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ABSTRACT

The cross sections of charge transfer and electron
detachment 1In collisions of H™ and D" with Ma, K and Cs
have been measured for collislon anergies ranging from 3
to 300 e¥. Both charge transfer and electren detachment
are significant electron-loss mechaniasms for H {D ); both
processes exhibit velocity-dependent iscotope effects for
H and D°. o..{E) displays high energetic thresholds for
Na and ¥ {abour 20 eV for H + Ha and 40 eV for H~- + K)
vyet no obvicus one for Cs. o,{E) deoas not depend on the
target ag much as o, ({E) and displays near zZero-energy
thresholds. The relative Importance of charge transfer as
&n electron-less mechanism decreases as the massz of the

alkali-metal inecreases.

i



Slpw Collistons of H  and D with Na, K and Cs



INTRODUCTICH

This study of slew cvollisions lnvelving hydrogen
negative lons and alkali-meral atoms {5 a continuation of
research in the Atom!le and Molecular Cglliasion Laboratory
at the College of William and Mary. The collisional
systems which have been previogusly studled in this
laboratery include the negative lons of atoms such as
hydrogen, oxyvgen, alkali-metals and halogens with rare
pases and selected molecular gases. The total cross
sections for electron detachment, eharge transfer and
reactive scattering in these collisions have been measured

with a beam-tarpet-gas apparﬂtus.l

In that apparatus, an
ion bheam with well-defined energy passes through a static
gas target; electrons and slow negative ions produced In
collisions are trapped and separated by combined electric
and magnetic fields. Meolecular vargets which can be
studied with that apparatus are numerous, Atomie Cargetfs,
howeveyr, are limited to vare gases since they are the only
elements which exist in natural atomic form at room
temperature.

Collislons of negative ions with chemically more

reacktive atoms are interesting. A prototype of such a

collisien 1s H™ + MHa. Sinece both H and Na are attractive



sources for the "extra" electron, the gquasi-molecular lan
HMaH® has two bound states, which go ta H™ + Na and H + HNa’
in the separated atom limit; beth states have very diffuse

electron clouds, For the charge transfer reactien

H* + Ha - H + Ha”,

the inicial and final states have an energy gap of only
0.2 e¥. This asymptotic near-degeneracy medlates the
transitions hetween these Etweo states.

In addition to rthe above particular reaction of
charge transfer at large internuclear separation, electron
detachment may happen Iin H® + Na collisions at small
fnternuclear separatlen ag for the H™ + rare-gas systemsz,

Uhen H™ comes suflficiently close to Ha., MaH®™ becomes

unstable and may decay by emitting an electron,

™ + Ha - H + Ha + e.

The work reported in this thesis describes cthe derailed
studies of these two competing electron-less channels for
H* Iin collisions with several alkall-metal (gas-phase}
targets.

A crossed-beam apparatus has been built 1n this
laboratory to measure cross sections for charge ctransfer
and electron detachment in collisions of negative lons
with various atems. This apparatus will be described in

detail in chapter 2. Briefly, an lon beam with well-



defined energy i{s crossed with an atomlc target beam, The
electrons and charge tranafer products produced in
colllsjions are extracted electrically and separated
magnetically. The flrst experiment with this new appara-
tus was to study colllisions of H°, the simplest negative
ion, with selected alkali-metals, Ha, K and Cs, which are
the easlest to prepare whett compared with other atoms
eXcept rare gases.

The experimental resulrs for colllisions of H™ with
Ha, K and Cs will be presented and discussed in chapter 3;
they were originally reported in two publicatlons:

1) Yicheng Wang, R. L. Champion and L. D. Doverspike,

Fhys., Rev. A 35, 1503 (1987).
2) Yicheng Wang, R. L. Champleon and L. D. Doversplike,

Phys. Rev. A 216, 3Bl (1987).



Chapter 1

BASICS OF NEGATIVE IONS

This chapter Flrst reviews the elementary knowledge
concerning the stability, formation and destruction of
negative iens, then surveys several rtheoretical models for
electron detachment in negative lon ecollisions, and
concludes with a discussion of a seml-classlcal approxima-

tion for akbkoamie collisions.

1.1, Stabllitcty of Hegative Iopns

The stability of a neuttral atem is clear; the Coulenb
force holds the electrons and the nucleus together. Hurc
how can a electrically neutral acom hold an "extra”
electron and thus form a negative l1on? What 1s the force
betweren them?

