are’thé components of the electronic
orbital angular momentum operator in the molecular frame (
with respect to GC as origin). It follows that P has angular
as well as radiél components.

In a ‘classical tréjectdfy description of a collision,
the vector R(t) moves in a plane, which we hay - take to be
| $ =0. The 'vélécity..3=d§/dt has ,COmponentsi Vo= R,

R
= RO . Corresponding to these .components

<}

©)
the vector P has components

S

R _ _. : : . 11- Ba
P = -1’ﬁ<k|(a/§mx.y.z.|n> *
and
>O -1 ~ :
P = -R <ley'|“> ' . S I1- 33b

The corresponding components of the ETF correction matrig.é

are:

A)I:\n = (i_in/2¥\) (Ek - En);k|fnz' ln>‘ : II;uq
A, = (im/2h) (e, = en)<k’\fnx' |n> 11- 4b :

'In- the aeveiopments which follow,grwe shall undersfand
?(xjy,z) to. fefer' to rotating mdiécularl frame electrb.l{
‘ ¢oordinateé, i.e., 'we, shall drop the pr;ﬁe §uperscript in
the above equatiohs. In the molecular frame coordinates, not
only the eigenstates In) ,Sutﬂdlso the switching functions
Q{?:R)~de§end paramétrically"oniy 1u§on._R; théréfore} it;
folioés vfrom the abgve equations “thaﬁ both radial,aﬁd

i
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angular coupling matrix = elements ‘(11—33),(11—34) are
functions only of R. The Born-Oppenheimer eigenstates are
also eigenfunctions Of‘£: , .the component of orbital angular

momentum on -the molecular axis:

» > = ) | ‘ T
. LZ n mn*ll'n> # 11-3%

\

- . . . .
It follows that radial coupllngs_(gs+ 5_)b“ may connect only
states with the same m, while angular couplings connect only

states for which mi, =m.t 1.
' v

4. Choice of Trajectory
In the derivation of a classical trajectofy formulation
of a collision problem from the fullyl quan;um—mechanical
description, the definition of the cléssicél trajecto;y"ﬁ(t)
to .be used is not compietely}’arbitrary; it must be
- determined in some way which is self-conéispent with the
assumptions 'lusea ~in “the derivatidn. .~ In most
cases-—rparticglarly\ whére. the JWKB approximation is the
basis for the redUctidn---the trajeétdry'akt).is defined ' by
defining-'some suitable aVerage, momentum (in terms of the

classical momenta associated with different ‘states, |np) )..

A . great deal '~ of discussion in connection with.

1y

v semiclassical reductions has concentrated on the problem of
determining the best. average trajectbry. While it can be
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‘shown in mahy casés that some choices ‘appéar "to give
somewhat more accurate results than others, this quéstioh
remains still open. Delos and Thorson(18) state that if it
makes very much dlfference which average trajectqry must be
used, then the validity of the sem1c1a551cal reduct1on'
1tself may be questlonable. v

For the collision energies con51dered in this study,-
the validity of the semiclassical reduction and Fhezefore of
the <classical .trajectory épproaqh is not in duestion.'For
exampl;, étudies "in the H*'-H(1s) collisiqn problem by
Knudsoﬁ .and Thorson(gg) show that the classical trajectory
equations are able to reproduce fully quantumfmechanical
calculations fofﬁé.m. collision energies as low as 30-501eV,
which is morefthan an order of magnitude below the lowest
energies consfébred in the present studies. .

' However, Knudson and Thorson(42) aléo showed that  the
classical trajectory eqﬁétions must be solved using a
’ cléssital tfajectory which is appropriate to tﬁé _actuai
.béhav1or of - the éystem. In ﬁarticular, for the case of
strong rotatlonal coupling in the united atom limit (R-—> 09
between 2p0:" and\2pﬂ; molecular states of the H‘-H(1s)
syStem, it is important,fo use a cla551ca1.trajegtory ‘which
correctly describes how tﬁe system passes through the strong
coupling r “E N near R-—,fo. In earller sﬁﬁdies of  a£omic
coll151onv ﬁﬁqpesses, it was a common practice tofuse/the
classical trajectory equat1ons wgih the arbltrary aésumption
of a'straight-line,'constant4velocity trajectory: |

-*> - - . : ' . )
R(t) = p + Vt : II-36
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(this is often called the impact-parameter approximation).
1f the coliision energy is high enough, this assumption can
always Dbe justified in .the limiting cése. ﬁowever, Kngdson
and Thorson(42) found that as R —> 0 the distortion of
trajectory from a straight line due to Coulbmb,;epulsion'of
the nuclei leads to major differences between the impact
parameter resplts andA the correct behavior at lower
energies. Correct results are obtained for E2100 ev, if
Coulomb . trajectories are used ‘instead. Additional
‘modifications of trajectory due- to electronic -pofential
curve details were found to be much 1esé imbortant,since the
uni&ed-atom fotétional"éoupling is known to be a main
v%’excitatioﬁ mechanism ~in many types of atomic collision:
problems’ (including cases Qe_study here),' the QUeStion of
accuracy of ’impact parameter (straight-line) trajectories,
versus Coulombic trajectories, is'perhaps important at theb
lower energies considered (sS1 KeV).
We have tested the validity of * the straight-line
‘trajectory b& compar}ﬁg résults_,with thoée found for
Coulombic trajeétories in H'-H(1s) collisions at 1 KeV.
A(projecéile energy). As shown by Knudson and Thorson, the
main effect of the Coulombic trajectory 'is to shift the
p051t10n of the peak of maximum probability to smaller
1mpact parameters ‘and create a new peak at very small impact
L]

parameter, which contrlbutes a very small effect to the

Vy,sectlons at hlgher gperg:es. In our studies at 1 KeV

‘hat _ghe totalﬁdev1a§10n between exc1tat10n and

ey
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charge exchange cross sections computed with straight-line
‘and with Coulombic trajecto&}c{\iu at most 5 x.hﬂcodlels‘ to
say, as the collision energy incrcases, the rasults will
coincide still more elosely.

For the HeH'* collision system, Winter and Lane(71)
made a careful study of differences between straightzline
and Coulombic trajectory cross sections at 1 Ke), and found
they were at most 8 X.

Therefore we concluded that the Ustrﬁight-liﬁe

trajectory could be used safely in thesé studies and we have

carried out our calculations on this assumption because of .
its simplicity. For this case, the radial and angularis;
. o G
velocities dan be written, , : e
, o

hd 1/2 o ) I1I-3a

R = tv(l - p°/R)

O = Vp/R II- 37b

where f is the impact parameter and V is the (constant)

relative velocity.

-

BN
R

D. CROSS SECTION FORMULAS

{ " 1. Total and Det] 'w*Cross Sectxon Fospulas

The coupled equatzons, Egs.(I1I-21) ana (11-23) should

beISOlVéd to obtain the amplitude and probability as t —» +o
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These equat1ons ‘are solved numerxcally thh fhe following

1n;t1a; conditxon- 1f the 1ndex "y des1gnates the 1n1txale:
state (1505 ' and 2p0‘ . for H,'>bxstem, and 2p0; 'for ‘the
é . RO S : :
He?‘*ﬁ(1s)_e, 1501&? mfo:, He*(1s)-H* system) _the 1n1t1a1’1 :

" conditions for the coupled equation are

-

© agls me) = 1/-/251}(‘ © for H,* . II-38a

" for HeHY* II-38b
1k L

~and - th eofipal'“state‘amplitudes’a{+¢:'?-)ffor given energy

‘and i pact parameter are computed. _Tﬁe probability"ot

V

excztatgﬁn to molecular state x is defined-: as -/
C b (E.p) = |a (+ @00 |2 s 11239

"The correspond1ng 1ntegrated cross’ section for mblecular.

vstate k is. conventlonally given s

o

. . ) : . o
o Qk,#e2ﬂjodp'Pk(E,p) S o o I1-40
_ . e /

2



compute probaBilities and cross sections for

" ‘However,
' LA

'eicitatioﬁA'tob specific atomic states(j), gfomic~_ state
.amplithdes‘ &i&‘(+°° > ¥ ) must first be formed by an
approprlate coherent add1{1on of molecular state - amplitudes

'before ‘using Eq (11- 40) i. e.,
%
1» b_j(+ “;9‘)/= elyikcjkaku w;p)exp\\(;—(l/fx). (e, (t )—ej)d‘t )

'11-'41

" where }reis'an arbitrary pi7se, and é; is the .atomic_ state
- energy. - |

pe

/

The coherences considered in’ Eq.(II-41) are . of two
tyﬁes(a;b) fortwthe “H,* case and one type(b) for the HeH"
case. (In _thef asymmetrxc system, ‘the MO, correlates in

one- to-one fash1on to a correspond1ng AO.)

a. g and u Coherences R I
| The direct and charge exchange amplitudes for

' H;‘ system are formed by addltaon and/or subtractlon“

of the ampl1tude for matchlng pa1rs of g -and  u

v molecular states.; For the .incident channel where
"f1nal amplxtudes are s1gn1f1cant for both g and u
'folcomponents,» the well known resonant charge exchange"
oscillations result(e g. resonante\‘ H(4s) charge

D

exchange 1nvolves both the initial states 1505 and

o

yielint ’states). For,the'excxted,channels , on the"

LN v
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other hand, amplltudes for exc1tat1on of q molecular‘
“stgtes are smaller below 5 KeV w1th the result that
the dlrect ind.cha;ge»exchange cross sechibns are
idnea:lj‘fhe‘saMe(BpGS and 4f& fonyurstate and 25h

qsz_and 3dd;  for g-state).

; ¥ .
b. 'Hybrldlzatlon Coherences - : B

In a hydrogenlc ion or atom where atomic levels
~like 2s and 2p are essentially degenarate, tha
| molecular states are‘asymptotiCaily dorréiatéd‘ndt

to aﬁonic;‘eigenStatés‘ but to the hybrid (stark
'field) states.“For"H,‘ ~, the pairs of molecula}
tatesﬁ(2503‘ ,3d03 ) and (3?03 RS i )
correlate 'foi'g ‘and u "spb hybridsf"of "H(n=2),
\ respéctivelyb For n=2'ieva1 in HeH?', the molecular'
states (250‘ i ,3d0'n ) correlate to the sp-hybrid

‘of He* (n= 2) atomlc states. These' mixingsﬁimust be -
unscrambled to oﬁtaﬁk 2s and 2p atomic amplltudes,
k_and 1fdross .sections tﬂfor H(Zs) H(2p) and

He‘(2$},He‘(2p) individual atomic states.:

A formula ‘for the d1fferent1al cross sect1on is g1ven

by McCarroll nd Sal1n(20) w1th1n the frame of the Eikonal

 approximation, + o



d,c , 2,2 Uod, el 1,2
ofrCe) = 2mp?vi|ean A T °.p)Jm(2uV951n29)|

’ e v

: I1-42

where }P ~is the reduced mass, v is the bllision velocity,

6 ,1s the scatterzng an"% ; Jmm(x(

€

~of order m, end m is the dszerence between the magnet1c-~

quantum numbers in the 1n1t1a1~and £1nal molecular states.

The total exchange probab111ty may be therefore calculated'

‘f A

from the”expresszon - IR _Jf
¢
oS (8) 7 .
N o 1-43
. . I~
p__(8) = - ~ ,
ex da c : .
[ (o] (Breo (8)) - -

" which describes the ratioof differential cross sections,.

and d,c denote direct excitation and ‘icharge-exchange

exc1tat1on, respect1ve1y. Eq (11- 42) has been der1ved under

the assumption that the forward scatterlng which occurs at

>

the 'angle 9 ‘0 is the dom1nant process 1n.the scatter1ng.

[McCarroll et al used th1s assumptlon and expanded the terms

g ]

QWhICh 1nvolved the angle, 9 , and then retalned theifxrstA

term of the expan51on only ] Therefore thls formula is valid

only for smallvangle scatter;ng. )

the Bessel function
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I1I. SWITCHING FUNCTION AND THE COUPLING MATRIX

h. INTRODUCTION AND SUHMARY OF OTHER WORK

In thls work, we have 'used the swltch1ng function,
~f(r R), as a dev1ce to represent the translat1ona1 mot1on of
an electron in a mqlecular electr9n1c‘statey as a local
_}functien of'ite position. In a molecular state, it is not -
-'iﬁpbssible to say that thejwelectron"is attached to a
particular nucleus (astwouid be true for an atomic . etate);
in effect, the SWitching funetion shows the local degree'of
' attachment to either nucleus. Asymptotlcally ‘(ﬁ-—e 6o ) "rwe
éan say that a bound state electron must be attached to a
* definite nucleus, and therefore it follows thet there are

asymptotic constraints ©

lim [£(¥R)] = +1 ¥, = |#-R/2| finite III-la &
R : ‘ ) ~ . ‘
lim [f(?;R)] = =1 > > 5 . " ) ‘

Roo : . i Ta ‘,lr+R/2l finite III-1b

In-the united atom limit R —> 0, it can be shown that
the bound eleétron shonid ‘transgpte with the centre‘bf

o

_charge of the system (rather than the geometrlc centre) for
- an asymmetr;c syste%, the sw1tch1ng functlon (whieh'
‘deecribee‘tranelatibn with tespectbte the'geometr1c centre)e
must therefote“tend‘to a finite mean value, not to zero (as
:has song;imes.been.assumed in earlier work). This has been
‘:pointeé' outt'earlier by/T. A. Greenﬂggégzdijﬂemofe'recently

-3 A
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has been emphas1zed by Taulb]erg and Vaaben(28) in a recent
paper on SWltChlng functlons. |

| Apart from these two -types of 1limiting consfraints,
however, the spec1f1c form of the sw1tch1ng function is not
‘defined. | ;_'

The formal requ1rements of a scatterlng theory are met
_usxng ETF's based on an arbltrary ,cho1ce of ‘éw1tch1ng\
',function, provfﬁed‘ it meets the asymptotic constraints’
(III-1a,b).'The results of a scattering calculatioh hshould
_thus be invariant to  the -<choice actually made for f,
assuming a complete basis set is osed. However,‘practi ' ly,
the: ba51s sets: used for cﬁose coupllng calculatlons are far
from complete, and one then fafds ‘that the choice maﬁ%g.for
the sw1tch1ng fuactlon &Yrectly affects the coupllng matrix
elements and through them ghe resulyﬁng cross sections.

Th1s problem has great theoretical 1mportance because
the corrected nonad1abat1c coupllngs ‘for .many tran51t10ns
are' in fact extremely sen51t1ve to the form and parameters
-used for the sw:tchlng function, and a precise determlnatlon
“of sw1tch1ng functlons for molecular states of H,‘ and HeH“
was an 1mportant 1nvest1gat1on topic for thls research

Various authors(21 33) - have proposed methods for
htreatihg ETF descr1pt1ons . and, in_ particular,  for
,constructing sw1tch1ng functlons A good discussion of
earlier aspects of the ET? descrlptioh problem has~ been
gt§en by Riera and Salin(ggl, ‘ o : " ‘ |

" _ o » .

R
-~ ,'// .
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Apart from the methods we have used in _this work, Which

are descrlbed more fully below,. most attemﬁts to find

"eriteria for determ1n1ng sw1tch1ng funct1ons have taken the

Euler-Lagrange varlatlon method(glg).as the formal startlng-

_point for bbtainingksuch criteria. | .
W ; , : ' ‘ N

-~
+ "

| A f1rst appllcatlon of the Euler-~ Lagrange method to thef
determ1nat10n of ETPF' s was glven by Riley .and Green(21b)
B However,c in  that . paper | they. considered only
51ngle centre type ETF'Ss, iﬁe.,»they considered oply ETF'S
-based on R- dependent parameters ‘and d1d not treat lthe mdre
general problem of ETF's based on switching Eunctions.
Recently, a . much more elaborate formulaticni including
sw1tch1ng functions. as a p0551b1e dev1ce, ‘has been presented
by T. A, Green(l}) * In this formulation, opt1mum
) switcbing' fnnctions may be’ determined variationally by
solving ‘a':set ‘of coupled d1£ferent1al equatlon;. HOwever.
'theae equat1ons are extremely compllcated and their solutlon
‘seemed to us td be qu1te 1mptact1cal for pufposes of our\
pres nt &otk. _ | 2
\More lihited application of the EuletcLagrange method“
to ETF description in the case of a single molecular’_state
leads¥o equations closely resembling the eguation of
continuityifcrwthe brébability‘density. Some 'authorsﬂ have .
dattempted- to Huse such eduations, or equatlons closely

'We thank Dr. Green for show1ng us these equatlons in
advance of publlcat1on. ’
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related to . them and based on physicai aréuments, to derive
switching functlons. One such attempt was. made fdrmally' b§:
Schmid(27); it can be shown, however, that his "def1n1t1on
is not unique, s1nce it requ1res the evaluat10n of a iline'
integral whose value depends on the path used to compute
it,i.e.,p the qeantity 1ntegrated is not ah exact'»
differential. Also, zeroes in the molecular state wave
function , appear fto‘ introéﬁée poies and eSsehtiai
s1ngular1t1es 1nto Schmld s definition. | |

A more successful attempt has -been made by Ponce(31),
who also _app11ed ~his defxnltlon_-in a very approximate
faShibn to'caiculatiohs on the 150; ,Zp}?-and 2pTl states of
H *+. '‘He obtains "velocity field" ‘functions«ﬁhich may be
roughly compared with our switching functions, and “in» fact
they do resemble our. functions in a qualitative (but not
quant1tat1ve) vay. Difficulties t*}h Ponce's method are that
it uses Carte51an separatlons of electron coord1nates (the
;_mqleCUlar states aregseparable'only ‘in prolate spher01dal
’1céoidinates){ | | J

Crothers and Hughes(30) have used the Euler-Lagrange =
scheme 1in ai still .more ' limited context, to»define ETF's \
which are equiValent; to lowest order -in the collision
velééit&, te the use of a 'particulat tyﬁe ef'switching
fdnctibh,ayfor ‘the special case df a symmetric system

\

(e.g.,H:* ).
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We can illustrate their metﬁod.by its application to the 17y
" and 2pf; states of H,* s Théy define "atomic” fragments

0 given by > ‘ S

oy, ) o o 1II-2

which correspond, asymptotically, to 1s atomic orbitals on
nucleus B and A, respectively. With each such ¢: they
ma556¢iaté a Bates-McCarroll fype (single-centre) ETF,

\uf\“\ o . - Y

! I
. . 5

= ¢iexp[i(im/2ﬁ)x(a)3-¥ - (im/eh)vit] L 11-3

where = XA (R) is a variable parameter. Finally, they
recbﬁstruct molecular basis states of g and u symmetry by

>

" ‘= 2’1/2[¢'¢¢ ] S
- g,u | ot : v

and determlne the parameter ?\ (R) US1ng the Euler- Lagrange
method\along the lznes proposed by Riley and Green(21) It
can be shown(33) that ( to flrst -order in veloc1ty) this
prééedure is qulvalent to the use of the  switching

"functioné
£ 5o (r;R) = x(R)[wz (r R)/xp1 ; (r Rl - I1I-4

g

"&r‘ﬁ“‘iﬁ
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and

-+ - 5> - '
fzpou(lj;R) = A(R) [wlsog(r;m/wzpou(;,m] s

For the 1sdy state, this switching. function is in quite
surpr1s1ng1y good agreement ‘with . the one we use (see the
paper by Thorson, Klmura Choi and Knudson(33) Fig.(7)) (fsr
R24.0 "a.u.), but for the ZpV‘ state, it is very different,
and leads to s6ﬁe very dlfferent coupllng matrix elements.
We ylll d1scuss .th1s p01nt further when compar1ng our
results for cross sectionS‘with‘those faund by Crothers ‘and
Huéhesiig) (Chapter V). ‘ \ : |

i

1

Independently there is also a receut papef-by,Taulbjerg
' ééa Vaaben(2§) which attempts tO'detive a common switching
function for all states of a molecular electronic system by
" general arguments based on the electronic Ham11ton1an. One-
topic to_which:these-bauthors‘ pay much attention 1is the
united-atom -limit. ? —> 03 they especially emphasize the"
idea that as R~0 theVelectronic density must be moving.
with the eentrefef—cparge, rather thah' with either
1nd1v1dual nucleus, or with- tue geometrlc centré. As a =
;matter of fact, we find that the sw1tch1ng funct1ons we have
obtained for Heﬁ" by the methods used here do seem to have
thls limiting property, however, we find it does not/become

important until<very small internuclear d1stances,i and we
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have found no evidence that such 11m1t1ng behaviour has a
significant effect on the cross sectxons calculated for the
systems we study here.

“Much more important to our present work is the fact
that different switching £unctions.}are required for each
electronic state\\and this possibility heS'not been allowed
by Taulbjerg and Vaaben. Thesé authors do not seem to have
done any extensive cross section calculations testing their
proposed switching funct1ons (see Sectxon vI. A)

In this work, 1 have followed the methods and ‘ideas
employed by Thorson and his coworkers (Levy & Thorson(ab)
and Rankin & Thorson(29)) in this laboratory to determlne

switching functions. l\have used the form: v

£ (¥;R) = tanh[RB_(R)(n - nQR))] . " III-6
n n n o

‘'where ﬂﬂ(R) and q:ﬁ(R) are variable paramet’efs depending
uponlkthe state n and internuclear d1stance R, and
’q = YA-— is the “angle> var1ab1e of prolate spher01da1
_»electron coordinates (- 1. L'H 4-+1) This form is ‘closely
‘related to that f1rst proposed by Thorson gﬁ_gl(g) in
conjunction with the calculatzon of coupl1ng matrix elements
for direct impact ionization in H*-H(1s) c011lslons, ‘and vas
extensively etodied‘by‘Rank1n'for ionization coup11ngs in
both H,* and. HeH?® .systems. AdvaﬁtageeVOf this form are

that: A
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(1). Theoretically, as we will show below ( and is showh
in detail in recent work by Thorson, Kimura, Choi, and
Knudeon (hereafter TKCK)(33) ) this‘ form can  be
justified by its -derivation for H,* using analytxcal
methods, and is not therefore a purely arb1trary ch01ce,‘h
and ‘, | ) o ‘ ‘

(2). From'a practical viewpoint, it is easy to - compute
the nonad1abat1c couplzng matrix elements for this form,

compared w1th other proposed forms discussed ear11er.\
\

~

~In this Chapter, I will describe in detail the studies
1 have made of ;optimization" calculations to obtain ‘"best"
switching .functions of the form (III—S),:similaf‘to the
studies made hy Rankin(29), but in the ptesent case +ooking,
also at discrete- state coupl1ngs in addition to ionization
'couplings. These calculat1ons give resultsr qualltatxvely’
Similer ,to those found by Rank1n(29) but,slightly changed
qeantitatively; when ooupllngs between discrete sStates jare

'considered. ‘The work described here was done before the

. . . - ' ’ \ :
analytical derivations done by Professor Thorson were

*
v .

obtained, and they served as an important conf}rmation of
the correctness of the analyeis he obtained because they are:
in excellent agreement with his analytical results for H,* 4.
In Sectioo B. we discuss the methods and ideas to be used
and also describe the. 1deas of the analytical method of TKCK

brlefly; The rest of the chapter is devoted to the detalled
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o

}

A

Qo ) ) . "'- )
(,iﬁln ‘this laboratory, two entirely &

-

6l havgqbeen developed for the determis n Of switching
S g s R

‘C"ﬁﬁncti8W%b for. molecular bound’ statgs. The~“l

»w

sf.approach,is

';Ethe so—calle

“dbupllng opt1m1zat1on ‘scheme Used previously

by Xhorson! and uowoq&grsmehe second approach is suggested

by a result o&;a1he¢ by ‘Delos and Tho

13) in their

dlscuss1on of 1a5§&16 anduad1a$§t1c sgte descrlptlons of

L]
atomic c011451ons@£ and is based . on an analytical
’~‘3. ‘7’ . B g

decomp051t1on of " two-centre wavefunctions into "one-centre
components”. .In my the51s work, I have concentrated mainly

on the former method.

&

1. Coupling "Opfimization Method

Some time ago, it was found by Thorson, and coworkers(8)
that the corrected non-adiabatic’ coupling matrix ‘eldments
connecting bound molecular states tO the fuo-oeﬁﬁre
oontinuum states in H,* are hYpersensitive“bo the cho1ce 3?
1sw1tch1ng funct1on used. The problem has agsacticel
importance because the PSS coupllngs if ﬁot éofteéted are

very large (°0.1 to °1.0 a,u.), - very numerous (30-40

‘continuum partial waves are importantly coupled),‘ agd' have
: . ) # T 'P}'.Av ;

Ly

a B
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very long range (30-50 a.u.). '

iéince it is believed that most of these couplings are 3
result of the fictitious "displacement" terms, an~’ argument
appealing to'variational ideas suggests that a "good” choice
for a switching function should have the result of 'greatiy
reducing or even minimizing the corrected COuplings(Leyy ané\\w
“Thorson(8b)). After éﬁpirical stud}es, it was found _tﬁat |
when form -(111-6)  is used there are quite well-defined .
choices of the ° parameters ﬂ,JR) (forp H,® ,’7; =0 by
gymmetry) for eacﬂ bound state, which produce very great
;reducﬁions in magnitude of all continuum couplihgs
-simultaneously, except tﬁose for the first few partial waves
(see Rankin(29)). The Toptimum parameéers” obtained are
independent of the continuum states, energﬁes or quantum
. numbers, and also independenf of the type of coﬁpling
stuaied (radial or angular ). However they depend
sensitiveiy on each discrete s;até in which the electron ‘i;
)initiallf bound. This suggests they are actualiy propeifiés
Ofathé bound cétates, 1}ﬂ. . In his doctgral thesis, J.
Rankin(29)  formalized the optimization procedure more
systematically, and“ also extended it « to. asymﬁetriq
one?eléctron ‘systems,- pérticularly HeH?* ﬁe was able to.
deter,m/ine parameters for BAR), ’q:\(’nﬂ for six ovrl seven
states. of H," and HeH®' for OsSRS12 s.u., and his coupling
' mafrix elements for ionization show very gyeat reducfions}of
magnitude relative tortﬁe uncorrectéd PSS values and in some

¢ - . iy
cases are also much smaller - (at finite - internuclear

@ R )
1 -’
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sepetetiops) 'then those obtaxned usxng Bates-McCarroll

-

ETF's. %L{r

gz._hnalytxcal Dtconposxtxon uethod

‘Using a classxcel trajectory formulat1on, Delos and

»

»Thorson presented a un1f1ed descrxptxon of lou—veloczty

'collxsxons,‘ iﬁf vh1ch exther
_two-centre (molecular) states, inc ;jﬁé"the approprxate
,ETF s, could “‘be - used ‘as basis states, and conszdered the

feffects 6? transformatxons between such bas1s descrxptzdns.

'in part1cular,. suppose :e: basis transformatxon 1s defxned -

un1que1y,’;

Zk ku ..“‘f"f' ~v, o 1177

e
’ . : .
I . o - . . : : L : R

'wh1c.h lmks atomc ‘ states ¢I¢ to molecular states 2}’,

' s:mce a-n atomxc state ‘Pk s.-,_ a un1que1y defmed
' r

TBates-McCarroll ETF 'uhose 'sw1tch1ng funotxon is . Just fJ

SR o
">-11, J=B A, then, to ma1nta1n, phys:cal 1nvgr1ance 'of the

i desoriptfod'eunder transformatyon; the sw1tch1ng functlon fﬂ

‘associated with Qf'p (s “Mquely defmed by - ”‘e ”1"“°“ |

. . -
- .;' : : o | R N
L III~—8‘." EE
e : ° (y oy

:.Eu'pu = zk 4,1(_ka »

;*eentre’ (atom1c) or

3



Vhere J;-B or A, respect1ve1y, if ¢h is attaqhed to nucleus
B ‘or A. Thas decomposig1on formula shows how a sv1tch1ng
'functlon represents, -“h.’a ldcal ‘way, ‘the  degrée . of
| attachﬁentv to each nucleus. Therefore, if a “two:cehtre?
; decompOSitlou* ,,5: ,molecular .:sthtes'..ihto foneccehtre

-components ‘could- be made, ‘it'dould be possible to'definey~'

‘ switching funct1ons from the propertles of the bound .states
alone. For H; ; Thorson, K1mura, Cho1 and Knudson(33) have
shoun that it (15 poss1ble to ‘achieve ‘an analyt1ca1"
Edecomposxt1on jof hthe' "angular” \wavefunctxons (1n prolate

4 spher01da1 coordlnate%) wh:ch leads to sw1tch1ng functlonsa
of the form | - ' ‘ A ” | _

, “%ﬁz, o SRR »'L'

¢ ‘= tanh(B (RJRm1 . , - TIII=6’ ,
b EARETR R 4 ) o

g

?‘herparameters 'BF(R)may be calculated by a un1quely defmed d
"-Maﬁhljtlcal formula. ' d ['55 ‘ |

For asymmetrxc sysﬁems lxke HeH’ﬁy the same ideas may
.be extended in.'an' approx:mate fash1on to obtaxn the form

(III -6) as a result. A d1scussxon of the detalled».analy51s
ofj TKCK(33) fis outs1de the scope of my work however,fthe
. e a T

eXtremely ”close ;agreement found between the parameters‘f

/Qoptlmxzat1on calculat1ons 'I " describe

G"obtaxned by ‘the
bqﬂow,‘ﬁnd the analyt1ca1 values for Ha "y conf1rms that _thef_-

1deas are correct. R G r&ég}:fﬁ
: PR ) ' ’ s .
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' C. OPTIMIZATION CALCULATIONS

1. Overview
The pr1nc1p1es and methods used in my calculatlons are ya
;;bas1cally the same as those employed by Rank1n(29) |
We use a sw1tch1ng funct1on f of the form (III =6), with B /
‘varzable parameters ' ﬂﬂ(R), 7.,‘ to determlned at
'-each R. For a transition n-—n' (uhere the final state n'
.'may be elther a dlscrete state or a contlnuum state) wevmay'
' def;ne a‘“reduct1on parameter fvvn"' | ’

o ' 2
;pn'n - ll'+v An‘n/Pn‘nl_ .

Ty

S I1I-9

whe’re P‘nm \and '.A,'i\"n are radial or . angular nonad;iabatic
coupling ‘ matr{x : elementS‘ . def1ned U'previouslyi .
(Eqs (11- 22b c))\ The basxc hypothe51s of the /optimiZation~

scheme is that many of the uncorrected PSS coup11ngs F%\ﬂ

o

_ \- )
are spur1ously larg\a due to '"dlsplacement“ terms; - we
r

'-thereforeA look for- particular«ch01ce-of~the parameters*P”

77,L(R) 'uﬁ}gh : achleves‘1 large simuItaneous “
Treduct1ons in ,as"many\\ot, the> f;wn " p0551ble. This
'lhypothes1s cannot be ‘rigorously | der1ved yfrom

var1at1onal »pr1nc;;les- itf\is 3ust1f1ed by 1tslemp1r1cal B

N,

N : b :
success,ﬁ ;.e.,.4such parameters can_ be found w;th

‘well-Gefined values.
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Rank1n s study 'was confined to continuum final states

- L. . .
n'. For a g1ven contxnuum energy. € , and . a particular

’ type‘/ coupl1ng (rad1a1 |m|-0 angular: Auhnl-tj»or

A|m|~-1) he. def1ned sums of reductxon parameters,A

‘“’ . 1 . . . Y
vv“ 2 . & X 2

c ) o . . "~’ . ' , v ’ ] . . A
= . : III"lO
s = 1o Parn R | :

. , ' i
dtheh ‘sum  being performed over the’ cont1nuum partlaliwaves.' I
The parameters ﬂ,\'vm. were then var1ed to” m1n1m1ze S .
8 However, Rankrn d1d not 1nc1ude all part1a1 waves in
these'sums. He found that the first one or two part1a1 vaves
have matrlx, elements ~which are relatlvely 1nsensxt1ve to
.shanges in "B, and'ﬂm,(see ‘Section C.2 below) since these .
oouolings are (also .large, if they are 1nc1uded 1n the sum
their presence tends to mask th_, effects _of paraﬁtter'
.varxatlons 'on’ the coup11ngs to hlgher part1a1 waves. After,b
;making ‘these :exclus1ons,‘ Rank1n found ~ that prec1sely
~

*determ1ned values for ﬂg\ ‘7,\ c be 1ocated Wthh very.
(f11ﬂ10) att"

' greatly reduce fL"\for all terms in - the¢,

once. Ih some 'cases!(for h1gher part1a1 waves)fﬁxm_may béw

| reduced by several orders of magn1tude. The 'values of‘-thé‘
parameters fobtalned are Lndependent of the contlnuum state
‘energy' 6 and of 'th type of coupllng con51der7é Byt/
?Qstrl tgng attent1on to h1gher partlal waves in the sums
(III 10), Rank1n ‘was able 1n favorable cases to determlne

iﬁ%*‘ to nearly three 51gn1f1cant fxgures, and 474;

. tr

.



somewhat lower prec151on (about two s1gn1£1cant f1gures)
Attex»study.of coupl;pgs to discrete states,‘ I founq
ithat so® of these couplings are also quite-sens1t;ve to-the
‘.switehingafuhc‘tion parameters. A also found that"the
| precisely detefmined parameters of Rankln do not alVays give

an optxmum reductlon of’ these Miscrete state coupllhbs-

nearby,' but sllghtly d1ffereht, parameter values are' ‘)
o~ \ - .- ..

1nd1cated As was found for the lower.-continﬁum partial
‘waves,’ some groups" of dlscrete state coupllngs appear
-1nsens1t1ve to the\sw1tch1ng funct1on parameters.x" .
As a result of these 1nvest1gatlons, summarlzed in more

deta1l below, If have reportedk _opt;mum ' values for the
P

,parameters ﬂ 'vﬂ 'which differ somewhat~from those, given

by Rankln' they also have a larger uncertalnty (about 10 %

in worst cases) (In one case (the &30‘ state~for H,' ) I°
. ] .

, ¢
have determihed a qu1te dlfferent value from 7that“‘reported

: L ' L ( : A Qo
by Rankin; he seems to have found a secondary minimum 1n\
I : ' S . ~ \

that case). A T _
From' th@ standpoihtﬂ of overall” method, there 1§£no_

- questlon that couplings teo cont1nuum “states' are «the most

segsxtlve to the sw1tch1ng function parameters, and prov1de

_the amost deflnate< general 1nd1catlon what values the’

optimum parameters should have. (I £0L d that gaupllngs to

okd

Rydberg sta’aes w1th A;,L:f—o show

a&iee aw;th’ cont?huum Qstate coupl1ngs for determ1n1ng the

‘region- of opt1mum values) However,-after' establlsh1ng.
-

‘frange (iB %) for@the'"optlmum values from the continuum andv.

4 s A -

' “ 3 . ;.’.;. )
. . ’ .

eame behavzor, “and’



| vame

'ﬁdeerg state 'couplings} study of the' discrete state -
coupl1ngs (as well ‘as contlnuum coupllngs to loﬁ?r part1al' o

_waves) suggests a ch01ce for parameters whlch can dev:a?e .

sl1ghtly from &the,lprec1se 'values . found by Rank1n, _who

=cons16ered ~only . the higher ‘continuum partial wave B

reductlons. The new choices still make large reductions ~in

the _cont}nuum coupl1ngs,' but also ‘make a “significant -

reduction of discrete state coupllngs.

The symmetric case of H,’ ('7;u‘=0) is much slmplerg
and  the parameters /Qﬂ.,may "be - located somewhat more
prec1sely,‘ than forr the asymmetr1c case (HeH?*") studled.‘
Therefore for clarlty and convenlence I have epresented the '

two cases separately, w1th H, flrst

Bm rDetermxnatxon in. H, Couplxngs

: éﬁFor'-most (but not’ akﬁﬁ coupllng matr1x elements n—> '
, s

n', it 1s possible to select parameters bfor~ the SW1tch1ng

’functlon £ whlch cause the corrected coupllng matrlx element

e( quxférnm) to vanléh exactly. Some-of Eﬁ3§e zeroes occur

at 1solated values of "the parameter ”for ~the speclflc

<
DN

'coupllngs (they eould be: related to nodal structure. 1n the
"coupl1ng) but others are systematlc in the sense that“gmnyr
7d1fferent matrlx elements have zeroes ‘at or - mear the ~same
: parameter‘ value. ThlS is the' s1tuat1on in the‘contlnuum_

'coupllngs, which Rankln 'Fed Of course, we are not ‘looking
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,vfor such tly, but 1t a large number of theﬁ. for

7Ld1fere‘, ‘1ngs are clustered 1n a narrow range of the

;parameter,, t reasqnable to _conclude that 'somewhere

- N

i (8
“Wlthln that ‘range there is 'an "opt1mum cho1ce which w111

i
greatly reduce the magn1tudes of all Qf tqe couglings whxch'

have nearby zeroes, and that such a’fhoice has physical.

meanlng for "d1splacement" correctxons in | the state 'n, T

have found that when discrete as wellkas' ontinuum ccuplings
are considered; such,a_clustering df zer'es is also “found,
but that"tne range'lsfa little bit broader and the ﬁbestf‘
;- ;choice-abéearsitc'be a little different' than in’,continuum
‘“cases alone._ .‘ \
f”,_FOr' both d1scréte ‘and continuun]~Acoupling matrlx
. elements gin H, , the gene"l battern'found is as follows»
(let l be the unlted atcm or&;tal angular momen tum quantum

lnumb r) - e
e Dot o

a. For : coupllngs *“1*’?the matrlx elements have -

ot .
non-zero values for all /6m valuesnﬁgo @pot have a

Q - .C.»

minimum for .- any reasdhable'ﬁin‘-value (0 0 to 1. 0)-
- and  are relat1ve1y _.insensitive to ]3”\* (see

F1gure(III-1a)) e

b Coupllngs w1th ll;1+2‘have two, zeroes vs. ﬁ%\ in the
~ qeasonable range (Flgure(III-1b) S -
c.g,Coupllngs w:th l'—l+4 have three zeroes vs.. B

the reasonable range (F1gure(III-1c), for A£-> 5
we.can expect thls behav1or to\cont1nue.

a;l A,fa1rly narrow range of /34. -values,; associated

‘* =g

»”

A
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Rs120u

(¢) 2poy- 6})'% 4
R=120u. N

A-valve (a.u)
0 -

=
o

e sdl =

e g

F1gure(III 1) A—values vs. @ fof (a) 2p0c - 3p0" "(1'=l)
coupling (b) 2p0':; - 4f03 (1‘=1+2) couplmg, ?c) 2p0‘ - 6h°"
(1'=1+3) couplmg at R=12 a.u.. '_I‘he'ﬁ correSpond1ng§ P-values

at R=12 a.u, are also shovwn w1th\‘ﬂ°t- ' o
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vith one partlcular set of zeroes in each group of .

sens;@y¥e ‘coupl1ngs,~ can be defined, xn which a.

common "optimum" value can be found ;or both

discrete and continuum transitions (see procedure

‘below)

These features are 1ndependent of pr1nc1pal guantum

: number n' or cont1nuum energy e’ .

They are also 1ndependent of the type of coupllng
eonsidered.(radial orxangular).

In ‘generalz }the \effects are sharper and 'more
definite at larger R-value (28.0 a.u.),vand the
total reduction in couplings is also greater. This
is to’Be expected from tné theory of ”deplaeement“

effects.. %

\ %,

N,

M

‘these facts we have’deveioped*fhe procedure to choose

optimum PBm's for H,* statés as follows:

1) ,Perform a systematlc calculat1on m1n1mlz1ng sums

AN

‘(IIIf10) fobw\contrnuum states only, repeatlng
‘ forldifferent continuum ene;aies and dlfferent
'typﬁs ' n@'_:eouplings. Omit the f~ilr'st' two or three?
pertiai wavesnto'qbtain a "best" continUumifgi;
(Rankin's procedure). |
2) Define from this an allowed,range“_fof further
?seafeh at most t 8 % around /3£ .’ (In this ’

range, cont1nuum coupl1ngs will still be great1y7
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¥

reduced, but not absolhfely‘mihimized.)

3) Consideripg discrete-state copplings'tbr as hahy
transitions with | o 1|22 as possible (both
radiai and anéularj, Hocete a range of "best"
discrete parameter,“ﬁz: .

4) The two ranges‘will lie within one énother or'atu
least overlap each ‘other. Choose the optimum
ﬁ&“\ from within the owerlapped region. The
uncertainty in the value corresponds o wioth of

the overlap region. , >

'

.

‘ Values for at the resulting parameters are listed in
Table(III-1)e, for 16 states of H,* - at R=2,4,6,8,10,and 12
'a.u,« . (See discusgion;of Resulﬁs,,C,3 be;ow). (A similer
procedure can be used to locate ,9”\ for'HeH"‘stétes,‘ efter‘_

the determination of 0]; ).

~ . T .  §
3. Determxnat1on of Parameters for HeH” '?ﬁ,..

In the asymmetrlc‘ case HeH“'; behav1or of coupl1ngs
'between molecular states is Strongly 1nfluenced by the1r

asymptotlc cohnectlon to atom;c states of He*® or H, except
o o ’ .
perhaps at smail R values. vThe parameter, «OZA gives clear

«7\

1nd1catlon4 of‘ thge l1m1t1ng ,afomiC' character of a state,

J

since it is th% crossover po1nt“ for wh1ch the switching

functxon changes s1gn- for example, 1f the He nucleus is the -

i i
‘



© wowable III.1 H,* Switching Function Parameters

[

N

H; Switching Function Parameters § (u-.ltate)
£ (x,R = tanh(g Rn)
' , R (a.u) :

State 2.0 4.0 6.0 s:o 10.0 12.0
2po, 0.260 0.270 0.270 0.270 0.271 0.272
3po, 0.160 0.158 0.154 ' 0.151 o‘.ivae 0.146
wo_ 0.116 o.ils 0.112 0.110 0.107 0.106
spo- 0,093 0.092 0.088 0,087, 0.086 0.085
afo, 0.084 0.085 0.090 0.097 0.104 0.109 .
5£o, 0.067 o.oéa o.oﬁ ‘0707,5 0.077 0.078
6f0 0.055 0.057 0.058 - 0.061 0.062 o.oe;_z_

zpm 0.209 o.195j 0.185 0;186 0.179 0.180
‘3p1‘lu 0.243-. | 0.134 0.129 C0.125 0.123 0.122
o o.lloa" 0.106 0.0 |  0.097 0.095 0.095
sp, 0.088 0.084 0.082 0.080 0.078 0.077

- i3
épm 7‘0,07‘; 0.073 0.070 , 0.069 ' 0.068 0.067

7

NE



Table I1I11.2 H,* Switching

Y

Function Parameters

o«

& " M
T . y
CRo(aage)
, 3 ks,
.‘;‘i&_ EX )
State KU
2.0 4.0 6.0 8.0 10.0 12.0
afn 0.082 0.082 0.085 0.086 .0.088 0.090
B 0.065 0.065 0.066 0.067 . 0.068 0.068
-
6ET 0.051 0.052 0.053 0.054 0.054 0.055
afs 0.080 0.079 0.081 0.082 0.084 0.085
5£8 0.061 0.061 0.063 0.064 0.065 0.066

78



Table I11I1.3 H,*

Switching Function Parameters’

¥

-

.

79

-

-

H; Svitching Punction Parmmeters B (g-state)
™ Y ~ ’
fn(t.‘R) = tanh(f nlﬂ )} _ o )
R (a,u.)

Stace 2.0 4.0 6.0 |* 8.0 10.0 12.0
1-06 0.448 "]~ 0.421 0.422 | 0.435 0.447 0.457 .
a0, 0.248 9.230 0.224 0.221 0.224 ‘0.228

0.172 0.163 0.156 0.156 0.156 0.187
0.133 0.126 0.123 | 0.121 " 0.120 0.120
, aal
0.108. 0.104 0.101° 0.099 0.098 0.098.
0.130 0.144 0.152 0.151 ‘ 0.150 0.149
. 4o 0.096 0.101 0.104 0.105 0.104 0.103
‘g ) R _
540, 0.077 0.081 - | 0.082 0.082 0.081 0.080
san 1 0.126 0.129 " 0.129 0.129 0.128 0.128
- R RN
aan_ 0.095 0.095 0.095 0.095 0.094 0.093
san_ 0.076 0.076 0.076 0.076 0.075 10,075
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{* K
A nucleus (9 =-1), then a state for which "7;\ 20 (or even
z+1) is evidently a "He*-1like" state. The 180~ ‘a‘nd 2p 7T
states Of HeH'™ are clear cases of such states. At large
anough distances R, some HeH’*® states also can be tound with
OL;SO, correbponding to "H-atom"™ states; the: Zpou state is a}
good example. However, as a rule the "H- atom” statee ‘become
really molecular - states at,,smaller ‘R- -values and” have
two-centre character; some "He'" states (e.g.3da ) have
some mixing and two-centre charqcter,buﬁ it is usually 19?53
important. | | -
a. For a completely atomic (one;centte) state, we know
that Bates-McCarro;l ETF's are correct This means,
for such a state,t fm::-1 (He* ), or f, =+1 (H)
'. everywhe-re, whiglwwould-'corresﬁond to ”7,;»“ or>o7;«
w ° =1, respect1ve1y. For such a case, Qe "should ‘then
find that couplings to other dxscretg states should
be éu;te insensitive to the parameters of the
switchihg"?hnction}‘ﬁL“/ 07; “).' Any choxce of these?
parameters whichgijhs f= -le(or‘ =+1) evgrywhe;e
‘Qill give- good?behévior'of the«matrix.elements for
1most transulonsr This is what we find, especially
at larger R-values, for the "He*" type states lxie<
1sO~ 255; ,2pN ,etc. For "H" states (1ike 2p0O~ ")
thxs beRavior is found only at very large R valuqs.
b, For‘.thé saﬁe reason, even"atA smaller ﬁ-q;lues h
o couplxng mattxx elements ttom suCh an~) "atomic” He®

state to}othet tightl states’are not

dxscte



N

| “”‘:f,eters /3,,, o7m

( the sw1tch1ng functlon

of the\\a(e ﬁunctxons As a ruIe, we f1nd that - for -

ff'states where 7m 2+0 2 coup11ngs to dxscrete states'

\~r

are not vefy sen51t1ve for th;s\ reason. - For such

\

states most 1nformat1on about the opt1mu9,parametet§

1s found from the contlnuum \eoupl1ngs (and also
S DU

Rydberg state~co0pllngs) because the1r wavefunct;ons

'iﬁ can have overlap in reglons where f'nis dlfferent

'
L ; : .
SN R B ~ . -

from -1.