When an atom 1Is exposed to the electric field of a
free electron, the atrom undergoes polarizatien; the
nucleus tends to be attracred while the atomic eleetrons
are repelled by the free electron. Such a polarized aton
forms lts own dipele eleckric fleld and, as a resulrt,
attracts the free elecctran. It follows from this argument
that a free eleccron will feel an actractive potential

surrounding any atom.



However, mnot every three-dimensional potential
poessesses a hound state. For example, a particle of mass

m in recrangular well

-V, (r < ry)

0 {r =z r,)}

contalins no discrete energy level unless Unruz > nzﬁgfﬂm
{Ref 13, The induced dipele interactlieon between a free
electron and an atom is not solely responsible for the
stability of a nepgative fon, because the Pauli principle
which excludes two electrons from oeccupylng the same
gquantum state limits the polarization interaction.%

In addition to the sratiec attractive Fleld due cto
polarizatioen of the atom, another cause which plays a
vital role in the stability of a negative ion is the
exchange correlation effects between tfhe attached and
atomic electrons. This exchange correlation is a pure
quantum effect and, like any other guantum effect, can
anly be explained wlth wave functions which have ne
classically tangible meaning. To illustrate this point,
ler us consider the negative Ieon of hydrogen.

The calculation of the electron affinity {(which is
defined as the difference between the total energles of
the neutral atom and the corresponding negative lon) of
this simplest ioen, H™, involves the solutlon of a two-body

problem analggous to that of the helium atom. An exact



selution Is not possible but wvarlational methods may be
used to obtaln very accurate valuez for the electron
affinity. Far simplicicy, we will use crial functiens
which have only one adjustable parameter. We will compare
the result obtained for the total energy of the system,

using a trial wave funcrion {(in atemic units}

#{ry,r9) ~ exp({-ri-ars)
which ineludes no correlacion, with the result using

Y(rp.r3) = exp(-ry-aryg) + exp{-rp-ary)

= ¢{ry.rp) + d{rp,ry)

which includes cerrelation.
Derailed formulas are given in Appendlx A. The trial

function ¢ yields the ctotal energy of H”

2

3
PSRN S L L

(1+a}3

whleh hags a minimum at o - 0 and

Emin - -1/2 {harrtree)

This wminimum energy equals the ground energy of a neurral
hydrogen atom. Thus the trial funetion ¢ falls to predict
the stabilicy of H™.

For the trial function ¥, the toral energy of H™ is

glven by



(l-n][1+n}? + 2&3{2+g]§1+a]3 + 803{11-5u1
2¢1+a)® + 128a°

E{ax) = -

Its minlmumr is numerically found at about a = 0.28 and

Emin = -0_.5113 ihartcree).

This minimum energy is less than the bound energy of the
pround hydrogen atom; thus the trial wavefunctlon ¥ which
includes the exchanpge correlation predicts the stability
af H™.

We use the above simple trial wavefunctlon ¥ to
illustrate the importance of correlation effects in
leading teo the stable negative ion. This wavefunction may
still deviate significantly from reality. By Increasing
the number of adjuscable parameters in the trial wavefune-
tion, accuracy of variational methods can be increased.
Hare and Herzberg5 used a trial wavefunccion wich 20
adjustable parameters for H®- and found the electron
affinity to be 0.75421 eV, which agrees extremely well
with one eof the best experimental determinations, 0.7339
eV, obcained by Feldmann® using the photodetachment
methaod.

The electron affinities of other atoms ean be
calculated, in principle, Iin the same way. However the
electron affiniry is the very small difference between the
total energy of the parent atom and the correspondlng

repative lon, and it is not possible as yet to calcularte



iz to any degsired precislon for any atom other than
hydrogan,. The electron affinlties of most knowm negative
iong are obtalned experimentally, e.g., by observing the
thresholds of cthe photodetachment of the negative ifons.
The electron affinities of selected elements are listed

Table 1.1.

2. Forma and Destructlo egativae Jonsg
Most of the elements in the periocdie rable, Ineluding
the most glectro-negarive halogens on one end and the most
electro-poasictive alkall-metals on the cother, can form
stable negatlve lans.
The simplest manner in which negative ifons can be
formed is the direct capture of a free electron by a

newcral atom
A+ o + A + AE

where AE is the kinetlc energy of the electron before the
encounter plus the electron affinity of the atom., An
amount of energy AE i3 released by the capture and musc be
dissipated {n some way. This may occur by radiaticen or by
transmlssioen of the surplus energy to a third body.
Another possibilicy to produce negative ions 1s

dissoclatlve attachment, for example

- %
e + Hy ~Hy =+ H™ + H



TABLE 1.1

Elactron Affinities of Selected Elements

Element

H
Li
Ha
K
Rb
Cs

ectron affinlt

0o oo oo

i

et Lad bl

753620 0002
L6200 . 007
L3480 .004
.50147x0 0001
.4B8601D.005
471520, 0003

L2629+0 ., 0001

<

LAGB530.005

L4000, D02
L6130 . 002
36640 . 002
.06310.003

eV

nge;ence

(6)
(7)
(73
(8)
(7}
(%)

{10}
(11}
(12}

(133
(14)
{13}
(15)
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in which an electron collides with and [g captured by Hj,
Ho ¥ then dissocfates into H™ + H (Ref.16). Energy
telenased on capture in this process appears as vibrarionmal
excitaclon of the molecular ion, which subsequently
appears as kinetic energy of the nuclel follewlng disso-
ciatlon,

The inverse reaction of every process of negative-ion
formation leads te the destructlion of negative ions.
Reactiona uwuhich involve negative-ion formation and
destruction occur wherever atoms, molecules and free
electrons are present, such as In glow discharpges, flames,
gas-laser medium, the {onosphere of the earth and the
photospheres of the sun and stars.

For example, H® largely detetmines the spectral
distribution of the continuous solar emission Iin the
chservable wavelength reglon. The saluar spectrum Is
produced by a black body radiator but modified by absorp-
tion of the solar photosphere. The black body radlation
s universally described by the Planck's law while the
absorption depends on the absorbing constituents. Experi-
mental results indlcate that there is strong absorption by
the solar photosphere at wavelengths > 5000 A, The chiefl
constituent of the sun ls hydrogen but, in order teo
explain the straonpg absorption at the long wavelengths, it
appeared necessary to suppose that atoms with low loniza-

tion potential, sueh as those of metal, were present in



i1
sufficlent preportien to provide the abseorption. GCrave
difficultlias were, however, associatred with this interpra-
tation, The main ene concerned the strength of rhe
metallic absorptisn llnes. If metals were present in
sufficient gquantities to provide the observed continucus
absorption they would produce much stronger absorptien
lines than were observed., Furtharmere, they would give
rise to a number of absorption edges whieh are not

fuund.l? The way out of thisz difflculty was flrst shown

by Uildc.lE

He pointed put that, at the temperatures and
electron pressure preavalent in the sun, a pertion of the
atomie hydrogen would be present as negatlve lons which
have a lew thresheld for continuaue absorpcion. Detailed
pxperiments and calculations carried out later confirmed
this '!1'_\,'[:H::rt:hesLs.I{h1:Ir
4s another exawple whieh is more closely related to
the work described Iin cthis dissertation, casium-mecal
vapor is often employed in H™ ion scurces of the plasma-
discharge type teo enhance the efficiency of H™ product-

ion.lg

Although H® ions appear to be primarily produced
on cesium-metal-coared surfaces in such an ion source, the
process H° + Cs - H + ... in the gas phase 15 one of the
reactions leading to the destructioen of H™ and chus
determines the Intensity of H™ that can be realized. Such

intense H™ heam sources are of very practical concern. H°

lon beams are used te heat fuslon plasmas such as 1In
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Tokamaks. The ifons, after belng accelerated, need to be
neutralized te penstrate the strong magnetiec fleld
contalning the plagma. H™ (s "“flimsy" and easier to

neutralize than HT.

1.3, Modals for Slow Collisions of Negatjve Tons

Since an exact solution to the Schriddinger equation
of a collisional system involving a negative ionm and an
atom is impossible, some models have been developed to
describe such eolllislons, The systems which have been
studied extensively, both theoretically and experimental-

ly, at low collision energy are

H  + B - H + R + &

where R standg for rare gas atoms. One of the obvious
differences between systems Invelving rare gas targets and
alkall-mecal targets Is that electron detachment is the
only electron losg channel for H™ with the former while
both electron detachment and charge transfer can play
toles in the latter. Thus, a greater degree of complexicty
1s expected for collisions of H- with alkali-mecal atoms.
Hevertheless, it Is beneficial to review the existing
medels Far H™ + R systems.