'6n7 the‘ other hand for thef‘*molecular type of

UVStates,_'both theo cont1nuum and dlscrete- state‘

'»-d

&

-

. be made*us1ng both types of data.x

‘ar

coupllngs ~are sen51t1ve4 to th

parameters, and determ1nat1on”_f opt1mum values ~can

=

'

For those couplxngs wh1ch(are sensxtlde to sw1tch1ng

Y

functlon parameters, qua11tat1ve features 51m11ar to

) thos;\descr1bed in 1tems (a) (g) for H,* (C 2 above)

.\:

* continuum fand; Rydberg states. To some extent, the

locat1on of "clustering” zeroeS».v ,Qm an*

'affected by thefﬂvalue.utakenv for nin and 1t is’

. therefore 1mportant to locate the correct ?7 value

before f1x1ng ﬁa\ﬂmore carefully. ‘@"‘u DR

w1tch1ng\functlon j :

&

--found, “but most cons1stently ‘ﬁ or coupllngs to 9~;



o -~.‘4y»v t*w‘¥.7f’fg. v e
L The pr'cedure used tofindparameteré<;gsaﬂ§H"gaf*as -
oy ‘ S e N . .
= follows- e '\\»ZW'\‘_ '. fﬁ\ ‘
‘ ';‘1Y'5Perform systemat1c calculat1ons m1n1maz1ng sums

';(113‘10) [or cont1nuum states only, repeatlng

‘hffor dxfferent é and coup&1ng types. ~Om1t the 1

"f1rst two\\or three part1a1 waves in such sumsu
DA e . .
Y . to obtaln "best“ contlnuumlparameters I E
... (Rankin's ptocedure) _ |
. / B DI Y - AN

2) From _these Vcalculatzon§ Pn\lallowed range for \\
R "j=_ 'v’further search may be def1ned (18 %\\about ﬁ%

AN ;+15 % about 7L~“) W1th1n thls range, contlnuum'

g;g 5 \;5 '-"'COuplln?f//afg/ greatly reduced, though( not -

absolutely m1n1mlzed.v ‘ s ‘ R vt' J
e;fniggbé%,<The range ;df acceptable ?%~ may be reduced to o
o 1J7foa-10 % by cgn51dérat1on of coupllngs to Rydberg

: states. fTbe range' of . /3 '7“ .obtalned by the

S o
above ;Eepg 1s;.nar:ow enough to 1dent1fy

SRR RO atomlc and~\ﬂmoleCUlar. type states by their
. i _' v .
e parameter values, and for atomxc He states v

l1ke‘ 130' br 2p11 ’ the sw1tch1ng functlo-s\

are adequately deflned at thls stage. N }
4)ﬂﬁqu, moleculat type,bstates,-_ cbuplings o
discfete; States are next»examined,tp determ ne

. . ) Y I .
whlch 'coupl1ngs, te- sensitive to sw;tf ing

functlon parameters—-wlthxn the ranges in 'tated’

/

L by the contlnuum coupl1ng study."(Because of the

compllcatlons 1ntroduced by atom1c character and

. i



the asyhhetry‘ef‘the system, tﬁe{couplings among
* the t1ght1y bound d1screte states do not‘ fa11;~
~into a sxmple c1ass1f1cation scheme like that

fOuhaffor hg ). For as many-discrete couplmgs\‘i

el L - as poss1b1e, the locatlons of cluster1ng zeFoes.l
'A}v_f ’ s, )ﬁ? and 4%3 are_determlned, and . t #1naIA
| | "optimum*' “values'_ for these parameters are
"§' o obtaineéEErom thev;egion bf[oxerlap between the

discrete and continuum parameter ranges.

[E]
)

, \ . ‘V '.l ) »“’ o . N
\‘ o : . T . )
Values for the resultlng parameters are ‘listed in_

.Table(III 2) for 12 states of HeH’f at the same R-values as

for H*. In general the uncertélntles 1n' these values are-

~

larger than those for H‘, .

a4.'Behavior.of Optimum Pa:ameters:(ﬁ;‘ andaﬁeH’f ) < f*AQ
a. Hy* | ' o

| '.bTable(fiIf1) shbwsla;values vs. R fptva‘number
of H;f states;_The va1aes repQ;ted‘fqr 15&;’,2p0;i ,
2p7v apdfhzsqifate 5 % to 10 % ;a;ger than_thosq |
previousiy repofted by Rankin} and ‘the festimatéd
}uneertainties':are‘tiarger. For the §d?; state,.a
t:4f | ‘qubte different set of /3 values is fgﬁnd. This
value ncotresponas' to a diifereﬁt minimum in’thef
,Coﬁtinuum e0upliags than"that. selected by Rankin,
\and its cortectheas is‘confirmed by‘the«behavior of

NG .

~ . ) w B
AN C E .

v ».,\ - : g L @
- .
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Table III.4 HeH®* Switching Function Parameters
1—
- ?
. -
- ' B “ . .
*
\, — — ) T or ] ; T N
: » HeR”  8witching Function Parameters Bn. .
- | S
.. £,0R) :-nh[’snngn:nn)]
. State P’lrlm.»." o R (a.u.) S s
R 1 .6 ] 60 | 8.0 | 10.0 | 1z.0
. . . . - yi
B . 0. 844 0.918 0.948, [ 0.964 | 0.973 | 0.975
. 1so ‘ -
;s o on® | o0.es2 | o.885 | o0.8% 0.896 | 0.906 | 1.02
_ 8 0.5% | 058 | 0.1 | 0.53% | 0.537 | 0.533
280 - e - P
LRSS 146 | 1.33 | .25 119 | 117
- 8 Q. 411 0.361 | .0.%1 | o0.328 0.322 0.325
2po - ‘ g
J n° 0.732 | 0.278 | 0.07%6 | -0.145 | -0.226 | -0.332
o - B 0.366 | 0.371 | ‘0.392 |.0.423 | 0.437 0.448
2p7 : - T
. | 37 0.970. | 0.8128 0.798 0.828 0.837
, 8 | 0.232 0.257 0.266 0.276 | 0.282 0.286
-~ 3do - < -
n° 1.83 0.724 || 0.513 0.484 | 0.485 | 0.506
. . i A
. ,



Table I11.5HeH?* Switching Funct

-

ion Parameters

’ J
8- 0.229 | 0.226 { 0.221 0.220 | o©0.22a | o0.238
3an - — . : .
n 2.00 1.03 0.726 | ."0.590 0.545 | 0.539
0.271 |. 0.267 0.260 | o0.256 | o©0.251 | - 0.247
%0 - —
' n 2.09 1.30 1.12 0.952 | o0.906 | o0.861
. 8 0.297 | 0.296-| o0.306 | 0:.317 | o0.321. | “0.329
3pT : 5 . - . - .
- n 2.27 1.58 1.26. 1.14 1.10 '1.04
8 0.366 |- 0,163 | o0.168 | 0.178 | 6.181 | o0.182
At o 5 ' z :
e 2.96. 1.53 0.871 0.586 | o0.466 | o0.411
8 0.164 | ©0.160 | o0.161 0.161 | o0.161 | o0.158
aem —
[+ . .
n 3.04 1.58 1.04 0.763 | 0.592 | “0.475
. -8 0.162 | 0:171 | 0:176 | 0.17@ .179 | o.180
a0 1 -
. ° 2,77 1.41 0.940 | ©0.668 | 0.296 & 0.073
8 0.142 0.1 | 0.13¢ |- 0.13¢ | 0.133 | 0.133
590 | - -1 - v .
. n 3.81 —2.08 L I1.36 1.03 uxgli/ 0,614
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the discrete couplings, which do nog‘havé.élustering
. v.'! ' y . ’.7!
?erées;nea: Rankin's value fo;‘ﬁgﬁx . Confxrm§t1op
"for . the values 1 have obtained here is obtained by
their extfaordinarily ‘close agreement -with the
parameters /9' determined by . Thorson et -al using
¢ o rm ‘ :
analytical ;decompositiog ‘of the . angular wave
functions (see Figure(III-2)). |

An ihtergstihg regular behavior pattern is

~ Qbservedlvin‘ the ratios oﬁ<{gq\ for successively

.increasing principal quantum number:(n21+2)

31’ ®21m = 0.70 + 0.05 - 11I-lla
“Ba1n/831n = 0.75 + 0.05 . I1I-11b
. ®
BSlm/64Im' ‘ =\0k.81 + 0\.02. . III—('ll.c . !
irréspective of the value of R and of (1,m). These
and certain other regularities in the'behavio}‘of
the parameters f%m‘are confirmed and explained by
the aﬁalyéis> of TKCKT“tccordihg to this analysis, -
. . . - . -

the quantities bntn = By R c2n depend~on1¥ on
(1,m) and the energy parameter c, Cf=;'6m18,kjé’
Hence: - o B

-

. . | S -
(Bn+;,1m/8n1m) = €41 1 Fnin’ /2 . n/(n+l)  III-12 . N

e
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Figure(111-2) Parameter P vs. R for H," states. Solid .

‘curves show anilytical'relults. All data'pointstzre values .-
froﬁ"’optimintion' calcv;xlitibns. (0,048 , values of .
Rankin and Thorson(29) for 1805 280y ,2pR, , 349 ;
0,0,0,4,% as modified by inclusion of discrete-state
coupling effects). Error ba" gisgte uncertainties in the

2

latter,



| j | | B
. y | | -
., For the lower lying states (e.g. Iezsglﬁ,ﬁ‘retC)' the

ratios 'éeviate from the rule (n/n+1) because the

electronic energies deviate from - the Bohr formula

-(1/n* ) due to bonding-effects; however, the first
equality in (III—11) still hélds. éther regularities
in the H,*® parameters may also be deduced from'the
analytical theory. : | _
b. HeH** | P S e \

.

Table(I111-2) gives thé.parametersA . M. Vs
. R for HeH’* states. K
In his. study, Rankin proposed a scaling law

~

relating 'GL for HeH?* to @ values for+H*m,

and he argued on the basis of coniinUUm matrix
eleﬁént behavior that this relation._wasv confirmed.

Compafison of ther results in _Tables\(III¥1,’anq
111-2) showg that this rulé. is not very accnraté

when tfxe scx_‘ete stafe.c,ouplings and a more
. complete study df’continuum couplings is'made._
Further studies on this- squect should‘ be

'pursueq to-understand the characteristic features of
the detailed switching function in the different
~states in the different systems. )

\
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The analysis presented in TKCK(33) for H,°® ‘may be

extended only in an approximate way to asymmetric systems

like HeH®** ., For the more "molecular” €¥pes, of states,
estimates, of the pa?ameters g‘/q: yéspd_onldecomposition
of the angular wave functions have been made. Thesé agree
fairiy well with the values 1 have obtained here (see
Figure(IfI—3,4))l |

1f empirical regularities "of the type found for H,*

. ‘ .
could be found here also, they, could ke yseful to -predict

(1

e\ values for upper states wigaout performing optimization
calculations. Some regulérities of this kind are opserVed:
’ \

but only between states which beloﬁg to the same nugleus as

R —woo and also large R(28 a.u.) only.

A d

D. COUPLING MATRIX ELEMENTSV
Figures(11I-5) to (II1-15) show nonadiabatic couplings
calculated uSing switching functions determined by the above

procedhres. for the H,* and HeH®®' systems. For practical

; applicaﬁions in the collision studies done here, I have used

linearV\appyoximations to ééscribe the R-dependence of the
parameters ﬁ_ v M fbr each state. Such an approximation
appears uite ~drastic in "some cases (especially for the
.beha§§our’o§.'1: at small R) but in fact it has only a small

\ . - - ) .
effect on the coupling matrix elements and no effect on

computed /cross sections.
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R (au) —

HeH** B, vs R

O 2po OPT.
® 3do OPT.
O 3dw OPT.

olr

-—9¥

Figure(111-3) Parameters (38 vs. R for three states of
HeH?*; data - pointé show "optimization” values for

comparison.



R (au)-——>

Figure(IIIF4) Parameters 'n° vs. R for three states of

HeH?*; data points show "optimized” values for comparison.
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More than 240 corgected nonadiabatic coupliﬁg matrix

"elements have been omputed for the H,* system, and more

than 130 matrix elements\for HeH!*' (this does not include
thg\ couplings to continuu tates which were studied in the
optimizing process). Figures(II1-5) to (II1I-15) givé only a
representative sample of these matrix elements, but include
especially the couplings which are most importaq" in the
collision procdsses studied in this work. 1 shall not
di;cuss individual couplings and excitation processes in
de;éil here (see Chapter V). However, a rough classification
of the different types of couplings shown in the figures is
helpful to understand where ETF COrrection.effects are most
~ likely to be important: \
1. Classification of Couplings
The efficiency of coupling between two states in

quantum mechanics is affected not only by the size and
range of the cdupling matrix element which connects them

but also by the energy spacing between them. ‘In
particular, fof low and even iptermediate energy
collisions the most efficient excit§tion processes
always involve .a resonance or near-resonance of two Ofe
more levels, that is, a "mediating degeneracy" which
makes efficient coupling possible; such a degeneracy may

be associated with the asymptotic limit R _7;n , with

;he united-atom limit R -=» 0, or wiﬁh an ‘isolated

crossing or avoided crossing of levels at some finite

R-value. For the one-electron systems studied here, '
4
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cgosnings avdaavoidod.crossings do occpr,‘bbt they pleg
gnly a minor part in oxcitatiéns. COuplibgl ‘associsted
Jith orbiyyal degeneracy of unitdq atom 1:%.1: are }hc
most important excitation mechanisms in these lytﬁcnl
(tor example, the strong rotational 2p<.x: ~2pW,

coupling), but there are also some important couplings

H
at very long range connected with degeneracy as R—» oo,

L .

Below ° collision _ energies of 1 KeV/amu,
degeneracy-mediated couplings are really the only’
effective ones for excitation but in the intermediate
range 1410 KeV/amu this simple pictu}e (based dn the
"Massey adiabatic criterion"(2)) is complicated by
increased éfficiency of excitation processes which gre
not so clearly connected with a mediating degeneracy.
This is what makes collision processes in this energy
region so much more interesting, and harder to predict
without actual calculations. As the energy increases
still mo;e} above 10-15 KeV/amu, so many "non-resonant”
excitation processes play a part that the idea of .
mediating degeneracy lo;es its significance.” However for ’
‘the intermediate energy region it is still verye

: : ‘ )
important and so energy gaps as well as c0upling'maerix
elements .must be considered‘»to undersfand excitation
processes.

Looking at coupling matrix elements themselves, it

is wuseful to group them into two main categories, those

)



Fﬂj.notummll

'7Lffcoup11ngs maznly occur at dmstances R512 a. u.. They are_.

'”some cases. They can be understood as perturbatlons:,of-»vﬂ

ngh1ch

'théf many snoft-f'

a coupllng may show both character1st1cs-for eXample,

the 36“; -3d1§ coupllng ln H: ' Fig (III 4), but thls ls o

R

;d”ijﬁorf the systems stud1ed~ here the short range

'-ﬂassoc1ated w1th quas;molecule“ format1on or even Wlth o

[

; "&fjun1ted atom behavzour. It is useful ‘to. d;v1de them 1nto

It

°f’hsubsets~ fxrst,_the rotat1ona1 coupllngs connected wlth

;eforb1ta1 degeneracy of the unlted atom (for example, 2p

-

7 3p¢ w'3pﬂ'e ,etc) and secondly,

1ge -radral coup11ngs.3.The; primary :

\“.

excztat;on steps 1n the H,“ and HeH” coll1s1on sy‘st:ems-.m__w :

L'\ﬁall 1nvolve these short range coup11ngs. '

Long range, coupllngs ;may';txnvolve 51gn1f1cant

'effects out to d1stances as large as 100 a. u..or more in.

- atom1c states by the coll151on partner,'wh1ch is an 1dn
'vf1n these cases and causes Coulomb £1eld perturbatlons.

"'7Here 'also_ ve can dlst1n9u15h t"° classes Of long range

:coﬁpl1ngs relevant ’to‘.othe present ' case,._ Elrst,

”»ﬁasymptotlc coupllngs w1th1n a degenerate atom1c level
»y:(both COthllS and rad1a1 coupllpgs) and secondly, some
‘1ong range rad1a1 coupl:ngs between non degenerate_

4~glevels caused by %?larlzat1on 1n ,the. 1on. f1eld (for-‘

\

nfexample, 1r TT ' coup11ngs H, ). :They long rangear.

3

1nvoive short range coupl1ng and those whxch

’volve coup11ngs wzth very long range. [In a few cases"'



= »'appear to have long— ange behav:opr due to the spurlous\

CQ?PliﬁQSf play an 1mportant secondary part in. produc1ng
”further.eac1tatlons follow1ng-the pr1mary (short range)
exc1tat1on‘5tepsr‘: it‘ . ‘“*f' d; da : ..*— i

‘The d1st1nctlon between 1ong range and\ shortaranﬁe‘5’
' coupllngs is 1mportant when con51der1ng ETF ?orrectJOns'

‘to coupl1ng matrlx elements. /As po1nted out 1n\ the

gdiscu551on gon PSS _ heory, the most obv1dhs defects ofp"
PSS theory are connected w1th 1ts falluyé to descrlbe_-
: s J v -
asymptotic (R —y C) behav1our ‘correctly many
. B

‘coupllngs whlch actqally have _short range charaCter.
- : /

9

fdlsplacement terms 'H wever,‘these defects are also 1the

o

rea51est ones_ to remove,, u51ng almbst any type of ETF -

‘-descrlptlon,_because ‘the states are almost atomlc states

l
Y

'f(°? 11near comblnatlons /of them) At large R-values,‘

'?_therefore (say, R21‘21 ‘a. u ) there is no 51gn1f1cant.

~d1fference- between corrected 'coupllngs computed u51ng

. -
.”‘

‘our sw1tch1ng funct1ons and those computed wmthv (say)
'approprlately constnucted Bates McCarroll type ETF s, or
'w1th some other sw1tch1ng functlon. Therefore' although

;the effects of long range coup11ngs are interesting by_

<

themselve they do not prov1de any ‘test of sw1tch1ng
/ l
funct1ons 1n comparhson to other ETF descr1pt1ons.- .

- On, the other.,hand, the detalled “form of the ///fﬁ
. S Moo ‘ o~
short-range 'coupl‘ngs,h»whidh depend on,molecular-state,

/ v

' behav1our, can be very sen51t1ve tokghe choice usgd

.LdETF descr1pt1on.



e

Therefogev we_ can. expect\dther most 51gn1f1cant

'effects result'ng from d1fferences in ETF descr1pt10nsh

_hto, be’ seen in the 1ntermedlate energy reg1on 1- 10 KeV,
uwhere . short range . hon- resonant - rad1a1 ~ or
\degeneracy medlated ‘ angular 3coup\lmgs“ca play 'an
1mportant part in -xc1tatlon. As 1 shall show in. Chaptep

7

V~-and VI thls turns out to be the case for both of the

,coll1s1on systems I have stud1ed -

/ e

coupllng matrix elements 'shown in the F1gures, it should

In comparlng- the behav1our of rad1a1 and angular'

_ben‘remembered that the rad1al coupl1ng matrix elements
vﬁmust be mult1p11ed by the rad1a1 veloc1ty R but angular .

coupllng- matrlx elements by~. '_-v f‘/R’ to obta1n_the

*

'actual COUplngS' th1s moderates ‘thev apparently' long

range of .many angular coupllng matr1x elements shown in

‘the Fzgures. o L_ L o o ~

- 2. Examples of Coupllng Matrix Elements

'(a) H, 'coupllngs

F1gures(III 5) to (111- 9)\\show &1l the ooupling‘
matrix h elements used‘ in" 'thea H*-H(1s) 'colli:ion
oaleulatlons, for the 5 g—states ano' 5 gastates basis

Nsets listedvin Table(V—1) Examples of most ‘of the types

“of coupllngs dlscussed above appear in these f1gures.
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E; u-uiu long range *-w radial coupling

A
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O P |
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- e
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4
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am o em am O

Figure II1,9 ETF-corrected nonadiabatic coupling matrix for
H;‘ I : )
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(b) HeH** couplings .

Figures(I1II-10) to (III-15) show coupling_.matrix
elements for HeH®', in particular for coupliﬁgs liﬁking-
2pa~ (initial state fdr.He"-Hf1s) collisions) and 1507'
(initiél state for "H*'-He*(1s) collisions) with other
states, and for couplings iﬁvolving other important

states in the excitation processes. which occur._

(c) Asymptotic couplings in degenerate manifolds

The atomié H(2s) ,H(2p) levels and H;‘(Zs),He‘(Zp)
levels are degenergte asymptotically. The: mpiecular
states involvéd are (2pTW ,3pas ,4f0v ) and,(3dﬂ5 ,3d03
,2;03 ) in H,*, and (2pw~ ,3d0  ,2s0 ) in HeH®*, 1In
each set of three Sta&es the two :0‘ states are
correlétgd asymptdtiéally to spr hybrid jStark',field).~
ofbitals. They afe both coupled to  the TV’level-byv
Coriolis codpling.[wifhin the atomic leyei, the matrix
eleﬁent_ of the atomic 6rbital‘ ahgulaf momentpﬁ'ﬁg
éftwéen 2p, and 2p, is a‘cdnstant], and they are coupled
to each other by a radial coupling which decreases és
R-? (tﬁe‘effective Corioiis'coubling also decreases as :
R-? when Athé‘.angulaf Qelbcity-‘is included). The
Spliﬁtings within each sétxqf states also de;fease_ to
zero as. R™? ‘asymptotically, and the result is a
long-range céupiing. problem which\  we found | most
convenient to solveﬂseparately by a method described in

Chapte;'IV.(Section'D).
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Flgure(III 16) shows typ1cal examples of these long_'fv‘

. range Cor1ol1s and rad1al coupl1ngs along w1th some
- fexamples of short range rad1al and angular coupllngs ’inbr
’HeH" system. (Note"that the coupllngs shown in the
”F1gure are not mult1pl1ed by the ,radialmeand ‘angular-
veloc1t1es, respectlvely ) | ; I

L

v s ' ' LN

o (d) Long range rad1a1 (1T TT ) coupllngs in H,»

\v”’As shown in Flgure(III 9), the'2pﬂy 3pﬂ; radial'
bcoupling‘hasva long "tall"_extendlng well beyond R220
'__a.uQ}‘ Th1s effect is due to polar1zat10n of the dlffuse
_:atomlo,'w orbltals by the ion f1eld " The phenomenon' is
quite general and F1gure(III 9) shows a whole serles of
.these T ﬂfradlal coupllngs for W states of the Hy
75Y$t¢m;f ASYmptotlcally these. ta1ls decrease as R 2 .aaif
lresult whlch ‘can be pred1cted by cons1der1ng the_ f1eld
of‘the dlstant proton as: the. R-de;endent potent1al (seenlf
4from the atom to whlch an electron 1s bound) and__uslng
'vﬁheb Hellmann Feynman theorem to compute the'oot:ected
Aninonad1abat1c coupllng The same coupllngs lCan ‘be seen
bbamong Ty states. _ . B |
i we“have ffound?sﬁhat. ihese couplingS‘b olay a
signifloant 4paftlbln” H’-H(1s) collisions,bbsince ﬁhey.
‘prov1de ‘the mechanlsm fo;ﬁ sequentlal exc1tat10n of
hlgher‘ Rydberg levels by a "ladder c11mb1ng process.fA

'substantzal portlon of the flux 1nvolved may eventually'l'

~appear as. 1onlzat10n..
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IV METHODS OF COMPUTATION ,
In thxs section, e de£1ne some mathematical detazls of the.
wave functlons and coup11ng matrix eftments and discuss
_br1efly the computatlonal .methods used 1n this study. The
discussion can be d1v1ded 1nto four top1cs-
;A Calculatlon of electron1c wavefunctions;,
B. ‘Calculatlon of coupl1ng matr1x elements.

- C., Numer1cal 1ntegratlon ) coupled equatlons.

' D. Long range coupllng problem

AL CALCULATION OF ELECTRONIC WAVEFUNCTIONS
The one-electron two-centre problem has well known»‘

501utioné. The~eledttonio Schroedinger eguation for, fzxed‘

hﬁcleiiisl | '

- 2m T - 2y ¢ 2 e2/xy) - €, (1Y @R =0

o Iv-l

where - é GQ is the electron1c b1ndlng energy Introduction

‘of prolate sphero1dal coordlnates

g= (y+ T /R, | lsg<= | Cw
g n“——-'(rA - T )/R oslgmngHl : V-2
, S «
‘¢ = azimuth about R, ~0g¢g2n
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wleéds\tO'Separation.of the eigehfﬁnctibns~in the form

_ 'f”u&’i’ =F @5, (e ) R 5
AN .
The factors obey the eigenvalue equations:
a. . Radial eguation - :
2 * 2 2.0 2 2-1' V___ '-o.
a/agi(g —1)dFu/dE] + [-c7g" +gf -+ A -m ((E‘ VIF
v-4a
b. Angular equation
. U , .
S 2 ‘ 2 BT : g
d/dn{(1-n ')dSu/dn] + f{c n2-+ pn - Au - mz/(l‘\—_nz)]su:_ 0
C - o - Iv-4b
) * . [4 : .
c.  Azimuthal equation . = : o
B ‘ L ° :
4
T2 2. 2 I )
o da'e = 0 ) IvV-4c
‘ u/dcp +<mu¢u > . ; ) -

In these equations, q=R(z, +2) , * R -2) ,  and
2 : » . . ) . ’:' v. . ‘ . . . ‘ .
c =-qu2/2 , if ér is in a.,u.. Ar1s the separation constant

_associated with the angular equation. v
. T o |

/
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‘We represent‘th4 eigenfunotions in the forms

')/

. |

S, ST _
"F_(E) = (£ -1)m/2(£+1)°e ¢gz; c.(£—1/5+1)j © IV=~5a
-cnp® . . m - ’ -
s, = e Yo m ExPi () P TV-SD
'¢u(¢);= (2m)"1/2e1m - Ivesc
Av

m is the  azimuthal .quantum number (=0,+1,+2,etc). In the

united atom limit, R—> 0, Argd>el(l+1), and the states

may - oe ~labelled at all R by the limiting'quantnm numbers

(nlm). - - B T

To compute e1genfunct10ns and eigenvalues, the main

task 1s the search procedure and Calculat1on of separation’
constant Arand energy parameter C in a self- cons1stenﬁ way.l

The problem is a well- known one and has been adequately

- described elsewhere(35-37). We found it most convenient to

‘eompute'eigenvalues and,eigenfgnctions by-following/a state

from its known limiting properties at'R-O-and oontinuing

outward w1thla suff1c1eptly small stepsize in R -0. 25 a.u.)
'£¥29. guaranree ,convergence"on the same state. Elgenvalue-
‘ ;compufation methods are based on thar described by Bates and
‘Carson(35) and some 7parts of the: scheme ‘dévelopea by -

‘ Rankxn(29) are also used.