Electron detachment was flrst deseribed by a curve-

20

crossing model, in whieh it was assumed that the

poetantial curve of the discrete bound state of cthe
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negative lon crossed inte the continuum states represenc-
ing the neutral moleculs and a2 free electron, the discrete
state becemlng a resonance. Thils reseonance or quasibound
state Is5 assumed to decay with a half-life invarsely
proportieonal to [{R}. 1In the description af thils medsal,

the electron detachment probabllity of the negative ion is

Eiven by

L]

Pib) = exp{-?f dR T{RY/v]
Ro
This medel predicts that {f we compare callislons

invaelving H™ wicth those Involving D° at the same ralative
collision energy, the heavier, slower lsotope will have a
larger cross section for electron detachment. This
isotope effect is seen in colllslons of H™ and D° with He
(Ref. 20), and In that case the model {5 Iin gquantitative
agreement with low-energy experiments. A configuration-
interaction (€I} calculation of rthe potencial curvas for
the ground states of HeH™ and Hel carried our later does
indeed show that the HeH”™ molecular state clearly crosses

the HaH continuum.21

The curve-crossing model encountered difficulty In
the case of collisions of H° and D” with We. CI calcula-
tions of the ground potential curves of NeH™ and NeH
indicate that the curve of Nel” merges with that of Hel

without an obvious crcssing.zl An izotope effect opposite
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to that predicced by the curve-crossing moedel is ocbserved?
in this case and suggests that a different model of
electron detachment {s required faor thaease systens.

Using a zero-range-peotentlal (ZRP) model,
Gauyacq22’23 eaxplalined the inverse isctope effect which
was observed In the H° (D) + He collisions. 1In the ZRP
medel, detachment may occur when the binding energy «(R)
for the outrer electron (taken to be the energy gap between
the fanic and the neutral states as a functlon cf the
internuclear separation R) becomes small during collision.
For small vwalues of :¢{R), the wavefunctien of the outer
electron ig excremely dlffuse and the elecrtronlc motion is
slow. Ceonsequently, the outer e£lectron can only i{mper-
fectly adjust to the ¢hanging molecular Fleld during the
caollision and detachment becomes possible. Since the size
of the molecular core {s much s=maller than the dimension
of the active electronic wavefunction, the electron
detachment problem (s mathematically addressed by assuming
that the outet electron is bound to the molecular core by
a time-dependent potentlal well of very short range. The
electraonic wavefunction ocutside the well saclsfies the
free-particle Schrédinger equation subject to a time-
dependent boundary condition

L dlry) E[R(E) ] (1.1)

ry  dr oo

E{R} cantaims all the informaticn about the molecular
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core, and determines all the characreristies exhibiced by
differential as well as total c¢ross sectlions.

In the region of R where the quasi-molecular lon i=

bownd, it can be assumed that, tos rthe first order,
F(RY = - [2e(R)]H (1.2)

since the electronic wavefunetlon outside the well has the
form of exp(-kr)/r with k& = {2¢(R}]", when R is held
tixed. In the reglon where the laniec state Ls not beound,
f{R} i5 not so #asy toc obtaln and has bean extrapolarted

22,23 With

linearly frem equactien (1.2} in practice.
fFIR{t)] known, the free-particle Schrédinger equation,
subject to the time-dependent boundary comndicion (1.1},
can then be solved numerically and projected onte the
baund eigenfunction at £ = = ln order to determine the
survival and decaching probabilities.

A different approach to the theory of electron

detachment was developed by Taylovr and Dalos,zh'z5

They
expanded the wave function of the acrtive eslectron in an
srthogonal representation of electronic states and e¢bctain
a set of coupled equations. They assumed the coupling
functlon between the lonle and continuum states in a
exponential form with two adjustable parameters, and
solved the coupled equations Fer both H (D"} + He (Ref.