!

g
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Precision errors in. the computed eigenvalues and

‘eigenfunctions are'leSS‘than‘10'? and 10" respectively.

i

B. CALCULATION op'coupnlnc-uarnrx ELEMENTS

~

In Eqs.(II- 20) there are nonadiabatic ‘coupling terms of‘

f1rst- and second order iﬁ‘_the‘ collision - ve19c1ty. The
firstfordervterms are more important andb we discuss their

computation in detail. The . second-order terms are Emell

’enough to be neglected over the whole eﬁefgy range'I studied

Eor “the HeH*® oollls1on system, and are non- negl1glble only

sat energles 825 KeV for t%; H,' collision system.~

LY

- _ )
1. Computation of First-Order Cduplfhg Matrix Elements -
a. PSS Radial Coubling

4

R = -ifi<m|3/3R|n> o ‘_ | A
. mn ; T

: [N
LOEEEN

N :
A .number of computatxonal techn1ques may be used

(1)D1rect D1fferent1at10n

.S

Explicit ‘application 'of the - formulé (IV-EY»

requires - the calculation (numerically)‘ of

'derlvatlves of parameters and expan51on coefflcxents'

_ in Eqs (IV-6) with respect to R end this is an

inefficient procedure.

e
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ATION OF'COUPLING'HATRIX ELEMENTS

~

gs.(II- 20) there are nonadiabatic ‘coupling terms of‘
nd second order iﬁ‘_the‘ collision ve19c1ty. The
€r terms are more important andb we discuss their
on in detail. ~Theusecond—order"‘-tertﬁs‘are Eﬁell
be neglected over the whole eﬁefgy‘range'l studied
HeH?** collisien system, and are’hon;negligible only

es E25 KeV for the H,* collision system. N N

LY

e

ation of First-Order Coupling Matrix Elements

SS Radial Coubling

4

R = -ifi<m|3/3R|n> o ‘_ | A
. mn ; T

: [N
LOEEEN

\ .
number -of computatxonal techn1ques may be used

1)D1rect D1fferent1at10n

.S

Explicit ‘application of the- formulé (IV-EY»
equires - the = calculation (numerically) of
erlvatlves of parameters and expan51on coefflcxents'

n Eqs (IV-6) with respect to R end this is an

neff1c1ent procedure.
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Since
{ . 2 .
(aHel/aR)E}n = -2/RH_, - (e /a,)V/R 1V-10
.it follows that the evaluation of a 1 integrals in

(1v-9) is completely stréightforuard. To check.

.numerical accuracy we have compared results obtained

by all three of the above technigues, and agfeement

to five or six significant figures was obtained. In

practice we have used the third method as it is

about three times faster and much easier to program.

v

4 . )

PSS 'Angular Coupling

~

C]

0 = —R~1<m1i | n> Iv-11

1

!

Y

Ly is the electronic orbital angular momentum

component on the y-axis ( 1 to R), measured from

the geometric -centre. In prolate spheroidal
coordinates,kit is given by

‘iy.=,-i{cos¢[(!;41)(1—n2)1‘/2/(g?—n?)[na/aa - g8/on)

- ] 2 - B . b
~sineEn/[(5 1) A-n")1 20730} w-12

/ .
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Pl

‘The  resulting integrals may be  done

//’\L

" . straightforwardly.

t

.. ) . L " . 2
c. ETF Correction Matrix Elements Apn ,Awmn-

R . . . - ‘ - o -
Aen = GW/2M) (e - e y<mlzf (i) 0> 1v-13
; . ~| .
~
R . o ‘ -
A = QW2 (e - En)<m|xfn(r;R)|n> : Iv-14
Here ~
]
. | , o ) ,
“&=R/2n “x = R/204E°-1) (1=n)1' 2080

~and f.(¥;R) (defingﬂ\jn Eq(I11-6)) depends only upon
. o

It is most convenient in this case to do the
integrals’,over’ d{ by Gauss-Legendre quadfatufe,
rather. than embloy analytical methods. Again~
evaluation presents no difficulties. .. ‘

. -. ~ | | #

2. Computation of Second-gré:f;z ng Matrix_Elementsfv
' The matrix elemeﬁts‘whick\w

s+ - be evaluated for the
second-drder  éou§1ings are catalogued explicitly  -in the

a
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following eguations:

(i) (k| (- (3_-3,) 1 [Ve (-38V + (im0 H_ 5 1) In> w-i5a

-w

-

o A T 2 : vy
I <kl (-1 [3><3 |V (3R, + (/W) [Hyy S50 |2 /75

L.
- : 2 ) -.>'2 ' > 2
x| (m/8) [(E-1IV + @2 £

> > > > > @ . ‘ B .
- - . + 2V'V f ) n> . — )
£ 2@ (T E + WTeEy L Poise

To 'evaluate these very messy expressions requires some .

kunavéidable algebra. . In the case of ‘terms. (IIl1-15a)
- T \ . o,

involving ( % ) we cannot make use of the

Hellmann-Feynman trick and it 1is necessary, to compute’
derivatives of thej'wavefunctioﬁ"éééfficients numerically.
However, all the integrals which appear are completely

straightforward to evaluate numerdically.
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The most important second-order terms are thé%e of

Egs.(IV-15a). The complicated radial-angular cross terms
(IV-15) are quite unimportant, since in nearly all couplings
either the radial or the angular'couplihg is the dominant,

part.

4

We found it most efficienﬁ to evaluate both intéérals
,ovér. 3 ana over“ﬂ"by numerical quadrature for all matrix
eiements, Gauss-Laguerre <for 3 , and Gauss-Legendre for
ﬂ " . We tested 10,28,64, aﬁd 98 point Gauss—Laguerre ahd
10,32,80 point Géuss—Legendre quad}atures and found that 28
éoint Gaﬁsstaguerre-and'32—point Gauss—Leéendre quadrature
give a, precision in every case of at least five siénificaht

P

figures.

C. NUMERICAL INTEGRATION OF COUPLED EQUATIONS
fhe‘coupledtequations;(IIf19 ,(II-235 must be solved to
determine the final state scattéring ampliﬁudes an(+oo ; ),
given ﬁhé, initiél conditidnsrfor each céliision problem.’ I
integrated';he coupigd eqﬁatiohs{numeriéally using time ¢t~
(a.u.) as én independent vériable.-?or most caiéﬁlétions,'
straight-liﬁe'cohstant\velocity trajectories were'used;‘ fbf
-cases where ,Coﬁlombic fréjectofies weré employed, the

configuration variables (R, & ) must be related to .the

time t by the Cowlomb trajecéory formula.
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I used the method of Bulirsch and Stoer(39) which is
based on the principle of rational ext:apolatioﬁ,' for

: 4
numerical integration of the coupled equations. This method

. seems to h;ve found wide acceptance by ‘- workers in' atomic
collision theory. It  is faster aﬁd more accurate than
multistep ‘predfctor—corr;ctor methods csuch as -the
Adams—MoulfbnjBashforth " method and requires po special
start-up codes as they do. I; my calculationﬁ, the relative
truncation error Jcontrolling the step-size) was

automatically maintained between 1 X 10-‘and 1 X 10°°¢.

Conservation of probability (cf. Chapter 1II. ’ was
_checked and maintained between 1 X 10-* and 1 X \10". 1
found thét ‘in mUéh of the intégration , surprisingly large.
steﬁ—sizes could be uséd (3-12 a.u. in time t, dépending on
the collisi;n energy). . |

To compute cross éeqtions fér individual transitions,
itv is necessary to combine the coherent amplitudes (11-39)
to obtain atomic state amplitudes according to \formulas of
" the type' (1I-41), and then to integrate the resulting
probabilities_for-indgéidual states over impact parameteé,
'.Eq.(II‘40); The integral - was performed by fhe trapezoidal
methed and multipoint Simpson*s rules. Précision of this.
lasf integration depends’ on the number of impaét parameter
.gr{é pdints used. Depending upon the detailed crdss section
being evaluated, I alwéys took enough grid points to ensufé

|
|
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a numerical precision in all cross sections reborted of at

least 0.1 %.

|

D. ANALYTICAL FORMULATION OF COUPLED EQUATIONS FOR
ASYMPTOTIC LONG RANGE COUPLINGS

In these ion-atom collision systems, the ‘molecular
states whiéh belong asymptotically to the same (degenerate)
atomic level are. nonadiabatically coupled over a very iong
.r;nge, due to effects of the Coulomb field of the ion 66 the
atom levels., Both the splittings between the coupled states,
and the couplings themselvgs, decay only as R™?, and/the
effects of these couplings must be taken into account if the
transition amplitudes for individugl molecular ahd atomic
st;tés are to be calcula;ed correctly. For the H;‘ sgsﬁem we
required to solve this problem for the H(n=2) manifold
(25,2p; ,2P. ), ana éimilarly for the He*(n=2) manifold in
HeH®*, The moleculéf states involved are (3d0~_4250~ ,2pT )
iﬁ HeH”, ana in H,‘,f(3pOj ,4f05 ,2pm, ) for u-symmetry and
(3d6‘3 ,2'503“ »34 T, ) for g-symmetry. Beyondiome "cutoff"
distance R,, couplings to states outside one of these
manifolds are"negligible, so (in the cases treated here) we
have to solve sepatateiy a three-state cbupling probiem from
R, to _R.-boo . The effects of)”' this coupling. may be
represented in“te:ms of avunitary propagator U(e :R, ). which

converts molecular state amplitudes at R, to those at R>»
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;(6f’ v1ce-versé7 Jn our present problems,‘ the 1nc1dent
ﬁchannel states do not be}ong t° these degenerate manzfolds,

dhence we reaIly only have to consxder these couplrngs 1n the

ioutgo;ng part of the collxaion trajectory.. Because 6£ the
ilong range of »the coupl:ng,-ne1ther R nor the t1me t 1sﬁ%
dsuxtable progress varxable for the ,1n¢egrat1on of coupled
»equat&?ns, : g R NPT BT ‘ : , .

‘To 111ustrate the methods used Ue wiil',conSiderf”

LHeH" case'~rn deta1l' exactly the same pr1nc1p1es may be
fextended to the cases occurlng 1n H, ' wlth ,at‘ most m1nor,‘

o

,modxfxcatlons.;;';:r'f“

.h, The 3dv- and Zar - states ;‘Af HeH"'f correspond
_nasymptot1cally to the bondlng and ant1bond1ng sp 0 : hybr1d i}
.'atomlc orbltals of He (n 2) These are ¢oupled to - the 2p1r_1

irstate by long range Corlolxs coupl1ng, and to each other by

;fan equally iong range rad1al coupl1ng. For RZR.,':‘ found

:fthat both the coupl;ngs of these states and the epl1tt1ngs'
4rbetween them may be accura&ely descrzbed by analyt1ca1

~“expresszons obta1ned from atom1c perturbat1on theory.i.

To obta1n these expresszons,'we use the\asymptot1c wave

ffunct1ons for the three states,-d’ R

'-\1//2(2 /4/§n)[p cose —(Z—p )]e A/2 ' nIV-16a

e 3/2 L
o v¢3d T T e

-'J e

: ,7“¢§sc 1//2(23/2/4/2n)[p cose +(2-p )]e /? iViiébj;v
372 - /z' SR ) ;
wzpﬂ IS'A /4/2ﬂ)pASLn6 cos¢e A . ?f”»; ,;V.16c‘. 

[
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'_a'n"d' fepfesenit the"m'ole;Li‘l,er 'ele'c'trcnvie.‘Hami‘ltc';b’i’a‘n ‘ajs'
e e T ‘B""B"' | . ‘ el ’ IV=17 -
L e " e
'-w’here «"-A"‘ is the' He** nuc"leus pnd B the proton. If the”
pertutlpmg potent1a1 is expressed as a mu1t1pole expansmn |
(assummg ’-'A (( R) then we have N

- . ' T = o . 3 ‘ R 2 . ' 0 . ’ ‘» 3 : . . -.
—Z = =] - . - s -
“Zp/Tp = /R - TpC0s8 /R = 1P, ‘,?°$6A)/R *h . IV-18

1. '« Asymptotlc enerles for the three states a‘"re fovu'n'd- by

evaluatlng the d1agona1 matrzx elements of h,_ for j:he. ,
B 4 . . . :

‘three | statese. '

Q) ‘_ _ |
30 = 0.5 l/R 3_R @/2}1 + |

."A3/2R3 4o 1v-le

= e - B L 4+ e
"fk,_os lm. .'+BRBH-

2.7 'ASympt-ot"ic couplings. The Coriolis ',couplihgs-.‘_’between__ the -

2p‘ﬂ' state axviﬂd ".25'0'-‘:_' , S 3do- are ~teva1.ﬁated 'usi'ng ‘the -

operator S e S e e

SA . o
v Lyﬂ“ 1{écos¢a/86A;f.coteAsin¢a/a¢lq ©os . 1ve20
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the radlal coupl1ngs between 3d0‘ and 25¢- are evaluated
usxng the Hellman Feynman theorem,
L e g Rl+ 3865/ (epy = €, )
‘<25q‘(a/9R);A‘3dg> =,<25°‘[3( ZB/rB)/B };Alv. : ,3dq.A$ 2s0
: 'Ivézl_
and expandlng the' per£Urbation-:viaf (1v-18) _ (in both
cases, the,.referenoe oridin' for tne<eieotron is thus

taken,to be the He?* nucleus). The‘ resulting couplings

. , .
B . i ) L L. - . < A
B . A N )

. - . 2 . 3 ) ) 4 * .
: = -iR[- I - 4+ 1/2R7] = ,
V3do, 250 . ;354’ /2R nl/R "1/2R7) V;so,ado -
= V/2r2 + 1/2R + C R (XX - TIV-22
Van,3do; '1pvo/ R [ l 1/2R / ] 3d0 2p _
' *

T EE 2’ . A
= -j V2r%[ 1 - 1/2R + C/R =V '
V2pn,250 lQVo/ 2R,[ _ 1/2R ‘ / ] -"2s0,2pT

whefe:fnis impact5pafameter V, the: asymptotlc colllslon

veloc1ty and the radial veloc1ty R is

é =(i,)v0[l P /R ]1/2 : .‘ S . . ; : L: IV"‘23

\

for stra:ght 11ne tragector1es. For both HeH® and- H,*,"

keeplng terms u@y through order R-2 in Eqs (Iv-19) and‘



(Iv-22) gzves spllttlngs and coupllngs accurate to three:
:szgn1f1cant f1gures for R z 15.16 “a.u. and cutoff“

d1stances R. of thxs s1ze vere used o

Coupled equatxons to be. solved have the form

P

ia = zn;fk n; exp[ =i ) i, Rve2da
“-where
Bog = ey at'/n D R N IV-24b

'The'sp}ittingswmg?"ﬁ --g are

n.
L
: 2 e ~ | .
w2’sc’,3do = 3/R - . _— . - !
2s0,2pm - / R o Tv=25
a2 3
2pm, 3do = 3/2R 4+ 3/~R :

.and ka are ngen by Egs. (IV-22)

Progress var1ab1e Cons1der1ng expl1cit1y the outgoing

.trajectory case, we set u=,f‘/R (taklng pos1t1ve slgn in

}(IV-23)) and deflne a progress varxable

e (pVO/R )dt' = de/R Qa- uz)l/2 = sin”fu I-26
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so § ranges from.0 to W/2 as R goes -from,:‘-_eq to $ . The

coupled equations are now expressed in terms of § as

independent variable,

o ilda/d8) = ) vy e expl-ib ] 1v-24c
with 2
A250,3d0'=u_2a6‘
A L = --01'[<5 + 4/pzsin26/2]v
2s0,2p7 ; A =T IV-27
. . N ‘f . o o .g‘ N
S = —al6 - 4/0%sin26/2] ~
- ®2pm,3do _ posn :
where o= 3/20V, , while

o L , .; 2 5
V3do'250 = - 1/2 cos8[1 + 2/psind ~ 1/p“sin“6]
% K .

V, coa.o= 1//2[1 4 ‘1/2ps‘£n6 + ¢/p%si “’25] [V—2
2pm, 3do : ; C/p sin o] Iv-28

' S : 2 .2
v2p'ﬂ,250 = - 1/'/2 [1( - 1/2psiné + C/p 51nv 8]
. AV

‘ For the collisions oil'interéqt, Re » f .and a;thus
;orrespondé té"valqes & /2. The cbupied ~equations’ é;e‘

A3
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‘easily and'efficiently solbedlby 'thé :numerical'AmeEhod of
Bul1rsh and Stoer descfibed in SectionlllI. C,, vaﬁd “the

'unltary propagator U(O S ) is constructed as. thg requzred
¢ \
connect;qn between outgoxng ampl1tudes at R° and those as R

4 R -

—9” c‘



V. H'-H(1s) COLLISIONS .

In this chapter we present and discuss our éalculated

results for direct éxcitation,

H*+ H(1s) — H*# H(nl)

»

and charge exdhange,

H*+ H(1s) ——» H(nl) + H*

“in " proton-hydrogen atom c¢ollisions at projectile energies

1-7  ReV. Switching ifgpctions' obtained by the methods

described in Chapter #I1 were used to construct ETF's and
. Zon (

compute'ETF corrections (n.b: for H;‘}‘ svitching functions

';fOUnd by the . "6ptimizationf séhe&é .ére  in quantitative
agreement with the analytical @esuitsv of TKCK(;Q)),' BaSis
‘séts  with up to - 10-_molecu1ar  states bhave.beén used in’
sYstématic cross section’calculgtiong,,and good q;nvergence
-Of, cross §ectioﬁ values is found' for gxcitation to all
 atomic states with;ﬁSZQI \

| Our results can. be',compafea withﬁ thdse, ofl other
moleculaf caiculations;- éspecially the recent Etudyv‘bQ'
Crothers and Hughes (g§),jand wiph aAvériefy of experimental
meaéuremen;;J‘of~ détailed, atomic staéé _excigatibn cross

sections, polarization of Lyman- O radiation excited by
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~

St
;olliéipn, and\total~and differeqtial charge exchange cross
sections. Special emphasis is placed on e exéitation‘cross
sections fér atoqic‘H(Zsf and H(éb) statgslyfor which‘ there
is at - present a yery'chaotic}situation both experimentaily‘
‘and théoreﬁically. Later ih the’chapter, we-present .:esu1ts.
of extended:basis-sét>caléulations which bear on excitation
to highe: levels and,bé',ﬁeﬁ - mechanism for ionfzaﬁion in
H’—Q(is) collisions. |
7 Early molecular state studiés'.of H*-H(1s) .cpllisions
'yefe | mostly conéern:d witﬁ' resonant’ charéé transfer
'oscillations‘of‘the effic}ent Lyfci éxcitﬁtion_ptocess (see
Knudson.,and gThorson), aﬁd eﬁpléQedlbaseé of’twé or at host;
' three states (1sO§‘;2p0U',2p7h4).'ﬁatef “calculations wusing
larger bases vere ~done bvaoﬁenthalig§), Chidichimo-frank,_
énd‘Piacentini(gg),kSchinké’ahd Kriger (47) and most récent;y*“
- and completely, by Crothers and Hng3§(1959) (work published
after the present study was underfaken). With the exception
of the work by Crothers and Hughes,'phese later calculatioﬁs
all émpioyed uncérrectéd PSS theory and completély'néélected
ETF cofrectioné. " The calculations Qy»Chidichiho-Ffénk{énd
Piacentini and by Schinke and Kruger also entirelyﬂﬁeglectéd‘k

7

o

radial couplings, |
: When compared with thé-§$s calcqlations, our résults,'
in agreement with';he’findings-of'C;others.and.Hughes; show
that botﬁ ETF correct;ohs and rédial couplings ’havé
siénfficanﬁ'effects‘aﬁd ﬁust be taken,intb acéou@t to'bbfain

'a“cqrrect description of éxcitatiOns’fh this system.
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Compatison between our results and those | reported by
Crothers and Hughes is also 1nteré;t1ng, because their ETF
descr1ptlon and resultlng coupling matrix elements are quxte
diffetent at some poigts from ours. In a few cases there are
substant1al dlsagreements between their cross. secttons “for
individual atomic state eXc1tatlons.vand' those we have
obtained. Discrepancies in the total Hzép) excitation. cross
section and in the 2p, /2p}vsublevel disttibotion.are in fact
traceable to the d1fferences in ETF s used; however, an even~‘
more arked d1sagreement on the cross sections for charge
exchange and direct H(2s) exc1tat1on does not seem to arise
from thxs, and its origin is so far not exp1a1néd

In all cases there is good agreement betweeh our
results and recent exper1mental measurements, where~these'
are available. In partlcular, in those cases where our

: )
results disagree with those of Crothers: and Hughes, our

-

values are ih much better agreement ’with the most ‘recent
experiments.“ B > _‘ b

Finally, we have also carried out selected studiee with
larger Dbasis eets (upnto 16 unéerade states) to examine the
behavior and convergence of croSS»sections for excitation to

atomic levels with n23. These studies strongly suggest that"

L]
2

a "ladder-climbing" sequence of excitations via these 'upper'

levels may be _the dominant mechanlsm for ionization in

H*-H(1s) c0111510ns at these energies: —— - —. .