23y and H (D"} + Ne {(Ref. 26) collislicns, and obtalned

gpood agreement with the experimental results. Thelr



la
approcach is very general, and {s closely related te the
seml-classical two-s5cate approximation for electronic
transitions which will be described in the following

sectlon,

- ssical Daesc = § Co slc
Rigoreusly, both slectronic and nuclear degrees of
freedom in atomlec collisions sheould be described by
quantum mechanles: since the full Hamiltonlan of s
collisien system (s time Independent, the system obeys the

full statlonary Schrddinger equation
H{®,r) T(R, T} = E ¥(R,r}

subject to the usual scatterinpg boundary condition. The

Hamiltonlan is

a2 3
H{(R, T} = - E ?R + hi{r,R}

where, for a one-electron system,

hitr,R ﬂiv2+u R) + h
vy = - 2m r {r.R) 500

with V{r R) being the total porential energy of interac-
tionn of the electron and both nuclei, and hsac being the
"magnetic” Hamiltenian, which includes spin-orbit coupling
and other smaller magnetic effects, In principle, this

eguation can be solved numerically, by beginning with the
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eXxpansion of the wave funccion ¢ in a discrete basls that
spans the electronic space and thus ylelds "close coupled”
equations for the nuclear wave Eunctian.z?

A much simpler descriptlon of aromic collisions is,
however, obtained 1if cthe nuclel are assumed to move
classically aleng some path. 1In fact, this assumptlon is
often justifled even Iin slow cellisions because the nuclei
invelved have much shorter de Brogllie wavelength than the
electrons surrounding them, For example, arc 13,6 eV
colllslen enargy, the proton io H™ ion has a de Broglie
wavelength {Hpij}H = 43 rtimes shorter thanm the electran
in a hydrogen atem. The wave behavior of the nuclel is
negligible in comparilson to the electronle motien; the
motisn of the nuclel cam thus be treated eclassically. The
electrons then feel an intrinsically time-dependent farce
field because of rhe motion of the nuclei; the electronic
wave functlon T(r,t) must satlsfy a time-dependent
Schrodinger equation with the Hamllteonian being hlr . R{t}].

The "magnetic” Hamiltenian, h can be Further

soc'
neglected since it is much smaller than the "electric"
Hamiltoenlan as in the hydrogen atem where the magnetic
enerpy 1s a fractien, about al {a 13 the fine structure
constant), of the electric energy. Under these circum-

stances, the electronic Hamiltonian {5 called the Born-

Cppenheinmer Hamiltonian

2

K
hi(r,R) =~ - om ‘i’r t Vi{t B}
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and the Schrédinger equation is

LA gT: T¢r,t) = hir,R(t)}] T(r,e)

To solve the above equatlon, we expand T In a

complete and orthogonal basis (¢ ,(r ,R))

T = i c (e} ¢n[r.R{t)]

and we have

th So €= W+ viB) G (1.3)

where v is the relative nuclear velocitcy dR/dt, and

- <
h oo ¢ Ibnld >

Pmn - {¢m|'LﬁvR|¢n}

If the basis {¢,) 1ls the set of eigenfuncrions of the

Born-Cppenheimer Hamiltonian with the nucle!l held fixed
h(r,R) ¢ (xr,R) = ¢ (R} ¢ _(T.R),

then the matrizx h In equation (1.3} is diagenal and the
basls t1¢,) 1is called the adiabatic representation. 1In rhe
adiabatie representation, the "nen-adiabatlc" coupling
matrix v+P cauges transitlons between stactes.

Another representation often used in practice 1s one

in which the coupling matrix v+«F vanishes or 1s negligibly



1%
swall; 1t {5 called the diabatic representation. Tha h
matrix {5 usually net diagonal In this representation and
irs off-dlagonal alements cause transitions betwesan
states.
Since both the adiabacic {dﬁl and diabatle l¢i] bases
are supposed te be complete and orthogenal, there is an

unitary matrix U relating these two bases,

and thelr Hamiltonian matrixes,

ut p¢ v - R?.

From equatieon {(1.3), we also have

vepy® - ut wep? - anut Su

For a glven problem, either the adiabatic or diabatice
represenitations can be usad, and they should glve the same
answer. However oene representation may bhe more suitable
to the problem than the other. To expand on this poinc,
let us take a twe-state problem as an example.