\
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A. COUPLINGS AND EXCITATION PATHS  /

-

1. Basis Stateé

We used sets of 4,8 and 10 molecular states fer
systematic ealchlations, as listed in Tab}e(v~1). These
contain equal nhﬁbere of gerade and ungerade basis states,
but} as we shall - see most of the exc1tat10n occurs in the
u-manifold. “Table (V- 2) 11sts the basis- sets of up to 16
u-states which we used for selected studies of convergence
-and etcitation to  upper levels. States were chbsen for -
in¢lusion. in‘ theee sets if prellm}nary study showed that'
they are 51gn1f1cant1y 11nked to relevant lower levels' the
high preponderance_of T states, fot example, is explained on
'this'baeis, gecause strong ﬂ”jeﬁ‘ceupiings'have an important
Jrole’in higher_etcitations. | S |

| Flgures(v 1) and (v-2) show electron1c biﬁding energy

curves vs. R for ‘the 10-state basis of Table(V 1) and for
the 16 u- state ba51s of Table(V-2), reegectlvely.
2.\Coup11ngs,and Excitation Paths o

Figuteé(v—3) and (V-4) show some of the more prominent
.couplings linking lower 1é0els and associated energy gaps.'
For H'-H(1s) colllslons in the energy range con51dered ‘the
strong 2poy — 2p1&,rotat1onal coupllng associated w1th united
atom ertitel degeneracy is the malnlsource of ex¢1tat10n aqd‘
- excitations from the entire §~manifold , or from 2pdy via
radial coUpiings, are less i;portant: Thus for 'exatple; a
good quaiitetive picture for the 3paw'e;;itation is the two;

step process 2pdy -2pTy -3p#r . However the radial 2p#- -3p0dv

1Y



Table'v.i 4,8,10 Moleculér‘basis sets

‘Molecular Basis Sets
for systematic close-céupling calculations
| | Limiting
f of ge;nde ungérade atomic .
states basis states | basis states states
1s0 > 2po > ‘1s
. le0, I2po,
& ’ |3dﬂg> |2pnu>_ 2 |-
. -2 above, plus Zlbove,‘plus
" 8 ~|3d0é>- | |3pcu> 2; t 2,
, ° |aam > |3pm > P,
4nbove,p1us 4 above, plus
10 ‘ ) :
|Zscs> |"f°u’ 2s + ;po

132
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Table V.2 16 u-state basis sets

. Hdlecuh{ Basis Sets (u-states only)
for upper state excitation/convergence studies
" of u - Atomic
“ ' = Basis States principal
| states . .
A lqunntun]
‘ ' [2\pod>; . 1
5 ' |2p'nu>é |3pqu>, |4fou>; 2
|3pn“>. 'Iéf“u>' ,|4po“x>; 3
lepm >3 4
8 above, plus -
. |4£8 >, |5f0 > 3
14 e, ’
|sem >, |spo >, |5£8> 4
| |§Pﬂu> | 5
14 sbove, plﬁs -
16 |6gn > 5
. u - .
N ’
|6pnu‘ 6

133
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* Electronic Energy (Ry)
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Figure(Vv-1) Electronic potentiél energy curves, &(R) vs. R,

for 10. states of H,".
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F’igure(v-z)' Electronic potential energy curves, & (R) vs. R,

for 16 states of H,".



coupl1ng 1s not negl1g1ble and at h1gher energxes itf'

fplays an 1mportant secondary part in: the 3p0~ exc1tatxon and

fresultxng atom;c (25,2p.) cross sections._ilz ,.”

e In the g—maazfold the most s1gn1f1cant coupL1ngs fromﬁ1

:llat; are radxal lsqrt 3d s and angular 154; 3dﬂ} , but( due:

_."1:6:»_‘-ﬂ't'l'x‘e'ii large energy gaps, ne1ther is very effect1ve except-”

lat the higher energzes stud1ed At small 1mpact parameters,

'-rad1al “154‘ -250; coupl1ng plays some‘ part but it 1sf'

~;un1mportant at the 1ntermed1ate and larger 1mpact parametersﬂ

17wh1chv make ‘most contr1but1on to the cross sectlons? thch.

N

-,in1t1al process 1s more 1mportant 1n the g-manlfold depends'

s

]sensxt1ve1y on both energy and fmpact parameter, but in any-

- case the stromg rotatlonal 3d -3dn}' coupl1ng populates'

beoth states .inh a’ second step. Because the contr1butzon of

fthe g—manlfold to overall exc1tatlon is small _most. of ”ourl

‘;dlscu551on (and study) focusses on the u-components.'

Flgure(V-S) dep1cts in -a qualltatlve ’way the mainfu

ffpathways for excztatxon of the 5 lowest molecular states of

: deach symmetry. thlcknesses of the 'arrbws '1nd1cate, the .

tfeffectlve coupllng strengths.\ Note that both angular ande

;”rshlal couplxngs to 4f&@ are comparable and. relat1ve1y weak;

?-(_la d1fferent ‘result than as found by Crothers and Hughes_

f:,who have a stronger 2pd"~4f ,coupllng) In the g—man1fold

”ke” can see. that couplxngs among exc1ted 1evels (é.g.,‘@dl;

‘”~3d113) are as strong as those in the u manlfold ebut v”h‘f:

r;dlfference ‘whxch makes g-man1fold excﬁ&atzon un1'po fnt le

fgthe very weak 1n1t1a1 11nks from 150; ’f;ff, Mﬁ‘illf'ﬁ' o
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A.Cou pli'n‘g Paths

.g_ ,g- states

F1gureiv—5) Effective‘éOUplings‘ahd excitatién paths for g%,

o

and g-man:folds in H‘-H(1s) coll151ons (1 7 KeV). ey

b3

' anqu1ar coupl1ng, ----->- ,tadlal couplxng, thickness of

,connectxng arrow 1nd1cates qualitative 1mportance
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Astbnoteé' in Chepterp 11, - there are menf "strong .
couplinge among the more hlghly exczted levels' the states
pinvolveq'are diffuse and ea51ly polarized, so that couplxngs
haVe’ quite long range, as in the radlal ﬂ' n coupl1ngS'
shown in Flgures(III 9). Our study of upper (ungerade) state
exc1tat1on paths has not been as systematlc as for the lower
:afstat95z but FlgureKV-G)mlndlcates in an‘approulmate way some
of the‘wimportaot fluu Vpéthuays leading to . upper-state
texcitétion.in the g*manifold.'The - 7(‘couplin§s ‘lSad to
upper state excitationu through'the sequentiel neighboufing-
np1n,—(n+1)p1h,rad1a1 coupling. Some flux is promoted to the
‘npdy states’ from the 1n1t1al_2p(\ state through the radlal
coupling}f but the strong :npa} -np flu angular ‘couplings
‘pgpulate tﬁe—Jilux'.back into My states. The role of nf Ty
étates‘throuéh radialpané angular - coupling$'~is‘ relatively
weak and ‘hence 'nof signifioant contrlbutlons thave been
observed for upper statg exc1tatlons by this route.

) 1t. may be of interest to point out aga1n that: the
upperrstate g— anlfold coupllngs (:19.,3dq; ~3d. ,‘,etc ) are .
Just - as strong as those“for the wu-states, but play no_
'ihportént role oniy becauseiof the weak;initial‘step from 1s
o5 B
e

RS

3. Asymptotic'Coupliﬁgs within the'H(nfz),maniioid |
Within the asymptotically degenetéte‘(Zs;Zp)-manifold,

long-range radial and Coriolis couplings have a esighificant
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couplings.'v
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effect on the detailed atomic state populations.' Bothb the
'couplinQS»and'the‘splittings’between coupled'leVel% decrease _ -
as R~ 2, Beyond R 220 a u., however,‘the n=2 sublevels are
effect1vely decoupled from levels not degenerate with them,
and for each symmetry there is therefore a three state
asymptotic coupl1ng problem which we have found conven1ent
to tre%tfseparately. The three states 1nvolved for‘ the
gjmanifoid are (3pa> » 2P Tl ,4f0b' ), and for the g—man1fold
-C3dd§ ,3dlh,,254; ). In each case the twovd\ —states ‘are
sp-nyb;id atomic states andiare linked to the‘ﬂ -stat€ by
- Coriolis coupling and to each'other bj"radial coupling. -For
R 2 15- 16 a.u. we found we can describe both coupllngs and‘
spl1tt1ngs'- accurately by analytical = models "usxng
atomlc-stateA perturbatlon theory.,l By - ihtrodueing 'ann
approprlate action varlable as‘'a progress varlable (instead‘
of R, or t1mept) the resultlng asymptotlc cOupl1ng problem‘
can be solved efficiently. In effect, its solutlon may be
representedfsas .a - three-state rpropagator U(oo ;R ) which
'conmerts molécular state amplitudes-ath.'to those at R-eoo:'
" This is attached to the output from the 1ntegrat10n over the
1nterlor real collls1ons "region. We used ﬁthls dev1ce to
.generate amplltudes for:‘all tnree final molecular states,
even 1n those cases where the basis used in the interior d1d“
‘not_ span ‘all those states (e. g.'1n the 8 state bas1s IS ¥m

and Zsl“ do not appear 1n the‘ close coupllng problem, but
,>amp11tudes for these states at R—aa>are fed from amplltudes

in the other components (2pnu ,3p £7 ) and (3d7@. 3drg s ) at

~
P
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R=R, ). Effecﬁs of’the,asymptétic coupling Are small (<510 k
changes) but are certainly not,négligible. This should Sg
taken into account to éive predictiqnsfof atomic 2s,2p, and
2p, excitation probabilities. o | | o
Section D. in Chapter IV gives-av detailed account ;of

our procedures for treating this asymptofiéﬂcoupling. ‘
B \ . " /' .

4. ETF Effects on the Couplings S
e , o

~

"In this section we«compa .our coupling matrix elements

(withC(ETF corrections ‘based on’cswifching‘ functions, as
described in Chapker-\IIi) witﬁ*those emploied'by Crothérs
and ‘Hughes“who used a different’ gfeatment of. ETF's.
(Comparison wifh. uncorrected PSS matrix -elemgnts»is not
considered. here since it is now generally 'well kngwn«_that
fhefé_ are vetyﬂxsubstantial'corrections in moé:-anes; ihe
“papers by‘Crothers'and Hughes give spécificyexamples 6f such
.comparisons wiih théir»correéted couplings'fo: this system).
As‘pointeQ'dut in ChapterIIIl(see also-  'TKCK(33)) the 'ETF;
"description . used .by. C;othefs and,Hugheb_is.equivaléht, to
. lowest order in the éollision velécity, to ‘the’ use of a

particUlé; type of switching function. For e 1s0; state,

L)

their effective switching function closely esembles the one -
used .here (R22.0 a.u.), but for-.tfé Zde" staté‘i; is
.Aqualitativeiy very différgnt (see TKCK(33)) "and '1ead5* to

guite different coupling'matrix-elements.
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As arelevant examples, Eigures%V-?,B\ & 9) show our
coupling matrix elements for 2pdy -2p7. ., 2pd -4f457 ,2p 7,
{4fJF , and 151; -3d0;”, in comparison with those employed
by Crothers and Hughes (Hermitian averages). The ‘asymptotio‘
behavior -of the couplinés is the same, but in most cases
there are substantial differences at finite,‘lnternuclear‘
~separations(5)0-12 a.u.). | |

As wve have found by actual calculations (see Section‘
v.C below) these dlfferences 1n coupling matr1x elements can
‘lead to 51gn1f1cant,d1fferences in exc1tat10n probabll;tles
and cross sections. For the 2pdy —2pﬂg ooupling; the node
‘ and steeper slope in the matrix elements .of Crothers ané
Hughes leads to a con51derable increase in 'the 42pny
exc1tat10n cross section ( ‘tp. firstA order  inm velocity)
relat1ve to our values. The much larger 2p0“ —4fﬂ' radlal
‘coupllng of Crothers and Hughes is ma1nly~ respon51ble ;for'
dlscrepanc1es-between our results and theirs‘on the detailed
magn1tudes of . 2p. and 2p.v cross Asectlons, 'the .resulting
,polarlzatlon of‘ Lyman ar raﬁiation,v and (to a smaller
extent) ‘the total. 2p. exc1tat10n cross sectlon (see Section
C.2. below). _Similar effects; mlght be expected to result
from dlfferences in the. 0; -3d7¢ s coupllngs, but of course
these are much less important because of the much smaller

g-manifold exc1tat10n cross sections.”
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figures(V—? ’through 9)ACpupling matfix elémehts linking 2p
O:f,zpn; 4foa'states,'ahd'150; ., 3403 states,;-as -¢omputéa'
with ranathically;.deterhined sQi;ching - functions V(S;Iid.
'cﬁrves--note*non%Hermit@an charécter), and és computed wby

Crothers and Hughes(gg) (dashed'curves;-Hermitiaﬁ average).
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Figure V.8 Coupling matrix
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B. EXCITATION PROBABILITIES

1 : N

.-

1. Collision Histories

Figures(V-10 & 11) show two typical "histories" of

collisions (molecular state probability vs. time t) for the

5 u-state basis at E=5 KeV and impact parameters f =0.5 and

5.0 a.u., respectively.'Early'in the colLisions some effects

' of the long range tail in the 2pdv -4f0; coupl1ng can be

seen,‘ followed by 2pss; -3pdc radial coupllng and (at small

T

1mpact parameters) the dominant 2pdy -2pMy coupling. Later

excitation of 3p7h; via rotational coupling from 3p0; can

also be seen at smal}er’R.‘Finally during the .outgoing 'pert

-0of ‘the collisions thete are effects of 3piy —4fd; and 3pTv

-2p Ty coupllngs. The sudden d1p of 4fJ' probability" around
t=0 for £ =5 a.u. is probably connected with the 3pT, —4f0‘

curve crossing at R=6.5 a.u. and a smaller effect at’' both:

earlier - and later times may be similarly related to the 3p

g; -4f45 crossing at 13 a.u..

.2. Excitation étobabilities vs. Impact Parameter T e

Figure(Vv-12)- shows molecular' state excitation

Q x

probabilities;‘G% ﬁg 5 KeV for the 5

£l

u-state ba515. f 'ﬁadlal}acouggxngs is

i%

I (’ . . -
O B P v o
O S N 4
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;Figure(v—JO) Collision "history" (molecular state

'~ probdbilities vs. time (a.u.)) for E=5 KeV,>impact parameter

hd
-

0.5 a.u..
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~

‘éiguregv%iz)"‘P:obaﬁi{§£iés‘ for“excifatioﬁ ,6£{ “mo1equLp: ot
f;fsﬁgtés‘ vé;'pimp#ct»'pgxgméter at«s_Kev.fAﬁgulaf‘and radiil,_

[}

V'coﬁpiingéiinclUdgagf .
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RS} . . : v '
rjchange _in‘lthe 3p% eicitationTprobability, especially at
small 1mpact parameters, ar151ng from direct” excitation ‘2p

e

OE -394‘ . A secondary effect is the 5—‘{%

' 3P1L)“Pf°bab111ty vh;ch occurs when faiféievcoupllng fis

included~ 3p]n, amplltude, prOdUced at. small R hy angularv

-

coupllng,_returns to anu late 1n the collls1on due to: tha;r -

: long-range o= radlal coupl1ng The effect of the'd1rec€
‘_radia1'2pf’ -4f07 couplxng on the 4f probablllty can ’also -
~ be seen, though th:s is much smaller and mainly 1nfluences‘
,the shape rather than magnltude of the 4f¢x~ curve,

" The effects of rad1al coupllng are also very e§1dent 1n ‘;
JFlgure(V:14), whxch ompares atomic state-kyexc1tatloni

: probabllltles *vs, 1mpact parameter at 1 KeV for the states.

o 2p.,25+2p.,‘and 3P, w1th the results of Schznke andlkrﬁger

"~ who’ neglected rad1a1 coupllngs (and also ETF correctlons)

"v ?he aominantjzp. (2p7ﬂ;) probablllty is " hot _much .affected'

'and _hardly. even’ changes its. shape when radlal coup11ng is
incluoed,»butithe_(25+2p.) probablllty is very dlfferent,h
due_ to JOUr inclusion of the 2pV"-3p0§ direct coupling:
“:Aiso,’our 3pﬂm probablllty lsp szgn1f1cantly 1ncreased at
,larger f . relatlve to that founﬁ by Schlnke and Kruger,f
(though the absolute maghxtude is in- any case much smaller)
.From these _comparxsons, we pCan psee‘ that 'there~ is ‘no

f_ﬁheofeticol justifi'cationEb 'for' neglectlng the | radial e

"coup11ngs,. although the1r matrlx elements are smaller, they ‘\

;act effect1ve1y over a wuder range of 1mpact parameters and

~

. become - partlcularly ramportant. for 1ﬁcrea51ng colllsion@' \
‘ Fer et ht P M0 A e >
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" energies. -

C. CROSS SECTIONS

A

,1: Total ~and szferentxal Charge Exchange Cross
e ‘ R |

, Sections

Charge exchange' in H‘-H(1s) collls1ons at . these

I

energ1es 'is dominated by the resonant charge tranSferf

process. Flgure(v 15) shows the H(1s) charge transfer cross'

"sect1on Vs, energy together with the H(2p) and H(Zs) ‘charge

transfer cross sect1ons' the contrlbut1on from H(n 2) charge

i: exchange' is' onlyk 3.5 % even at the hlghest energy studled»'

here. Because of th1s domlnance of the. resonant process,
h;nearly all theoretlcal results, both from atomic-state and
-from molecular state ba51s calculatlons, arek~in reasonably

good agreement w1th each _ other -and “also with the

,exper1mental values reported by McClure(63) and by 'F%}e,'
Smlth and Stebb1ngs(80) (below 3 KeV the results of F1te et.:

‘ _al are. somewhat hlgher than those of McClure) The fLat :

portlon .of ‘the cross. section slowly increases toward a

maximum in the neighburhood of 1 KeVv. Uncorrected PSS
calculations ;are‘~quite.sufficient to obtain«a good account

<

'eof the total charge transfer cross sec@ﬁon 1n thiS' reg1on,

‘as- has been shown by F,J Sm1th(41) “This is easy to explaln,

since B
o .
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Lt

L

01

' Probabil L

.05

~ N

w0 20

~ " Impact Parameter (a.u)
Figuré(v;14) Atbmic state exCitation probab111t1es; vs.
present work;™

1mpact parameter at E=1 KeV.’ 5011d curves,_

‘dashed curves, . results of Schxnke and Kruger(47—a) (angular
Y | |

couplin§s>oniy, nO«ETF co:rectxons).
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_3 ,McClute(GB) (b,Fxte et al a1(80) for H(1s) charge exchange.

'=cross sectxon. For H(2p) and H(Zs)~ charge "exchange‘ cross

‘sect1ons, data are the same as in Fxgs (v-17) & (v-20).
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-~ : v -

(1) the PSS results are exact within the two-state /(1s
05 Zpﬁ\- ) approx1matlon where only elastxc scatterlng
occurs, and ' " . _ '; |
(2) below 1-2 Kev the domlnant excitation occurs via the

strong 2p0‘ 2p7h,rotat1onal coupllng, and is not much

afféEted by ETF correctlons below 1 KeV

Our results for the total charge exchange cross’section
are therefore in good agreement kith other ﬁolecular state‘
calculatlons and comparison with these other results is: not
partlcularly s1gn1f1cant (All our numerlcal results for
dlrect and charge exchange cross sectlons are .tabulated in
Tables(V-3) and (v-4)). D

‘ We have also computed ‘the 'differential cross “section
for charge transfer 1nto all states, using the small angle
formula g1ven in Sectlon(II D§ (Eq 11- 42) Thxs~1s shown vs.
SCatterlng angle 9 for E= 1 KeV Sin F1gure(v 16). Here also .
" the domlnance of resonant charge transfer and the‘,ZpJD” -2p
T\'u-exc1tat10nv process at low energies means th.at‘ the
calculated results‘from nearly all molétular state studies -
shouldkpe in:good~agreement espec1ally at small angles, and
' thisvis confirmed by tne Qery ‘good agreement between our
values .and those:'founo' in tne three-state calculation by
McCarroll and Piacentini(ggl,_forve S2°. At larger' angles,
however; our«f;results:_'show improved' agreement‘ with
.experiments‘_by.‘Helbig and- Eﬁerhart(gg). ané by Houve:,

e
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Table V.3 Charge excharge cross sections

% o
K -~
- - '
;,
* . Atomic Level Charge ExchangéyCross Sections -
. #'+ H(ls) (10-State Basis)' 2 "%
. ~ (cm™) . :
. ) H# B ) . N
h : Energy (xev) | = By H(28) Hizp) | . mUsy
. 1 | 198 x 207 {0637 x 10728 | 0.761 x 207% | 14.0 x 20726 .
2 2.0 1.82 | 2.83 13.5
3 f2.0 364 3.85 12.7
4 ‘2,64 5.06 ' s.e4 - 11.8
5 2.86 7.06 _ 7.88 . ]10.6
. ' - -
7 .1 3.32 - . {10.1 8.51 . ' 9.58




1

Table V.4 Direct excitation cross sections

Atomic Lavel Direct Excitation Cross Sections -

’

. 3.61

AP H(1s) (10{5&n Basis) (cm?)
H* | . . T
_ B(2p, ) CH(28) u(2py)
Energy (KeV) 21 .
a7 108 x 10017 | o.s89 x 10728 0.759 x 1071°
T 2 2.12 174 2.84
3 2.4 3.31 .04
4 "1 2747 4.73 6.23 4
. 5 V‘ 2.98 6.37 8.4
Y 8.21 12.8

159



Total Charge Exchange Prob.

(,.
.
0.9 -
= A ’ N
1 )
8 10

Figure(V—16) Charge exchangé différential cross sectioni(all

states) vs.' lab. ,séattering 'angle at E=1 KevV.  ,--—.

rPresent WwOrk; e e e — =~ Schinke et al(47-a); cecseses

‘McCarroll et ’al(gg). Results of Crothers et al (48), not

shown, nearly coincide yith‘ ours. Experimental data: 0o

- Houver et al(61); A Everhart et al(60).
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Fayeton andoBaraf(gl), rélativé to ﬁhe threé-state results;
this was also found blerothers and.Hﬁghes,.whOSe results
(no;Vsho§n) essénfial}y coincidg:with;ours.\The improvemenf
is mainly due to thék inclusion of the‘radiqlxcoupling
éffectﬁ. (inclyding ETF,~cor:ections); For still larger
angles, the ‘épproximaiions> ihvblved. in the small-angle.
formdla (and the use of a sfraight-line tfajectory) \are' no
longer fvalid And Eq.(11-42) sbould'not-be expected to give
results in ad}eement witﬁhéxpériment. ‘ L \:‘

-
-
, . s

~2; H(2p) Croés Sections

In Figure(v-17) 6ur 10-s£ate ‘results for the1\H(2p)
‘chprge eichange Cross ‘sectigh (2p.+2p4)uaré compared'with
results of Schinké>and KrGger‘and Crothers and Hﬁghesn and
with -thé experimental\valﬁes_reborted by Morgan, Geddes and
rGiibody(Qﬁ} in the energy range 1-7 KeV. For 2p ex¢ita£ion,

the contribution. of the g-manifold is relatively.small,

" hence direct and’¢h§;;e exchange cross sections for H(2p)

différ by 1§sswpéanv8 % overlthe'energy range studieq. The
(included) corrections due to second-order terms.inpvelocity,
(see Section(V.D) below) are at most 16 %, at the highest
energy-studied. The'agreement of our results with experiment
ﬁs. generally very good, and is somewkat‘better thaﬁ'that of
the other theoreti;al fesults,_ though these‘7aléo are in"

general accord with experimént. [The success of molecular

'staté calculations in predicting correctly - at least the
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-

qualitative behavior vs. energy for this cross section
confirms that they are appropriate ‘af‘ these energies;
atomic-state basis calculations (mot shown) give much larger

. (more than a factor of 3) crosé‘sections wvhich vary rapidly

. at low energies and predict the location 'of the maximum -

.

-

Cross ‘section “incorrectly, aithough thé‘ inclusion -of
psebdostateé(Cheshire,Gallahe:.and Taylor(57)) causes marked
improvement in the results]. = . .

f%e éisbrepancy between our results and thos;.>of
Schinke and Kruger can be shown to arise mainly from the
negiect of ETF ccrrections,'andlkto lesser extent) from the

négleqt of :adial cbhplings. (The curve shown for their

results was constrﬁctéd by addition of their publishedig

curves “'for 2p, and for 2s (equal to 2p.;‘ in ‘their
calch;aticn)). Al s KeV, for example, more. than 90 % of
their total H(2p) cross section ari;es__from the 2p,
_exci;atioh via angg}ar,coupling from the initigl_Zpa} state.
As ,Cré&hers Qnd Hughes also point out, the uncorrected gss

2pfs -2pTly coupling‘matrix element behavés in a édﬁpletely

incorrect way for Rz23 a.u., due to the linearly ianeasing

"moment-arm" term in the uncorrected operator ?;, .
Calculations made by Dr. V. ScthuRﬁman and brofessor Thorson
"(dnpublished) in this laboratory ;ndicgtg that above 1-2 KeV
the resulting. spurious coublin§'°1eads to -significantly

found by

larger 2p my gxcitation probabilities, a%s were

Schinke and Kriiger.

A

i



‘r,ﬁppopulatxons they iconputed on the baszs of

Tje{(Fxgures(v-7) (V-9)).-0ur own celeslétions (TablE(

. ‘DG.*‘ .