Suppose we know that the Hamiltonian matrix in a
diabatic representacion is hd, then the unitary matrix

glven by

cosw sinw

-5inw cosw



with

diagonalizes hY and i{s the unitary matrix relating the

diabatie representation to the adiabarie representacion.

Thus,

or

and

or

where

in the adiabatie representation, we have

a d d d d 2 d 2. Y
b — By + hpp)/2 2 [(hyy - hy) /4 + (hy)]
a a 2 d d 2 d 2
(hyy - hygd7 = (hyy - by ) 4k ,)

- ihv, S (1.4)

d da 4 . d

Cise M1 ar - Sar™12
R 2 a4 2
s v amd)
d d
4= hsyy - By

Since the coupling terms are known, evolutian of the

amplitude on each state can be obrained from egquation

{1.3} {n elcther representation. Using the phase trans-

Formation

Cn(t} - Bn{t} exp{ian}

20
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wlth

t h
- - JE— L
an(t) I . A de?t ,

we have

e

n‘:(tj - L gd nd

d d ,
i f . 2 132 exp[i(ﬂz - 91)] dt

=
d i d . d d d ,
Bz{t} - 1% Bl h12 axp[i(ﬁl - 62}] dt

- oy

in the dlabatic representation, and

t
a a dw a a .
Bl{t} - - I mBE Ve dR exp[i{62 - El}] dt

o
a a dw & _ _a '
By(e) = I,mﬂl vp ar °repli(e 8,)] dt

iIn the adiabatic representation.

When the collision is extremely =zlow, the transitiens
tend rto zero In the adlabati{ec represenration, reflecting
the reality that the electrons have time to adjust
continuouely to the changing molecular fleld. lHewever,
transitlions still oseccur in the diabatic representation.
This becomes clear when one focuses on the transformation
matcvix: if the amplitudes are Cy = |l and Cp =~ 0 in cthe
adlabatic representation, they are C; = cosw and
Cy = -sinw in the diabatic representation. Thus, the
adiabatic representation Lls the natural choice in very
slow collisions.

In some cases, howaver, the diabatlc representation



has distinct advantages. For example, it would be
advantageous In the curve-crossing problem where the
diabatic potentials c¢ross while rhe adlabatic potentials
avold crossing. In the adiabatle representatlion, the
coupling increases abruptly and is strong near the
crossing; conseguently, the transitions are large. In the
diabatic rapresentation, on the& other hand, the coupling
changes smeethly and is weak near the crossing, thils
leading te small transition amplltudes, In other words,
the system is more likely to follow the disbatic poten-

tials Iin this case.



Chapter 2

EXPERTHENTAL ATPARATUS AND HMETHCDS

The apparatus used for this research 1s of the
crossed-beam cype. A schematic diapram which illustrates
rhe main features of the apparatus is gilven in Fig.2.1.

H™ and D~ ion beams extrracted from the lon source are
forused electrostatically and mass-seleacced with a Hien
filter; the fion bteam Iis then focusged into the collisiaon
reglon,

The celligsion reglon (s within a one-sixth section of
a 1279 cylindrical electroscatic energy analyzer. The
voltage across the two curved plates of the analyzer
allows the ifon beam te pass resonantly through the
analyzer section. The primary ion beam transmitted
through the analyzer section 1s monitored with a Faraday
cup-electrometer combinatien. The grid above the cup
serves to determine the energy and energy spread of the
ion heam, which is less than 5% of the transmission energy
for all wmeasurements reported here. Ir also serves to
suppress any secondary electrans produced In collisions of
the ion beam with the Faraday cup. The lon beam inter-
sects, midway of its path inside the analyzer, with a

neutral target beam. The electric field maintained across

23
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the analyzer {8 used ta extract the slow anions and
electrons produced 1n the collision reglon threugh a grid
on the inner plate. The extracted anlens and alectrons
are then forused wirh an Einzel lens, separated by a
magnetic field and detected with conventional eleactron-
mulclpliars.

The oven, togaether with a separate gas mnozzle, 1is
mounted on a platform whose rotaticenal posiclon is
determined by & worm-gear-motor canfiguration preclsasely
controlled by electronic sensors. The gas nozzle is
fdentical in shape ta the oven's exit cylinder and is5 used
to direct a neutral beam of, ea.g., Ar or Oy Intae che
collision region. This design enables one to menitor and
calibrate the aspparatus, before and during experiments
with alkall wvapors, using some previocusly studied react-
ants such as H™ + 09 ({Ref. 28) and H + Ar ({(Ref. 1).
Liquid-nitrogen-cooled surfaces are positioned to trap the
undesired alkall vapor.

The full ovarlap of the lLon beam with the target beam
is assured since the target beam has approximately twice
the diameter of the ion beam. This overlap is confirmed
by the fact that a certain voltage change acroess the
analyzer induces a megligible flux change of the product
anions and electrons. The target thickness iz chosen such
that the arrtenuation of the loan beam is less than 5%, thus

assuring thar secondary collisions are negligible.
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The relarive collection efficiencies for different
collislon energies for each product are determined hy
normalization to the known cross sectlons of electron
detachment, o,(E}, and charge transfer, o, (E), for
H™ + Gy (Ref. 28). These two ctoss sections are com-
parable in magnitude over the energy ranpe of [ncerest.
The normalization prucedure yields energy-dependent
transmission functicns for the product anlon and electron
collecting systemz., A typlcal set of these functions
fwhich were uged for H (DY + K) are shawn in Flg.2.2,.

The tramsmission function for anions i1s different Erom
that for electrons malinly hecause of the different effecrs
of the magnetlc fiald, For reasens that will be discussed
below, the transmission functlions cannot be ascertalned by
using 02 as the target gas while the alkall oven 1s hot.
Howevar, the tranamission funetion for electron cellectiaon
may be confirmed with H™ 4+ Ar {(with the arpon gas passing
through a U-shaped liquid-nitrogen-coocled tube) during
axperiments Invelving alkali wvaper.

In the following secclons, we will describe in derail
the hydrogen negative ion spource, rhe alkall-metal atomic
source, treatrment of noise and data-acqulsitlon proce-
dures. We will alsc estimate the experimental errors

assoclated with the data ohrained.
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Hydro Hegative So

The ien source used is an arc-discharge type. The
arc is malntained Inside s stalnless steel chamber between
the tip of a ¥-shaped 0.01" cungsten fllament and the
center reglon of the ancde plate, which ferms one end of
the chamber. The pgap between the tip of the filament and
the anode plate Is about 0.05". A source gas mixture of
about 50% argon, 253% hydrogen and Z25% deuterium 1s
admitted Iinte the chamber through a precision leak wvalve;
the pressure Lln the chamber is maintalned ac about 0.1
Torr. Energetic electrons necessary to sustaln the arc
discharge are produced by heating the filaﬁent with abeout
1?2 amperes while applying -50 volts between the fllament
and the anecde, About 30 mA arc current 1z wusually
observed between the filament and cthe anocde,.

The dynamics of negative lens Lo the are 1is compli-
cated because the mean free path in the chamber is about
0.1 mm. HNeverthaless, the primary mechanism leading to
negative ion formation is believed to be dlsseciatlive

attachment,

la

This is a well-studied process. Two peaks are chserved
in total cross sectlon measurement of dissoclative

attachwent at about & and 14 eV of the electron enargy

with the cross sections of about 0.00006 and 0.0012 aﬂz.



249
respectlively. The flrst peak is assoelated with

- 2 -
e + H2 - HZ( Eu] H + H

and the second is with
- 2.+ -
a + H HZ{ EE} H + H

The negative lons are extracted from the soutge
chamber through a 0.02" diameter aperture located at the
center of the ancde plate. Since the mean free path in
the acurce chamber is about one-fifth of the diameter of
the apercture, only negative lons produced near the
apetture have a significant chance of being extractad.
The tilp of the filament has been deliberately set off-
center by abaut 1 mm to reduce the voltage drop neat the
aperture. Thus, the extracted negacive lons have near-
zero potential energy with respesct te the ancde; this is

confirmed by energy analysis of the ion beams.