'”;‘max1mum ,near 6 8 Kev, vh1le the 2p. dxrect exc1tat1on cross_,;{;fcﬁ”

5F;hzghest engrgy studzed here, the 2p. contr1butron to dlrectf5'

"'fexcxtat1on probab111t1es._fj  //'”ff f&f 'g_f_f”"f'2 o i37'ff§ ‘

511nd1cete that ﬁhis 1ncrease is due to. the much lerget 4f

V;descrzptzon, end, the result1ng couplzng mptr:x

.'n}who obta1ned 2p&9cross sect:ons larger than\éﬁose for 2p. at

374fTﬁérj resﬂltS\ of Crothers and aughes ﬂfef 1“ 9°°d

-

1fagreehent w1th aurs up to ebout 6 Kev and then/show - rap;dff
“;fzncrease relative to ours and to the experimental values.l';}

- Calculatxons we have madev (see sub-Sect1on(D 4(b)) below);f;fi"

"~that bhe zp,f and 2p. fharge eXchange cross sectiens are o
'f,fapproaching thelr maximum values near 6 8 Kev end that theff:”
"'dujH(Zp.) qharge exchange contr1butxon 1s at most 25 x (at the];f“

.gfhlghest energy shown)., ?or the dlrect ekcxtat:cn cross;; o
-_;slzghtly dlfferent from that for charge exchange,‘ w1th a.
';Qsectxon 15 st111 1ncreasxng (max1mum near 20 KeV. ?)° at thefe- .

"ff}H(Zp) eXCztatzon is st111 only 35 % léfé th! total Thesef‘wu

L jf1nd1ngs are ‘1n cqntrast w;th those of Crothers and Hughes,w:.

> 1

'7fthese energles, aga1n dxrectly related to larger 4ff*

%

'?,3 Pola:izatxon 'f1‘;‘.:[‘_5»”;

The polarxzat:on of the Lyman-Vb&{ rad1at1on emitted by

’¢;';lthe 1nelest1ce11y scattered atom can be calculeted by us:ng ghl’

S e

"7rfjsect10ns, ﬂthel Zp. cross sect1on (as noted earlxer) is: only_{ff,‘r

¥
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~ vhere & -2 375, /3’ '-3 749. _Results at‘é ~ shown  in
u}gFlgure(V-18) ) together ' w1th some‘ other ‘theoretical

ricalculat1ons and one set of experxmental valueé'.(xannpila';:rfxf

i <

,§e  a1(69)). S:nce ourvexcxtat1on cross sect1ons for. 2p‘ are -
ﬁﬂ‘mueh larger than those for 2p. over the’ent1re energy rangei'
f_fcohs1dered\, we obta;n iconsistently negat1Ve'values. These
"i\d1sagree wzth those of Crothers & Hughes,; whth b@ﬁ%meA
'f:pos1t1ve between w; and 5 KeV. The s1gn change 1n thezr

feresults is dlrectly attrlbutable to the much larger: 4fi‘

w'j3:exc1tatlon probab111ty they predzcted dué to thelrf'

,frdescrzgx10n of ET;%efég;ts., nv¥75‘

-
‘\. 1

. ,_

Actually, a&?x é%rts of umbers between 41 and -1 have :
‘ &\

'”j'fbeen reported 1n the varlous theoret1cal s&ud1es,_us1ngmmany:“a7

N

"*-f;d1fferent appraxzmat1ons.» Only "eet '6f: exper1mentalre“f“
‘-;fvalue5>'ie' avaxlable to test these . predxetxons ﬁfenavnj'ﬂ
szunfortunately 1ts rel1ab111ty 1s not really adequate even7Fv"t
‘5"_£brr a qualltatxve concluszon whach m1ght ;-reducer fehge.?"
'theoretlcal chaos. It would clearly be very useful to have o

L '.morewrel 1able data qp the‘Ly-— 0l pclar:zatlon in thzs energy_‘. o

4
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S

‘H Energy
(KeV) -

POLARIZATION OF LYMAN-Q RADIATION
S o

-02__ =

Fzgure(V-‘lB)Polanzatzon of Lyman- d tadzatzon ‘"-vs, Ey
)

. b .
present vork, # ,Crothers et (g__

'- -—D—- ,Rapb et a1(58),~ -—-A—- ,Gallaher et al( )

Expermental datn. O Kauppila et 31(69). ce



’30’*5' @ . ’ . ,.\'u’,| ) 1. . ‘ o R 4167‘-'_
- ‘ ) ., . ‘ B : . ‘. ' 'T.'P“, ) . o - . S L .

4;}H(2$)-Cross Section ‘ R T

SR (a)Cross Sectloh

| Cross sectans “?or directl”and“charge enchange
. ’:'.exc1tat1on ':c° the ‘&s atomlc ;ssété* aref: shown_,;in
”FlgthS(V°19 20) Effects of 0? *3d () and otherl
_ g*manlfold couPlzngs play some role at hzgher energxes
l‘so we find that Q ‘ and Q g.are sllghtly dlfferent .
‘Porvcharge exchange, our results agree rather well/ w1th
’the~ recent data . of Morgan, Stone and Mayo(68) and of
‘Hlll Geddes and Gilbody(67) from 1. 5 to 6 KeV (though
"‘Hill et al’ »ﬁ;ve-_somewhat larger values than those ofh;d
Mdrgan\gt;gl'belowg3 Kev);.our values seem,to‘agreevmore
'-closely' wlth thosek_of' Hlll gt_al in this'region: and
hfall somewhat below both experlmental values at 7 KeV.
On the other h;;d our results dlffer very much from
‘;those reported by Crothers and” Hughes, .wh1ch show a

pronounced m1n1mum near;f3 -4 KeV i both dlrect and

‘;charge exchange cross sect1ons. This behavxor is 51m11at"

,u_ffoflresults found in some atom1c ba51s set calculatlonsf,‘f“
’ ‘(not shown) and appears to follow vclosely the ‘older
,; . exper1menta1 values,reported by Bayf1eld(64) ‘

'(b)Calculat1ons ;using Crothers and | Hughes matrix.

-

elements S ' . ,i‘

el

. In an ~. determme the orlgln of . thig' and
PR ’ : :
o ot er dlscr‘- D ies between ~our“ results and those of_

—-"—_—— ———-—-—.p—._——

='change of slope, but not such- a deep m1n1mum, as that.
found by Crothers and Hughes, ‘ .

. i+ .
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| 3.1% ﬂ S - o
N SRS ?Wﬁ o }
’ Fzgure(v—19) ﬁmrect exc1tatxon cross sectwn for H(‘ZS)" vs.
worki -——-——— Crothers . ‘ét "al._

present
Mss), A Chong et a1(65)

CE:
Expenmental data° 0 Morgan
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o
o

<__?.*ﬂgure(v-"20) Charge exchange ctoss Sectlon for H(Zs) vs. 'E:
' .present wo?k  — e 'rothers et a1(48)

. "*O«.; :

-,......... SChmke et a1(47 a) Expermental data- .,Morgan

et al(§_8_),; -’,Hu_ll'et al)(_G_l); ,Bayfxeld(64)

-y
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~ Cglghers and Hughes, we. haVe\cawr1ed out close-coupllng'
o R
Yy - v _
M calculat1ons us1ngt the same . 10~ state ._b%§1s .-hut"

employ1ng the matr1x eléments shown 1n.the1r page s, for SRS

‘J}Z E=2 3,4 and 5 KeV Stra1ght line: trajectorles were MSed

Q?T ‘ and 'we reta1ned only terms of first~- order in veloc1ty.

The essentlal features of the results we obtaxned are

shown in Table(V-S) For all except the 25 exc1tat1on
P ,
Cross sectlons, ve have obtalned reasonable qualltat1ve
B .
agreemént w1th thelr pub11shed curves. For example, the

2p. excztatron cross 'sectzons vwe. obtalned in' these

calculatlon: dlfferA from thelr' reported values by . at
rmost 20 % (at 5 KeV) and follow the same ul&form trend,
“the:d1screpancy 1n thlS qpse 15 probably g&trlbutable to

thegeffects of hlgher order&;erms in the veloc1ty, whlchu

‘2? nd‘lﬁ e

are'1ncluded in thelr reported valm:s, as well" as in our

" own calculatlons. However, in the. case of the. Zs ~c§@ssf{giﬁg
' e : 'S'M. S I
.’;W, sectxons, we‘ have not been able to reproduce Crothersf

'jﬁ% W"and Hughes results even qual1tat1vely, the :results vej
ﬁf obta1ned from these calculatlons lie: abgmt 30- 40 % above ":;.

our curves' in Flgure(v~19) and show no 51gn of ;any~ d1p

'or. even a marked change in slope. We therefore cannot

"“H;thl 1arge dlscrepancy' necessarll results
, a0 y

"from the d:fferent treatment of ETF effects by Crothers

' and Hughes.3

r-' From 'remarks .made by these authors and comparxson o
‘w1th our gﬂn experlence, , (Sectgnﬁam.beflow) ;t .

f~appears that thelr second- order velocxty correct1ons are
. , A

4
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Table V.5 ETF effects on cross sections
o ", - .- . ) .
ETF Effects on Individual Cross Section )
First~Order in V Only (units of cm’)
Sy :
. : 2p:1 ) 2s 2P0‘
E(KeV) K&T- C&H X&T C&H K&T CaH
2 b 2a2x107 | 2035 x 1097 | 1,84 x 2078 | 2.25 x 1671® | 2.04 x 20728 | 3.56 x 10718
RETE EX) i83 3.72 4.{ 3.93 6.90-
4 f2. 3.32 5.28 7,57 6.09 10.8
5 |32 3.72 B EXN 1.7 8.07 17.5
L ‘ L e #
"'v ‘ l“r “J;?\"\ N
H & JR " ” - . e
- ¥ P
. i
. ) o y
w :\ IR
. [ ‘ -~ ':w
N - (.: cypa
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rather larger than those found in our approach; As shown
: - :

“in Sectlon(III A) (see also TKCK(33)), Xthe' ETF-

descrlptlon employed by 'Crothers _and Hughes is.

"equ1va1ent to the use of sw1tch1ng functlons only up to

 first-order terms 'in V. Therefore it is posszble that =

‘much smallerﬁ than .would be nee

their second- and'higher-order corrections behave quite

differently from ours, and we cannot exclude the

possibility that such second-order terms are the .origin
of the 2s cross section discrepancy. In our own case,

however,.we find that the seoond—o'der corrections are

to do this, and they

are also steadily increasing furcfions of the  energy

(cf. Section(V.E.1).below).

L

(c)Comparison with Charge Exchange Results . of gfhxnke

and Kruger '
. B
B

Flgure(V—ZO) also shows the résUlts for the 2s
charge‘ exchange . crg;s sect1on qﬁported by Schlnke and

Krﬁger} the results found by- Chldlch1mo Frank and”

- Piacentini (not shown) are very s1m11ar. There is a

substantlal d1screpancy between otft results and these,

‘which ie masked to some extent by the l1near plot used
‘for Flgure(v 20)° at 1 KeV our value is at least 4. .or 5
-tlmes larger " than that of Schinke and Kruger and at 5

KeV it is Stlll about 40 % larger. As iis shown by

e compar1son of. F1gures(v—12) and (V-13) (S'Ke§), our

larger:oross _sections result from inclusion of the

radial cQuplings, especielly 2pa7 -3p05 ,'leadingktoga,_
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higher popﬁlatiénj'of . the 36%} lgvel at smaller impact
parameters. Figure(V-14) (f KeV) shows that this effect
is' even 'la;ger at lower gnergies,‘Giveh the.limits of
verrof on the expe;imental values reported in Hill et al
and .Morgan et al, we cannot éay that theée clearly
confirm our resuits as correct, but they seem to.uagree”
soméwha£ “more 'closely with our predictions than with

those made by Schinke and Kriiger:

Lo

D. VELOCITY AND TRAJECTORY EFFECTS

1. Effecté of Sécbnd-Order Terms in Velocity -
' In this _sfudy we have included the'effects of
" second-order terms inithe colli;ion velocity wﬁere-ﬁhese
could be shbwn to havg;a signific§nt effect;on'thé‘crossv
:seétions. Infthis section I présentﬂidata.-shdwiﬁg” ghevgév
'siie of4£hese“correctioﬁ§ fofrvaf{oug c?bQSvSéctiéns as
a function of the céllisioﬁ energy.‘Table(V-G) shows the
c0mpa;ison of the cross sgc£i6ns calculated using the
f;rst—order'terms'oniy andjby the inqlusibn .ofo up to
Aseceﬁd—order éefms. Thel egﬁecég ugf the sécond-Ofder
ﬁe;m545§n not be seen ciearl}abérbw‘ 3 ng; however i
they beqome significant. as ené:éyk'inc}eases; At the
”highesfdzgergies stydied, th; sécond-ordgr 'pontribﬁtiﬁn
'fisés, up to 17> % for.some'inaividual>cross~sections.

Therefore in H*-H(1s) collisions, the second-érder terms
3\ ' ' : . | )
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+

Tap}e‘v.ﬁ Effects of second-order terms in velocity

“ gffects of sMond-Order Terns in Velocity on
Charge Exchange Cross Sections ‘
{units of wz) .

C

épn- s . 2,
E (KeV) v S ’ e v v?
1 1.99 x 10727 | 1.9 x 10727 | 0.637 x 10718} 0,637 x 10718 | 0.761 x-2028 | 0.761 x 1071
3 2.47 - 2.40 .12, |3.64 3.93 | 3.8
s 3.12 2.86 l1ss |10 . 8.07 17.58 ,
7 3.98 S PR 11.6 10.1 9.75 B.s1 .

.

27
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‘play an important fole, (as I already pointed out the

sizes of the matrix elements are relatively larger at

large distances than those for the qsymgetﬁic dpse. (see

N

Sectxon(III D))) , %

1 have also made some studles at low ehergy of 'the
effects of using ‘& straight-line trajectorYo- by
comparing with calculations made usi%g : Coulombic

trajectories, and these studies are summarized here.

‘Téble(v-7) compares -the effect of the two trajéctofies

at 1 KeV. The aiscrepahcy between the two different
trajectories employed is at most 4 % in the H(Zp.) cross
section, due to the creat:on of the new peaks at small
impact parameter in .the | Coulombic trajectory
calculat1on, and in H(2s) and H(Zp.){ the effect‘!s much
smaller, about 2 %. Therefore we  can conclude that a
stra1ght line trajectory ;is adeqﬁete to the present

purposes.



Table V.7 Trajectory effécta

A

. ]

on cross sections

.. )
k -
: 8 ¢
‘ 0‘
Effect of Traj Mgries on Atomic Level
Charge Exd ‘Sections N
Pl Kev  (units of cad)
TN
9 i \
. 'i‘rajccco_ty 28 Zpo
Straigh-line 1.98 x 1027 0.637 x 16728 0761 x 107°
Coulombic - 0.625 0.744




E. CONVERGENCE STUDIKS , o T

A
)

i; Convorgence of n=2 Level’s , |
o Tables§v¥8).and (v-9) shows excitation cross Tscbtian-V
for H(n=2) ievels as a function of‘besis size;ﬁfor the basis
sets of. Table(v-1) ' and for energxes 1 3,5 and 9. Kev In‘m
all cases the H(Zp,)cross section appears to heve converged-

¥
#a

. on the other hand, for the H(2s)cross section there is.a. 15

" % cbhenge. at 7 Kev when’the basis is augmenced from}B to 10
h es, and similarly a 20 % ,chaoge in the §(ép.) cross

Py r
section, so in these cases the effects of further 1ncreases

in bas1s size are vorth further study. Unfortunately no data
on convergence vs. basis size were. provxded 1n the study by
Crothers and Hughes or by earl1er calculatlons ~on{'-th;s "

system. s B . o s L

e ' - \ . ’

2. Convergenco and ?1ux LojL to lonization
‘ ~To e;plore rurther the convergence p;opercmes of a
close-couplxng calculatxon on thxs system, we 1ncreaseq the
size o; the.“ u-basis by addxng more hxghly excited
molecuiar—states Lstrongly coupled to those i‘alresdy
| consxdered éné performed calculatlons of aolecufir sthteew
excztatxon probabxlxtzes at selected energies aA@ 1npact
pataneters. In add;tioh to the S-state basis already

cons:dered. ve used hasxs thh 8, 14, 16 u-stato. ,Tablo(V*z)
P s

F PR \
¥ k o .y , : .
. B . : ; N . ; . . . : H s, RN
: o . . e B . [
K . . . . . , L P .
:. . : : ’ o,

LA
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Hists- these states and the corresponding' atomic state

manifolds= to which they d1ssoc1ate. As these Rydberg states

- are very loosely}bound and cldsely spaced in‘ enefgy, they

can hardly be expected to behave even{approximately in ,

linking - them, both radial and angdlar, are of very long

"considered, 1t has proved 1mposs1b1e “to obtaim 'feasonable

convergence_ of exc;tatlon probab111t1es for atomlc levels-

: ‘n=31‘Moreover, as the.basisjslze is 1ncreased as small but

2

s part1cu1arly so at large impact parameter when the basis

is expanded from 14 to 16 states.

non-negligible portion of the fluxfpersistently moves up to

‘the highest levelsgaccessible;=a'collision history diagram

in'Figure(Ve21) shows that this is ocCurring in the outgoing
v < -
portlon of the colllslon’ trajectory and -is due .to the

long range 149 e T coupllngs inl particular. Table(V~10)

.

and three impact parameters. It can be seen that a small

portion of the f1lux always escapes to the highest ,Rydberg

for n=2 1evels‘ is relatiﬁely stable' for all »vimpaét

parameters. However, “as n increases, the probabilities

AL

change by more than 30 % for each impact parameters and this

~

Slnce .close- coupl1ng molecular state calculat1ons, as

‘correntlyvperformed,‘1nclude only bound states which follow

s
o~

1

- . - v . S
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adiabatic fashion..Mcreover the coupling matrix e€lements

'range and reflect the very large polarizabilities of these

Jstates. Even at the E}ow ‘end of the energy range we

’»1nd1cates the size of the effects in questlon for E=0.7 \KeV'

-states as the ‘basis size increases, while the probabillty\

\
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Table V.10 Excitation probabiiities for higher n levels

’

() c .
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Ehe'nuclei,_they make no allowance ,for flux loss' due to
idnizatﬁpn. ’Hoyevef; as was p01nted oui by: Tnorsop &
Levy(gf;'if isfphysieally unseasonable to regard a state as
"bound™ in a cqilision, if the ;ranspoft kinetic energylof'
the electron;'felative'tO‘the‘other, collision 'paftner,u is .
comparable t8.- greater tnan the static bind;ng\energy;
events correspondlng in a tightly bound state to: charge“
exchange Swill’ lead in such a case to 1on1zat1on. At E 0.7
KeV, levels thh n25 fall in thlS category. ThlS suggests
fhat a 51gn1f1cant portlon of £he probability listed in
Table(V’6) for the high levels cofrespends in reality to
jonizing events. SethuRaman, 'Thorson -ahd \Lebeda(g) and
recently Choi and Thorson(8) ‘haVe calcﬁlaged the direcf
ionization from the clése—coupled ‘1sa; , 2p Ay and—2p7h

molecular states of H' for projectile energies E= 1 KeV,

. T
assuming that‘ ionization dominantly occurs by ‘a single

\1mpu151ve excitation from a tlghtly .bound 1level to the

continuum. The results obtained show that at 0.7 KeV and £
'51.6 a.u,,.'tﬁe resultlng .u-state 1mpact * ionization
probabilities ,are‘ 50-100- tlmes smaller than the aggregates
for n=5 ‘and n= 4 llsted in Table(V 10) and drop off much more
rapldly.>w1th 1ncreas§ng impact ‘parameter than ‘those in
able(v-10). | )
,.ﬁFgoﬁ reasonable extrapoiatiqn of the experimentaildata
of.EiPe: Stébbings, Hummer and Brackman(62) ‘onbﬂionization,
the eXperimenta%aniues should.be about Sb—1OQ times larger .

than thgse theoretical results and give ~nearly the same
, Ny , R , ‘ .
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order of’magnitude as are found here due to the '1aéder

!

cllmbzng process. .
 In conc1u51on, we'"may expect thét a. small bﬁt
non-négligiplev portion sf the flux le;ving the groqqd state
in H‘—H(ls) collisions, even at energies ~1 KeV or less,
fwill be proﬁoted to "higher (Rydberg-type) states by the
multistep’"iadder-climbing proce55°seehAsbove, and that a
large pértioh of. that will actually be jonized in the end.
We may also expect that clos —coupllng methods whzch do not
lude  flux loss “te the \contlnuum as part of their

‘ Yok
Quh ation cannot represent ﬂhe excitation to upper levels

-

:’tly or convergentlx Further theor@trcal study of the
' la‘d€f4c11mb1ng 1onlzat10n .mechanism’ in this prototype
‘system - is obv1ously hlghly desirable to further understand

slow-colllslon processes.
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) C
VI. He?*-H(1s) AND H'-He'(1s) COLLISIONS

In thid chaﬁter we present and discuss our calculated cross
sections for the proeesses,
.(a) He='+‘n(1s) —— He?'+ H(nl) (DIRECT)
—> He*(nl)+ H* (CHARGE TRANSFER)
at He?® projectile energies 1-20 KeV (c.m. energies 0.25-4

KeV), and . | ' '

-,

(b) H'+ He*(1s8) ——3y H'+ He*(nl) (DIRECT)

———> H(nl) + He?® (CH}RGE TRANSFER)
at c.m. energies 1.6-8 -Kev. Basis sets with 'u; tob 12
molecular states (Tahle(Vi-1)) have been used, and good
convergence mﬁupQQults as a functlon of basis size has been

3 .gﬁ‘

.found Thesé

_: ision procassg‘ﬁ?g:e earlier peen studied

extensively by Winter and Lane ( 7:Y% ton, Lane and Winter

P

(HLW)(Z&), Winter and Hatton\“ﬂh)(zg); and Winter, Hatton
and Lane (WHL)(75), using both the uncorrected PSS method
‘and PSS ~method with Bates—McCarroli ETF corrections.
Comparison with theié ‘E&ults provides information about the
iﬁfluenee of ETF descriptions on cross sections. Our‘resuits
may also be compered with the availaple expe;imental
measurements on these proceéses. ’
For process (é),.our total cross sections for <charge

transfer are in generally good agreement with those found by

WH & HLW using Bates—McCarrol; ETF's, except perhaps at the
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Table VI,1 Molecular state basis sgets

HcHz* Molecular State Basis Sets
for “¢2+-l|(1l) and l'l+-lle+(1l) Collisions
A
No. of States : Limiting
-~ in Basis h_‘“ States Atomic Levels
2po H(1s) + Re?*
3 i
2pm, 3do w + Het (n=2)
as above, PLUS
&4 N
280 n + He' (m=2)
rY
- as above, PLUS
5 .
: 1s0 n + Het(1s)
as above, PLUS
+
10 3po, 3pm, 3c_ln H+ + He (n=3)
4do, 4fn H (n=2) + HeZ'
as above, PLUS
12 sfo H + He' (n=3)
580 A (n=2) + He2'

186
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highest energy studied. There is less guantitative but still
reasonably good agreement with Winter and Hatton's cross
sections for charge tratsfer to inaividuaf \states sof
He* (2s,2p,,2p.). Both our results and those of  WH & HLW are
in good agreement with experiméntal measureméngs of totgl
cross section for charge transfef and the indi&idual state
Cross section for He;(ZS)(Gilbody‘s group) (see
Figure(Vi-18)). | |

For process (b)5 on the other hand, some discrepancies
between our values and’those of Winter, Hatton and Lane(WHL)
are found, using basis* sets of comparable size,rfqr both
charge transfer and direct excitation cross ~sections; the
charge transfer cross sections of‘_WHL are 14 % to 32 %
larger than ours, and their findividuai state Birect
excitation cross seégions (He® 2s,2p.,2p,) are
systematicélly_larger as wéll, in some cases by as much as a
factor of two. These differences éppear to be traceable to
diffetences in ETF description used and the resulting
coupling matrix elements; given the convergence behavior
ffound in augmenting the basis from 5 to 10 states, it is our
view that the "converged"'values'obtained-by the two methods
will in fact be significantly different: Cdmparison of the
chérge transfer cross'sections with measurements by Peart,
Grey and Doider(gg) suggests that our values are in slightly
better accord with these than the values foundvby WHL, but a
- more definite conclusion on this question will probably

require further experimental and theoretical investigations.
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We will discuss th? results for process (a)
calculations and then those for process (b). However, we
.will give first a discussion of the basis sets used, and the
coupling matrix elements, since these are common to both
calculations. - |

Figure(vi-1) depicts electronic Pinding energies vs.
inéernuclear distance R for 22 molecular states of HeH®';

this diagram 1is wuseful 1in wunderstanding coupling and

excitation paths in this system.

v

A. BASIS SETS AND COUPLING MATRIX ELEMENTS

1. Basis Set
The basis set§ used were selected as follows:
(a) 2ps~ ,2p7m ,3d07 and 2s0 states form an essential
firét block of basis states for He’'-H(1s) collisions,
and (although it plays a negligible role in process (a))
_the 1s/~ state must be added to these for 5 treatment of
H*-He*(1s) collisions, where it is the initial state.
(b) 1In their calculation, WH included as the next block
all remaining states associated with principal quantum
number n=3 (united atom),/ that‘is, the states 3p0\ ,3p

T ,3am ,3d8§ , and 3s/ . The first three of these

states couple strongly with the 3d¢0~ state. On the other

el
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hand, wiﬁter,aﬁd Hatton found that the 3|d~'ana 346

states make a very ,smnll‘ contribution‘ to the total
cﬁqrge trans[er cross section in pfocess (a), and : also
found after comparing coupling matrix elements computed
. here that' coupling to these states from the tirst block
of states should be quite small. Therefore 1 excluded

these states from the 10-state basis, and added instead

the states 4d% ,4tN , which correspond asympto:?:;’ly

to He?*+H(n=2) XYevels. Inclusion of these states gives a
rough indication of the role4 of H(n=2) production"in
processes (a) and (b).

(c) Selected calculations of molecular state
probabilities at various impact parameters and energies
have been done using a 12-state basis consisting of the
ten states above, plus 4f¢~ and 590 . 4fo/ is strongl{f
coupled to states in the 10-state block, and its
inclusion amplifies excitation to the 4f] state (via
rotational coupling) by factor of as much as ¢4 or 5. 5g
o~ was included because it plays an important role as an
intermediate state: when 5g0~ is in the basis, there 1is
a significant increase in H(n=2) populations, even
though the 530 population itself is negligible at the
end of the collision. A similar effect or effects was

noted by WH & HLW.
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2 ﬁomxnant Couplxngs and Exc:tat1on Paths E

‘Th two factors whlch determlne effecti%e coupl1ng,‘

‘strength i.e. couplmng matrzx elements and Ithej assoc1ated f'

"energy gaps, are shown for the domlnant coupl1ngs 11nk1ng 2p ~
o~ (the 1n1t1al channel for process (a)) : 2p7‘ ,and 3 o~ h
;states, ;1 : F1gpre(VI-2) AS for- H*-H(1s) collisions, there
vris:very_strongwrotational‘couplrng‘between 2p0~ . and. 2p‘P
'states inj the unlted' atom. limit due‘pto their orbital‘
5dkgeneracy and thls coupllng is- the prlmary one for process
lla) 'Al second *1mportant 11nk is, the radlal 2p* ~-340¥
coupl1ng whlch 1s strong around R=6-7 a.u. because there’ is
7,5 falrly small energy gap. between these states at larger Rr.
and th1s connect1on may be expected to, be a domlnant one at
“larger 1mpact parameters. Also glven in the Figure is the 34
: 05e12p1l angular coupllng matr1x element,- show1ng hec
btypical’long—rangeaCorlolls coupllng‘associated wlth orbrtalfw
degeneracy of the'separated atom‘Athelproblem of asymptotic :
. couplings' is ‘most‘ convenlently ‘handled separately (see
.Sectlon(IV.D)) The molecular state 250“&5 not . coupled
L»strongly to‘the above thréesstates'at‘small R values, but it
'l must‘be considered in the‘aasymptotlc coupling problem;
1 Coupling to st~‘is Veryiweak due to the large energy gap to
'all other states, hence charge transfer to He® (1s) is .almost
'negllg;ble' in process (a) and the total cross sect1ons for
process (b) .charge transfers are also very small - in

'compar}SOn'to those for process (a).
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" In process (b), \the most important coupling out of ‘15

Ahe T rrant o

o~ is the 1s® b—'2p0"\ coupling, secondar‘ilj the _150 - -2p n'
angular coupllng, and bmuch less important), 1so f25é~

”coupllng (see Figures(III-10- 15)) After these weak first
steps, the strong 2p0° -ZpK Y 2'p0‘ -3d0‘ , 2pﬂ —3dO~ |

couplings play an 1mportant role in determ1n1ng the further

path of exc1tatlon, sxmllar to the1r role for process (a),

and most of the 1mportant tran51t10ns in’ process (b) inVOlve

\two-step mechanisms~in which 2p@® is the intermediate or

) . . - . ' ' i
"gateway" state. Figure(VI-3) depicts in a qualitative way

the main coupling:pathway for excitation in both: processes

(a) and. (b); thlckness.of the arrows indicates qualltatlvely

the coupl1ng strength

-

For exc1tat10ns beyond these flve molecular states,*the

o

- 3d<% state plays a most 1mportant role as a "gateway", since

_of course also coupled strongly among themselves)

it s correlated w1th nun1ted atom manlfold 'n=3 and is

strongly llnked to 3aT §p0‘¥: and 3p7T (these statge

"foundfby Winter and Hatton, 3d5 is less 1mportant (it ,can'

_only be reached‘througn"3d7r or 3p7- s and 35O still less

s important.

As one - goes still ~further up in energy, the Smaller'
- energy gaps and gYeater number of states leads to a very
‘rapid increase in the number of coupl1ngs whlch can play a

(minor) part.
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I3

3. Asymptot1c Couplxng
' |

Within an asymptotzcally degenerate atomic man1£old----

such as the He*(n=2) manifold of 2sC ,3d0" and * 2p7Té

Vstates—-—j. a ilong range .coupIing problem arises yhlch we
found éﬁhvenient to treat separately since thesevstates are
completely' decoupled from other states for R215 a.u.. The
two hybr1d (sp)O‘ states are linked .to 2p 7T by Corioli
. coupl1ngs~ and to each other by long range radial- couplzng,
and both coupllngs and sp11tt1ngs decrease ‘only as R-?. For
R216 a. u.; both coupl1ngs and - splltt1ngs can be accurately
modelled by an\analytlcal perturbat1on expressxon»and, ysing
a new progress varlable, the -numerical prohlem may be solved

very eff1c1ent1y. The Aeffects_ of..'this-' coupling aare
's1gn1f1cant°> for example, at18 KeVu the\prbbabil%ﬁies for
He*(2s) excitation as computed by th1s procedure differ by
about 25 % from thdse found by d1rect numerical integration
.of BEq.(1T- 20) ‘even as far as R =25 a.u.. The details of the
_method are given "in Sec.D. of,Chap:IV..' ‘

4. ETF Effects on Couplings

In {this section I comﬁare effects of dlfferent ETF

descriptions on the resulting&oupling matrix elements Qfor-
the HeH” system (comparlson w1th uncorrected PSS coupl1ngs
‘'is .not so much of 1nterest since the work of WH & HLW shows
“that;BTF‘correct1ons of some k1nd are.necessary). We comparef
~our coupling metrix elements~(besed on switching functions

' Lo . , L . 0
"optimized"” for' each molecular state) with those of WH & HLW
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who used the simpler Bates-McCarroll (atQmic state) ETF's,
~and with some “maerix"elements - we . have computed using
Taulbjerg “and ‘Vaaben's(2§5 "uniQerself switching function
(the same for all §tetes{. The couslings.shoén are for the
"dominant couplings in procesées (a) end (b) (or for the
- primary excitatig; stepe'even though the coupling -.is weak,
as in (b)); Even more pronounced effects of different ETF
describtions may be seen in couplings gf secohda:y or hore
hfgh;y excited statee( but ﬁhese are ﬁot'selsignif;pant for.
- the cdliision processes coneidered._ ﬁ

| Figures(vi-4) & (VI-=5)  shew coupling matrix elements
linking an‘ with 2pm and 3d0? H these are the domingnt,
' primary;_couplings in process (a) andeere also important in
process (b) J -

. For the strong 2pg- —Zp)T couplmgs (Flgure(VI 4)) our
.metr;k elements and those of WH & HLW or Taulbjerg and-
Vaaben,' are different mainly at dlstances betWeenlz_and_10
a.u.. This eoﬁpling is etrong because 6f'“the uni;éd» atom

orbital degeneracy of 2po nd 2p7T- ; the differehcesz

between the coupllng matrix el ments beyond R=2 a.u. should
‘therefore have l1ttle effect xcept at higher- energ}e$, and~
tg;svls_the main reason why the total ehafge trén;EEr: éross
_seétion for‘pro¢ess (a) i§"tefa£ively‘iheensitive to the ETF
ﬁsed, espec1ally at lower enirgles.

For the radlal 2p0’ -3a0 coupllng (Flgure(VI 5)) our

matrix elements’are generally quite different from those of

'WH & HLW, especially for R < 8 a.u;;_These'cbuplings play -
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the ‘important role at larger impact parameters and can be
expected to have some effect on detailed excitation
probabilities. Our couplings are generally smaller than
those fqﬁnd using Bates-McCarroll ETF's, bht the Qross
@iffereﬁCes ‘found at sméiler R-values really have less
importance than may appear because of the dominance of 2po
-2p TN coupling ét small R. | ‘

Figures(VI-G) & (Vi-7) show the primary eintagion
‘couplings for process (b), linking 1s¢& with 2po~ ,2pm
and 2s (¢~ states; althéugh these couplings are. much weaker
than those for process (a) (because of large energy gaps),
they_have:a controlliné influence on ali excitétions in'this
collision‘process. |

The 1s¢0¢ ,2s¢7> ,and 2p 71 states are all I"He'"-like
states; . for this‘ reason, the couplings found using
Bates~McCarroll ETF's are Hermitian (noanermitiaﬂ couplings
only occur  for states with different ETF's){ aﬂd élso the
couplings linkihg them are felatively insensitive to ETF
description (i.e., our "optimized"™ ETF's are neariy the same

as the Bates-McCarroll ones in fhe region of wavefunction
dBve‘rlaps). For the 1s0~ -2p T couplings our matrix elements
have ﬁaxima at a somewhat 1argef distance‘thanvthat of WH &
HLW but the shapes are genérally'similar.

\ For the 1s¢ =-2p0- couplings the situation is QUite
‘different. 2p¢ is a truly "molecular" state for R 5‘4 a.u.,

with substantial two-centre character, and the 2p0O-

switching function used in our calculations reflects this

"
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Figure(Vi-7) Other coupling matrix elements linking 1s0-  to
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curves, matrix elements based on Bates-McCarroll ETF's.
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fact; the Bates—MoCarroll-ETF corresponds to setting f,pe =+1
everywhere. As a result, our matrix element for (150~
|RAD|2p0§>(2p0~-»150~ ) is much smaller than that calculated
by WH & HLW. Even more important however is the complete
difference 1in shape and okaracter of the element <2p0\
| RAD | 150\> (tsA» =2p ) resulting from the use of switching
functions. As can be seen from the parameters given in
Table(111-2), our 1s O~ switching function differs
significantly from the Bates-McCarroll value fi¢n =~1vaty
small R values, even for this "He'-like" state, and this 1is
especiaily ‘true. in regions of important overlap with the 2p
O~ state. “

It appears that the'difference between our couplings
and those of WH & HLW for 1s/ e 2p0~ (especially 1s¢ — 2p
o~ ) 1is ‘the main reason for dlfferences in computed cross
sections for process (b). This is at first surprising since
the sizes of the two matrix elements are similar; however,
we-navé found in the course of studies on couplings in

'
H*-H(1s) collisions that shape has an effect which is as
important, or more important, than .integratea afea,
eépecially for‘,non resonant couplings: steeper slopes, or
the occurrence of sign changes, have a tendency to - increase
transition  amplitudes. (Such‘ an effect can be understood
from a Fourier analysis point of view: the; more efficient
coupl1ngs are those wlth components at frequenc1es closer to

- the frequency difference of the nonresonant coupled states).

o
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B. ({ - PARTICLE - H(1s) COLLISIONS (PROCESS(a)) ’

1. :Excitation Paths
Typical collision histories are shown in Figures(VvI-8)
through (VI-11) for process (a): probabilities P(f:E) for
molecular states (in a four-state «basis calculation) are
shown wvs. time t, at impact parameters , f, 0.5 and 5.0, and
0.3 and 3.0 a.u. and energies B8, 3 KeV, respectively. For
all . impact parameters the effect of 2p& -3d0- radial
coupling is evident during the early part of the collision,
but for small impact parameters'thfs is later dominated by
the strong 2p¢ =-2p T rotational coupling aﬁ small
internuclear distances (Figures(VI—Bi & (VI-10)).‘For large
P , on the other hand,ethe .effects of ' the 2ps -3d0
coupling are dominant; for example, here even the 2p T
excitation results in most part from the two-step process 2p
o~ -340 —257( . (The curve crossing of 2p T and 3d® at 4.5
"a.u. may be important for the efficiency of this mechanism):
‘The small 2so° probability for both large and small impact
parameters is attributable to the processes 2ps- -3d0- -2s-
o~ and 2p0~ -2pT0 -2s0- , rather than direct 2pg -250" -
excitatioﬁ.

4

2. Probabilities vs. Impact Parameter

a. Molecular states
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Excitation probability vs. impact parameter

at ‘E=8 KeV is shown in FiQUre(VI-TZ)} ‘The large

i

peaks " at émall’impact parameter: is .due to 2p¢ -2p

\

>

\insen—Zener-DekaQ 05cillat§ry 'péak' stricture at>

¢1arget fmpaét parémeters fesulting~ fromv c_he;ence
 between thé  2p¢-:>ahd 340 states in the eptended

region ‘over _which,.they‘ are éoupleav.vThe:e ‘aré€

W‘SécénaarYZ‘szf peaks in phgge with :hese;“whfch‘afé'

due' to thé two;étép process. 290\ j3d0‘:-2pTT; . The

";smali _250; probability ‘shows its two-step origin in
fthefsame'way. Therei is no coherent -interference
between ;he amplitudes produced by 2pg 42pﬂ  and 2p.

o~ -3d 0~ éoupIings; as was also.héted by WH & HLW,

v Total charge transfer probability - , !

The‘ tota1, transfer probabilitiés‘times:impact‘

‘parameter " have: been plotted versus  f in

Figures(Vi-13) through (VI-15) for 1,8 and 20 KeV,

+

»respectivqu,‘and for both“4;state'"and 10-state

basis sets. These figures may be directly compared

with figures ofAthe paperbby Winter‘and. Hatton(73).

o Fdf 20 KeV (Figure(VI-15)) we have ih¢luded'winter

and Hatton's 1b—state;results'£or direct comparison;

at ’lower enérgies, the ag:eemeht between ."thefirgL

- 10-state results (not shown) and ours is even better

‘than at 20 KeV.
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Some general trends may,be\seen in the‘FigureS&

(i) Pxp(f:E) for the 4-state and 10-state results égfee
cl&Seiy at low energylahd disagree at higher energy,
showing vthat excitation to higher levels becomes more
important at’ higher ehergies. waever, even af 20 KeV
the disagreement of 4—sta£e and 10-state resul}s is only
12 % at the highest peak maiimum.

(ii) As noted in (i), above, the peak'at small impéct
paraméter (P=2 a.u.) is primarily aue to angulér
coupling of 2p¢> -2pm states.

(iii) The lérger impact.parameter peaks (f 22 a.u.) are
primariiy due to radial coupliﬁg of 2po~ -3d0 states.
and "éhow typical Rosen-Zgner-Demkov oscillationé
associated with coherénpe of the 2po~ and 3do states
whicﬁ .have‘ an almost constant énergy gap over - an
extended region. - ,‘
(iv) These two~éif£egent‘peaks éaused .by. angular and
:éd&al ~couplings do 'hét‘interfére coherently. The two
majqr codplingé odcur in différént_reéions and thex2p0~
-3d0 Coupling ~is weak atvthe smaller Rjyélues-wﬁere
rotational 2p O f2p7T.c¢Upling'plays a part. |
(v) 'Thé - phase .diiferenge in the oscillatory peaks ét
smaller f between the 4-state and 10;staté basis results
" is mainly the resultbéf strqng‘cdupling from 38a~.fo'the
| upp‘erlwlevels 3b0‘" ,3pﬂ(,.3dﬂ : 367‘ 1s ba‘ "gavtew-ay,‘" to ;A
.‘thgse‘ hibher states, and as a resﬁltuof this . coupling

- the effective phase of ‘the peak,émplitude_is,shifted. As
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was noted someé _years ago by Knudson and Thorson(42), the
infryénce' of coupiings to other states is often
detectable most easily in their. effects on phases,

rather than the magnitudes»of’excitation probabilities. -

3. Cross Sections

In this section, Eé presené'oufvfesﬁlgs for the‘fotél
as well as the individual (n,l) cross sections calculated by

> e S » ,

using 3,4,10,12 states as in Table(VI—1)..Emphasi§ is placed
on the‘cdmparisdns of the-crosé seétions and the convergence:
of the.cross sections in terms of fﬁe basié‘éets with other
theoretical results parficularly those of HLW & WH.‘and

P

_Taulbjgrgtet al(72).

(a)Total Cross Sectioq

Table(VI-?) shows our 'total‘ charge transfer cross
" sections for 3-, 4-, ané ]0—$tate baSis, together with
results of érevious éalqulations; There is generaliy good
égrégment‘at most energies between our results and thdsek of
"HLW; like them we find that cbnvergénce of ﬁhe results as
function of baSié size is mucﬁ impfqved (relative to the PSS
‘results of Winter and Lane), when ETF effects are included.
Setting aSidebfor the moment the results reported by Vaaben
‘_ahd Téulbjeré, it also appears that the convergence limits
Qf ,;ﬁe fET?4corrected‘ célculations are  ’significantly

different * from those .of the uncorrected calculations, at
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least ~ at the higher energies. At 8 and 20 KeV the
convergence of our total croes sections is somewhat fastei
than that of WH & HLW (changes from 4-state to 10-state
.basis cross sections are 64 % of those of WH & HLW in ‘both
cases); however, the comparison 1s‘not clear cut, since the
10-state bases differ sllghtly. Add1t10nal information about
; convergeoce is provided by results of calculations using 12
basis states at 8-10 values of impact barameter (1-12 a.u.),
for ;\both' energies; 'Table(VI-3) shows a comparison of
molecular state excitation probabilities for the 12-state
and 10estate ‘basis. It can be.seen that in every case ihe
‘total charge transfer probabilioy has.changed by less than 1
%; relative to the IQ-statelresplt. '

- At 20 KeV, it appears thet the convergence limite for
total’ charge transfer cross section resulting from the
dlffernt ETF tfeatments by ourselves and by WH & HLw may be
diverging sl1ghtly also. As shown in Figures(VIi-13) through
(VI—15); the-maln differences result from collisions at
_small- impact perameter andrare probably associated with 2p
o~ 2p1T coupling. However, calculations using still'.lafger‘
basis .sets would be needed to settle the question clearly.

The results reported by 'Vaaben and Taulbjerg(72), ‘u51ng

<\ common swltchlng funct1on for all molecular states, are in
marked dlsagreement with our values. and those of Hatton,Lane

and Winter, espec1ally at thellowest energies, where the

:effects of ETF‘corrections appear to ' be least signifioaht
for_this syS£em’and‘where all-other calculations reported in

~
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Table VI.2 Total charge transfer cross section

4 »
Total Charge Transfer Cross Sections:
He2++}l(ll) - He‘h-o»}'l+ (units 10-16 unz)
Basis - lle2+ Energy, keV
Calgulntion © Size
.1 3 8 20
" Piacentini and - . ' ' :
Salin (1977 .3 0.238 | 0.985 3.27 5.36
3 0.238 |. 0.994 3.27 5.34
Winter and 10 | 0.247 1.03 3.80 7.20
Lane (1978) ) )
: . 20 _— 1.22 4.66 9.37
Vaaben and .3 0.134 1.25 5.40 10.36
Taulbjerg (1979) |. 10 0.135 1.26 5.19 9.63
.3 0.247 1.45 5.93 10.1
Hatton, Winter 4 0.264 1.49 6.07 10.8
and Lane’ (1980) ) .
10 10.265 1.49 6.30 12.2
' 3 0.258 | 1.40 5.90 9.85
Kimura and 4 0.260 | 1.43 6.01 10.40
Thorson (1981) : .
. 10 0.260 1.43 6.15 11.23
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Table VI.3 Convergence of excitatioﬁ probabiiities‘

.

‘Convergence of Excitation Probabilities for the
10~ and 12-State Basis.

_Hez* energy E=20 KeY

217

Impact Parameter (a.u.) 1.0 2,0 3.0 4.0 5.0 6.0 7.0
10-gtate ’ 0.572 0.765 0.801 0.799 1.73 1,21 0.549
12-gtate 0.573 0,768 0.806 0.805 1.75 1.22 9.553
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Table(V1-2) agree most closely. These results were
suffic%ently disturbing that we performed 5 calculation at 1
KeV ﬁsing their switching function. For the 3-state basis at
1 KeV we find*khe value 0.247 x 10 '* cm?, in general
agfeement with other Qalues in-Table(VI~2). Our result was
obtained using straight-line trajectories, while Vaaben and
Taulbjerg wused the HeH’® 2pQ potential curve to determine
trajectories.’® However, the extensive studies by Winter and
Lane on the effects of Coulombic vs. straight-line
trajectories, show that these are relatively small, and we
think it unlikely that the discrepancy is a trajectory
effect.

Figure(VvI-16) compares our 10-state results and those
of HLW with experimental measurements of the “total charge
exchange cross section. Except at the lowest energies (s4
KeV), there is good agfeement of the theoretical results
with the values reported by Shah and Gilbody(83) and by
Nutt; McCullough ,Shah and Gilbody(84). The measurements. of
Bayfield and Khayrallah(B82) lie above the other expe;imental
values as well_as‘above our result and those of HLW & WH,
forkénergies above 10 KeV. At lower ehergies, the older data
of Fite Smith and Stebbings(80) lie considerably above the
values given by Gilbody et al, who have atg;ibuted the
discrepancy in part to the nonnegligible fdrmation of

molecular species, not taken into account by Fite et al.

- —— - W e WS o = -

’pr.J. Vaaben (private communication) has confirmed that a
result close to the above value is also obtained by him
using straight-line trajectories. -
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The success ~of - molecﬁlar state calculations in

accountlng &or the marked decrease in charge transfer cross

‘sect1on seen experlmentally below 10-20 KeV conflrms the1rv

approprlateness for coll151ons at low energ1es. "Atomic state

b :
basis calculatlonss by Rapp et et al- and by. Gallaher et al (not
AL

. v
depicted - in Flgure(VIflé)) show reasonably good agreement
kwithiexperiment aboVe 15 KeV, but 'below this energy ,gmvef;
l'much larger cross sectlons (about .one order of magnltude at

1 KeV), agreelng only w1th the older data of Fite et al our

L

“results pract1ca11y c01ncﬁﬁe with 'the measured valuesf

_reported by Gllbody and coworkers in the reglon 5 20 KeV.

Below "4 KevV, the exper1mental values g1ven by Gllbody:

et al fa&l off stzll mpre rapldly " than th ,-theoretlcal

. mej rements - at such low

at lower energ1es.» Given t

values ‘both of ourselves and"of Hatton, Lane and Winter,

wh11e the two theoret1cal results are 1n excellent agreement

¥nergies, _we believe the

’ theore ical results are’ more rellable in this regIOn\\

As was p01nted out by Wlnter and Hatton, whe% ETF
effects are taken 1nto account the four states 2po~ ; 2pTT

,3d0‘ 1280 are almost completely suff1c1ent to study charge

exchange and to' determ1ne the total cross section

quantltatlvely, since the levels He"+H(1s) and He* (n 2)+H*

are near—resonant. Our calculatlons and those of HLW & WH

for total cross sections establlsh 'that 1nclu51on of ETF

o)

correctlons has 'fanl 1mportant practical effect ~on .

,convergence,'and that uncorrected calculatlons probably .do‘

he . d1ff1cult1es of experlmentalh.
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not converge on the same result‘as'FCOrrected ones (exceptﬁ
perhaps at the lowest energies con51dered, where only 2p0—
-2p N coupl1ng at small R (1nsen51t1ve to-.ETF correctrons)
has ’ ‘much’ effect). Moreover, wthere are .small but ‘notol
negl1g1ble d1fferences in \tne‘ apparent convergence- limit
values obtalned us1ng dlfferent ETF descr1pt1ons, at 1east:
at the hrgher energies, wh1ch‘suggests that in general a
more elaborate‘descr{ption of‘ETEﬂg‘for’molecular states mayf
be needed than is provided_bnyates-McCarroll ETF's.
(b)Detailed Créss Sect1ons o | f'i,
‘ ' Cross sections “for electron ‘transfer to indiwiduai
'lleVels‘ He‘(n=1), Hef(néz), He'(n=3), and direét excitatfon'
to H(n=2) are shown for the 10-state pasis,uinu'TabIe(VI-4)
and Flgure(VI-17) By_farvthenlargestkcontribntion.fo charg;l
transfer comes in' the He (n 2) manifola due 'to: the
‘near—resonance with H(1s)--99 2 %, '95.6 % -and 93. 9. % at 1,
8, and 20 KeVJ‘respectlvely. A secondary contr1but1onv is\
made to He'(n¥3) 0 6 %, 2.9 %, and 4 8. %, respect1vely
‘Capture 1nto the He (1s) ‘ground “state is un1mportant Vat
these energles. Dlrect exc1tatlon of H(n 2) amounts to about
1.5 %‘oﬁ the charge»transfer cross section ,at. E= 8 .and 20

KeV; however, ‘these' hlgher level cross seCtionS'mabee

-
[N

expected to change 51gn1f1cantly 1f a larger basis set is
"used We f1nd for example,‘u51ng the 12-state basis set at :
"8 KeV, that the populatlon of H(n=2) 1s 1ncreased by ~40 ~%;

_malnly, because the 1nc1u51on of 4f6” greatly increases the_

o
b
%
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Table VI.4 Atomic level excitation crbss sections

s
. _ = - "
Atomic Level Excitation Cross Sections
HeZ*m(1e) (unies 10728 ca?) (10-State Basis)
Wi - T —
He + +o TN oy
Energy (keV) He, (1s) e .(n 2) | ‘Be (n=3)*% B (n 2)’
1 089 x207" | 0.258 | 1.6x107 [ 4.1x10°
8 2.8 x 1074 " 5.88 0.176. | 0.09
: 2.5 x 107 10.54 . 0.535 0.155

. 20
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Figure(VI 17) Detalled leVel cross sect1ons vs. E. --Q-A

,present work Exper1mental data are the same in F1g (VI—16);

'
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4f7f population via-the rotational coupling hetween them;.ad
secondary effect is 1ntroduced by 1nc1us1on of 5g6* ; ewen

though the flnal Sgo~ populatlon is 1tse1f negl1glb1e.
‘(S1m11ar effects are ment1oned by WH & HLW) A Expansxonv.ofy
the ba51s to include such states as 4d0‘ 3@ 6h 4d11 , ‘etc.

would: be llkely to shift upper 1eve1 populatlons back (from

H(n-2)) toward He*(n=3,4) »levels agaln.' However,‘ these -
results do conflrm ‘that. (when ETF effects are 1nc1uded) the

4fstate- basis  is suff1c1ent for a qualltatlve account of .
. He?**+H(1s) collisions.at these energles.dd |

. o ,
'(c)He(n=2) Man1fold Cross sectxons
Table(VI 5) presents an analysis of individual .atomic

~state cross. sections within the He* (n=2) level\ | |
At low energies the pr1nc1pal contr1butlon comes ,fromn
t 2pw exc1tat10n assoc1ated w1th the 2p0“—2p7¥ rotatlonal
coupl1ng, but as the energy 1ncreases thls is overshadowed
by  the rad1al 2p0‘--3d0‘ coupllng and , to.a: lesser extent _
the 2po~ =250 coupllng,’ whlch populate the .2s and 2p°“
atomic states. lHe‘(Zs) and He‘(Zpo), cross seétions are
'sen51t1ve to the bas1s'51ze and . energy since ‘as already
discussed 3d0“ state plays the role of a gateway/t6 hlgher
Rydberg states. Increase in the basis from/ﬁr/ to 10-states
affects the 2p. cross section much/iess than those for 2s
and Zp, ‘This happens because/a /number -of hlgherf statesf'
(e.g., 3d7t ) couple _strongly w1th 3dA due to .\it's"

"promotion" in the united atomvlimit;.while the:2s0> and 2pT%
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Table VI.5 He*'(n=2) atomic state cross sections

E ‘ He' (n=2) Atomic Sute‘Cross‘Sect;oﬁs
. He2++,H'(1.l) Coll;i:tyions (units 10_-16 -cmz)
24 S .
Ener:; (kev) |~ ::::B ‘ 28 . 2150 3 Y
4 | 0.040 0.026 0.194
! 10 | o003 | o.02a | 0.195
4 | 140 | 2.66 | 1.95
° 100 | 121 | 2,65 | 2.02
: 4 | 2.65 3.97 | 3.78 -
20 ) B
10 | 28| 4.66 3.70
. .

/.
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- states are relatively isolated from the higher- levels
(cf. Flgure(VI-1)) | '
F1gure(VI—18) shows a ,comparison‘ of our and other
theoretlcal results “for 'the' He"* (25) cross {seetion»with
experlmental values obta1ned by Bayfleld and Khayrallah, and
Shah and Gilbody. Our results and those of W1nter and Hatton
_are 1n good agreement w1th the experlments, espec1ally those'
“of Gllbody et al dabove'fsy KeV, although our values are'.
somewhat iarger thanr the‘yekperimental value, as. already_
noted by Winter and Hatton, however, the energy dependenceA
at low energles<rs in‘_better .accord _w1th the trend of
leayfield et al's measnrements.-The 3-molecu1ar state’results
by Piacentini and Salin(70) are also shown. Also as’ noted by
VWH the better agreement of their values. w1th the experiment .
results should be con51dered fortu1tous, since their total
- capture cross /sectlon ‘does not agree wlth the exper1mental
vaiues and they did not test the convergence of "the cross
section as a function of basis set. | |
FigureKVI-19) shows - the individual ‘Zs,zp,,Zp, cross
ysections'v along with He*(2s) excitation cross sections

- measurements.

_‘Ad)Efféct of H1gher Order’ Terms in Collision Velocxty

| In the study of He"—H(1s) COlllSlQnS and H*-He* (1s)
" collisions, we used the coupled equatlons(Eq (11-20)), which
- are _accurate ‘to first- order in V:\ As' discussed  in

o
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'Figure(VI-18) He*(2s) capture ‘cross section vs. E for
He?*-H(1s) collisions. Theoretical resultS: mumme——m— |
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| Section(II.C;1b), the effect of second—order and higher
terms in vV is much less important,for the HeH?"* collision
.system than it is for the H,"system primarily vbecause of
the shorter range of couplings between states correlatlng to
the size of the hzgher order terms. We d1d some calculat1onsﬂ
”of molecular state probab111t1es vs. impact- parameter at 20
KeV (4 Kev in c.m., frame), with the 4-statel basis, . using
coupled equatlons accurate to second- order in V The results
,are tabulated ianable(VIfB) along Withk the 4-state Dbasis
calculated values which uincludé_only the firstrorder in v
term only for eight different impact parameters, L

It can be seenifrom,Table(VI-6) thatvin_ail cases the
indiyidual state probabilities change by at most 1 i;

“have not made tests for process (b) at the hlgher
energy of 8 KeV (c‘m. frame) however, since_ our stud1es in.
H2 suggested that second order effects increase ‘in roughly
linear fashlon with 1ncrea51ng energy (see Sectlon(v D. 1))-
we belleve that errors of about 2 % (at most) in 1nd1v1dual
.state probabll}tles in process (b): mlght result due to

neglect of second-order terms at 8 KeV (c.m. frame).
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Table V1.6 Effects of second-order terms in velocity

Effects of Second-Order Terms in Velocity on
- ' *
Total Electron Transfer Probability (4-state basis set)

Hez’ energy E=20 KeV

Impact Parameter ;;.u.l 0.5 1.0 |° 15 |, 2.0 2.5 3.0 ' 4.0 5.0
v} Term 0.261 0.556 0.625 0.281 |  0.571 0.928 | = 0.742 1.65
v2 Term 0.261 0.555 | _ 0,625 0.279 | 0.570 0.927 0.742 1.64

-
The four states 2po, 2pv, 3do, 2s0.
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C. He'(1s)-PROTON COLLISIONS (PROCESS (b))
) Since ﬁe‘(1s) formatﬁon plays a negligible part in
He?*-H(1s) collisions, /it is not surprising that the total
charge transfer and dire#t‘ excitation cross sections for
H*-He*(1s) <collisions ;ére very much smaller than those for
process (a) --- as has'dlready been shown by Winter, Hatton
and Lané(WHL)(ZQ). The: maiﬁ reason for this is the highly

t |
nonresonant energy transfer required to go from ‘156ﬁ (the

incident channel) toé all upper states. Moreover, the
couplings responsible for such excitation (primarily 1so~
-2p¢ and to a secondary extent, 1500 -2pnm ) are effec£ive
at relatively smail_intefnuclear separations (< 5 a.u.), and
‘one  might expect mole;ular. state ETF's to give some
different effects than a Bates-McCarroll description does.
In fact, we-\find in this case that the treatment given to
ETF corrections has a more significant effect -on the values
found for both charge traﬁsfer\and direct excitation cross’
sectioﬁs;'than is fhe case' for process (a). Our ‘ 5-state
Bésis‘ and that of WHL.are identical; as noted previously,
che'two 10-staté'basis sets differ:slightly, but they‘do SO
only in respect to states which are relatively weakly and
indirectlyilinkéd to the more imporﬁant loﬁer' levels. .In
both cases we find that the Cross seétions computed by WHL
(using Bates—McCarroll ETF'S)_are all systematicélly larger
than those obtained here; ‘ |

We have alréady descr{bed_the coupling matrix elements

‘linking 1s0 to the manifold (2p* ,2p7 , 2s¢ ,3d0° ) and
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shown that the different ETF description resulting from our
molecular state switching‘ fuhctions leads to markedly
different coapling “matrix elements from those of WHL (see
Section VI.A.4). Furthermore, the most important differences
appear for the 1s¢ -2p@ coupling,'which is the primary

mechanism for excitation in these collisions.

1. Excitation Paths

Figures(vi-20) & (VI-21) show collision histories
(molecular state probability vs. time (a.u.)), uéing the
5-state basis, at E=4 KeV (c.m. system) and impaCt 
p;rameters 0.5 and _2.0 a.u., respectively. Dominant
interactions occurlior |t]s12 a.u. (or R 4.7 a.u.), since
the couplings (Figdres(VI—G)) have short rangets. While some
very small 3d6>\aﬁé-25¢' amplitudes can be seen early in the:
égliision »due tot'diégfﬁ coupling frém 1sg~ , both are
eclipsed by the prihary”excitation process 1s& -2p& . At
higher - enefgy (8 'xév}, direét 1s¢~ -2pR excitation plays
some part but‘T“for.example) the peak in 2p X prbbability in
Figure(VI°20) (0;5M~a‘u.) Grééplts mainly from tge two-step

proéess isor —2p0ﬁ -2p7m rather than a direct coupling.

Similarly, pdpulation of 3d¢ , and the (small) 250‘%&@ _

populationpmqggg*frbm t;o—step processes (e.g*™® 150 -2p0~ ,
followed by .Zpb‘  -3@0~ radial coupling later in  the
collision). Thus a large portion of the  flux ‘whiih
eventué;ly appears. in He*(n=2) levels passes through tﬁe

"gateway" of the 2p¢ (charge exchange) .. state as an

v
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'intermediate-'in‘this'sense, the term: "direct ‘enCitation"
* though it is the correct technical name for the exc1tatlon
' processes Aleading';to He* (n=2), iﬁs-g'perhapS'.’a. 11tt1e
flmisieading;, This picture }is'not changed by-increasing theh
‘hasistto ten’states,'and it‘explains why both the charge
: transfer and *diféct excitation cross sections in process
(b) are sen51t1ve to the 1s0 -2p0\ coupllng.
| Flgure(VI =22) . shovws 1mpact parameter times probab111ty<
of charge transfer to H(1s) ‘(2p0\ state) ve. - 1mpactv
parameter,.’.tu”Ec"\=4 .Kev' ffor; both S5-state and 10— state»
. basis.’ All the trans1t10ns “occur. for f s 3 a. u.,‘ which
'demonstrates the short range of the prlmary coupllng, and no
51gn1f1cant range of the- pr1mary vcoupllng, and | nc.

significant change occurs when the basis is. 1ncreased Thus

':the five states - (1sa~ -2p0‘ 2TV . 360‘ , 25 0~ )"are' o

;‘1c1ent both qualltatlvéﬁy and quantltatlvely to evaluate

r ross sect1on for charge transfer ( to H(ls))

Probablllt;es fcr 'excltatlon to He (n 3) and charge'
‘transfertto_H(n=25H(tound hSHng.hour' lolstate _basis) are
reiatively smali"(less ithan- 10 %.Cf“the tctal.excitationh

'probablllty in all cases) These'more highly excited* levels

'.are accessed ma1n1y via the 3d0 state as gateway
in process (a) whlle the 290' 2p7’ levels are‘

"misolated™ from these upper states. RPN S

o
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\R.  x
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2=

10-state
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 PROBABILITY x IMPACT PAR. , - =

IMPACT PARAMETER (a.u.)

a

-

‘Figufe(VIezz) Probability times. impact parameter vs. impact'-

- parameter at c.m.-energy'4"KéV.‘



2;Fcross-5ections i _ |
,Table(VI-f)(oresents our(calculated‘charge'transter:and
'"directfexcitation“ cross sectionsifor the _S-statel (KT-S)
and 10-state (KT-IO) basis.-AIso sh&wn for comparisén are
the values reported for thelr 5 state and 10 state basis by
WHL (WHLfS,WHL—WO) Note that .for WHL 10 no ba51s statev‘
correlating to H(n%Z) occurs, andgalso that cross -sectlonsk
foflﬁet(n%35 weré not reported.in their paper. '+ ‘

v a. Convergence\, i o . : )

For the H(1s) charge transfer cross ‘section;
the largest change we fxnd on augmentlng the ba51sb
from f1ve to ten states is -4. 3 % (8 KeV) comparedtq

 to -7.9 % (4 ‘KeV) for ‘WHL. For exc1tation'of
kHe‘(h:Z)'levels, tne stability. of the ,indeidual
28,2Des andvFZp‘ cross: sections "is much poo:er,
particularly at 8 KeV (changes of +14 %, =26 %, t+12
'\%, respect1ve1y, compared to +13 %, -55 %, =19 % for
WHL). The reason fon th1s 1nstab111ty of course is
the. substant1a1 redlstrlbutlo% of flux 1nto He" (n 3)
’aﬁd H(n= 2) levels due to coupilng from 3d6” to . 3d71
,3pajv3p7f (andl4dO” 1n_our case) when ‘these states
‘are included; that it.is 3d6’ which serves;ias_'the.
connectlon is reflected in the sohewhatl better"
stab111ty of 2p7T cross sect1ons. A more s1gn1f1cant
famasure ‘of overall convergence is glyen by the
l_changes of -1 %, +2 %, and +10 % (at .6, 4, yand7'8

KeV, respect1vely) in the total cross sectlon for

\

o



. ¢ .Atomic Level vac':"itntion’ Cross Sections for H' —He'(ls) Collfsions

(units 10-16‘ c-zf) T[Present Results:  KT5, KT10; Results of Ref. 75: HBLS,' Hﬂl.l()]

Ecw. | Basis & | ga1s) Be'(2e) | me'(2p)) He'(2p,)) | Hw2) He'(n=3)
(keV) | Caté. | - ' » : U B
krs | 2.88x10° | 368 x10° | 321 x10% {70000 | — | -
. k10 | 2.82 x 107 | 3.62 x 107 | 2.88 x 1076 | 6.92 x107% | 2,15 x 2077 | 4.75x 2077
1.6 — s . - i — — — _
. WHLS | 3.41x 1077 | 6.51 x 1077 | 5.62 x 10 7.95 x 10 R e R
CwiL1o | 3.23x 107 | 640 x 1078 [ 470 x'10°¢ | 7.40 x 207"
K5 | 1,98 x 102 | 2.56 x 107 [ 2.38x 107% [ 3.s6x 107 | - -— -
SRS FINRESRES | el g B B B =S
k10 . |1.94x1073 | 2.66x 20 | 1.87 x 1074 | 3.47 x 107 | 498 x 207 |.9.72 x 10
WHLS - | 2.46.%x 1073 | 3.08 x 107" | 4.06 x 107 | 4.20 x 207" — - —
“wi10- | 2.28 x 1077 | 3.30 x 107 | 2.66 x 107 | 4.00 x 107
x5 | 9.27 x103 | 2.3 x 107 | 1.37 x 107 | 2.84 x 107 —_ -
k10 | 8.89 x 103 | 2:67 x 100 | 1.09 x'1073 | 2254 x 107 | 9.62 x 107 | 1.55 x 107
8 ———— - — — < 51 —
WS | 122100 | 4.20 x 1070 | 278 x 107 | 3.64 x 207 | o— SRR
w10 | 12.4 x 102 | 5.39 x 107> | 1.79 x 107> | 3.05 x 107 ’
. Vi . o
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both charge transfer plus excitatlons.of alltkinds}}

these values make it clear that augmentatlon of the

'bas;s from ‘5 to 10 states has not é;used mass1ve*’

4

"Chafnges" in  the = flux- dralned Cfrop  1s0

Unfortunately  the correspond1n data {s not’
. . o . { E . .

~.available from WHD,' - '. /7 o

' while‘ it appears' that the convergence of - our

ALY

'results 1s sllghtly faster than that }of WHL ra~

comparlson is weakened by the dlfferences in the two.

ten-state ,bases.'> In , bouh " cases, further

iaugmentations' of the' basis may'be'expected to causef.'"

sxgnlflcant changes in the He (n=2) 1nd1v1dua1 state

cr055~ ~sect10ns. On’vthe' other hand it may Dbe

A

ireasonable to expect that the ‘charge »tranSfér to

H(1s), and espec1ally the total flux loss from 1s0-,

w1ll be much more stable (< 10 % change at" 8 KeV’).

‘.Cross Sectlon Values

i

-

In“our oplnlon, a more s1gn1f1cant d1fference,
is found in compar;sons of'qthe cross sect1on‘
magn1tudes found here  with those reported in WHL'

(see Table(VI 7)), and comparisons of both S-state

| and 10 state results are relevant for this purpose.

In every case, the cross. sectlon values reported by
WHL are apprec1ably larger than those we obtaln for
the comparable ba51s. ‘For"the‘ more stable H(1s),
:charge transfer cross sectlon, ‘the cross sectlons of

WHL are 18 % to. 32 %b larger 'than ours ,for the:
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_five—state‘basis,land'l4 % to 26 % larger than ours.
for the 10-$tate'.hasis; These differences are at
least'tﬁlce:as largebas changes occurr1ng due 'to
basis 'auémentation in WHL, and at least four tlmes
as large as.“those.'due to augmentat1on in our -
‘results. Whlle it 1s conce1vable that further, large
augmentat1on of the basis {d1screte . States only)
'm1ght lead to reconc111at10n of these dlfferences//
it is our'op1n1on_ that this will ]ggt‘ occur. In
principle,' there is”\ng\iii:on to’expeot that such r
'convergence on a common va must ‘occur, 'unless
-;ompleteness of"the two hé 1is sets is exp11c1tly

%‘

ensured by 1nc1us1on of both contlnuum and d1screte

_states in each.

An alternat1ve explanatlon ofAs these.
/

differences,? i e., that they result from effects of
hlgher order terms in 'the veloc1ty, (we ‘reta1ned
only f1rst-order ‘terms in,our calculatlon),lseems;
'improbable tovus=beCause_(a)‘theidlfferénces are 18
% 14 % even at 1. 6 KeV (b) as Stated’previously, we'i
fstudled effects -of' the second order terms for

.

process (a) at E_ -4 KeV (20 KeV projectlle energy)

and found them less than 1 % for individual state’

_ probab111t1es, and (c) the ’ signfl of - these

second order correctlons is always negative-- which

’would 1ncrease the observed dlscrepanc1es.

e
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‘ ‘Similarlf‘ large ot even.larger.discreoancies
(as much ag a factor of 2 for 2s and-zp,, and 17 %
to 22“% for 2p,) occur for the individual direct
excitation cross 5ectlons. leen the' 'poorer‘
nconvefgence in * both sets of calculatlons for thesef
detalled cfoss sections, 1t is not S0 clear that the -
values “would converge on different 11m1ts' however,
'the conslstency "of the d1screpanc1es f ound suggests
thlS ig ‘a reasonable conc1u51on.

.Cumulative level cross sect1ons for He‘(n=3)'
and H(n 2) are also computed in Table(VI 7) for the
‘1Q-state~calculatlons- Wwe do not attrlbute firm o
signifjcance Ato these numbers,A as they ,may be -
eﬁpectad to . change 'appreciabiy when .additionel
.states belonging to the same mahifold are includeo.
'in thevbaSis.'Our estimateS~of’the contribution of
:_H(n=2) are probably a l1ttle hlgh we have ihcluded‘ o
- H(n=2) states but not the' comparable 'Het(n=3,4)
states‘ which are7their competitors for~coupling to
} u3d0' as exc1tat10n source, aAa inc1usion of these
 states mlght be expected to Shlft flux back toward

formation. We do agree with vthev conclu51on of
tWHLs (baSed on PSS ‘studies) that the H(nﬂz) crossv
v'.sectionvis‘“Small"'(4 %-10 % of H(1s) at-8 KeV),

In - gummary, the couparisonsfmede suggest that’

the different treatments of ETF corrections made by

oufselves and by WHL may lead, for process (b), to

‘
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significantly different cross sebtions‘ both = for

 charge transfer and for direct excitations, and it

is our opinion that this is in fact the case. (It
shouid be possible to test this by calculations

using a basis perhaps  twice as large as those

employed here.)

. R S
Comparison with Experiment

Experimental vélues  for the ﬁotal charge
trénsfe: éross section; as reporﬁed by  Pgart}é:ey
and Dolggr(§§)-'ére.showh-in Fig re(V1423).together
with our 10-state results (ihclu ing H(;ée)); and
fhose  of WHL. The experimental values have been.
determined from the measured He'* formation; hence.
they include both ,cha;gé transfer and jonization
events, though it .may be réésonable»to assume that

the contribution of ionization is less than 1 %. In

spite of differences between them, both our results

and those of WHL appear to be in good‘agreement with

the experiments. Our lower values at 4 and 8 KeV do

lie slightly closer to the data values‘givéh by

+ peart et al than do those of WHL. The same data for

total ~'chargé “transfer crbss‘ sectionr’for.‘bpth
theoretical aﬁd experimental values are piptped on a
iinéar‘graph‘ih Figure(VI-24); It clearlyvshOws that
disdrepancies betweeh oursﬁéna WHL are  §ignifi¢aBt;

especially at 8 KeV. A conservative opinion on the

error limits for . the experimental data .does not

e
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L

permit a sérong conélusibh as té which set of
results is more accurate.

More accurate measurements of Wthis Ccross
section, or accurate measurements of the direct
exéitatién cross sections, would be of €onsfderable

interest for the questions discussed here.’
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