2.2, lkall]- a tom urce

The alkali-metal atems are produced by heating the
parent metal Iin an oven. The melting temperatures of
sodium, potassium and ceslum metals are %8, 64 and 29 “C,
respectively. After melting, the alkali-metal llquid
evaporates and eventually saturates the vapor. The
saturation vapor pressures of the alkall metals are shown

in Fig.2.3 as functlons of the temperature of the oven.
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The dimer fraction in the wvapor 1s estimated Ln Appendix B

by assuming chemical equilibrium

2Ha = Na2

and the results are plotted In Fig.2.4,

The alkall oven 1s made of stainless stpel and sealed
with a remocvable c¢ap made of Menel alloy. The oven is
heated by lron-constantan thermocouple wire31 wrapped
around the grooved outside surface. The exit cylinder of
the oven is densely wrapped with additional heatling wire
g0 that it can be maintained hotter than the maln body of
the oven:; thils prevents clogging of the exit orifice and
reduces the dimer fraction in the atomle beam, & thermo-
cauple atrtached to the oven monitors its temperature and
also provides the feedback signal for regulatloen of the
current to the heating wire in crder toe maintaln the oven
at a preset Cemperature. Typical operating temperatures
of the oven are 350 °C for Na, (80 °C for K and 200 °C for
Cs. The dimer concentration in the beam In each case is
negligihle, which is evidenced by comparing data obtained
at different oven temperaturas.

Loading of the alkall metals into vacuum chamber is
worth mentliening. Sodium and petassium used in the
experiments come from the manufacturer ln lumps lmmersed
in oil. A swmall plece of fresh-cut alkall metal 1is

therefore washed in petroleum ether before loading into
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the oven. 1Tt 1s belieaved that only a very thin surface
layer of the metal piece 1s contaminated in the process
from washing to Insertion inte In the vacuum chamber.
Cesium 1s handled in a differenc way. 1t comes from the
manufacturer Iin a sealed glass ampule. It will burn {if
the ampule is broken in air, and thus the ampule I5 broken
and loadad into the oven while immersed {n liquid niero-
gen. The ligquid nitrogen In the oven is5 then pumped out
wilth rhe vacuum syscem. Thus, contamination is cempletely

avolded.

2.3, Ee

There are two sources of extranecuy signals in rhe
experiments. First, as might be expected, some signals
will be pbserved at the electron mulcipliers even with na
target vapor Iin the colillsion regien. This ia primarily
due to stray elecctrons whieh resulet from collisions of a
fraction of the ion bheam with electrostatic lenses and
apertures. The signals of these "gas-ocut” electrons are
small f{about one-taeanch of the authencic signals at high
energy) and they are measured by turning the alkali beam
away [rom the colllsion region and monitorimg the back-
greund signals.

The second and more vexlng scurce of extranecus
slgnals is related to the presence of alkali atoms eon the

surfaces within the ecollision reglon. Even with no ilen
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beam in the cellisien regicon, scme negatively-charged
particles are observed to desorb from the alkall-coated
surface and arrive at the two particle multipliers. The
intensity of these particles Increases dramatlically as one
increages the partlial pressure of oxygen or water vapor In
the vacuum chamber and, In fact, can easlly saturate both
partiele multipliers. This problem prevents one from
using H° + 09 to calibrace the apparatus durlng the alkali
experiments. These negatively-charged parcicles which
come from alkall-cecated surfaces Ineclude both electrons
and anions, thelr production mechanlsms are not known.
Photoemlssion Erom the mslkali-metal coated surfaces
definlitely canstitutes one of the noise sources. This is
evidenced by the fact that the extraneous signals Increase
dramatically when light is shined through a glass window
into the wvacuum chamber. 1In the absence of such a light
source, photens originating in the are-discharge ion
soutrce still produce prablems, Another source of electron
productian could be chemical reactions on the surfaces,
The excess energy released in the adsorption of an atom or
molecule to the surface can be absorbed by an #lectron an
the surface, allewing the electron to escape the Fermi
sea. Chemical reactions on the surfaces may also result
in the production of 07 and 03", The energy defect for an
adsorbed 0 or Oy to ecapture a local electron and desorb

from the surface {8 small since the "dircty” alkall-metal
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coated surface may have a much lower work function than a
corresponding clean alkali-metal surface.

These extraneous slgnals caused by the alkall-coated
surfaces increase, understandably, when the oven is heated
up. The signals are found to decrease, however, when the
temperature of the oven keeps increasing beyond a rcertaln
point, and fortunmately, are about cne-efighth of rhe
authentie signals at the appropriate temperature to do the
experilments. One of the reasons for thls fortunace
phenomenon could be that the reglons frem which negative
parkicles produced on the surface can subsequently arrivae
at the partlela multipliers are 1imiced, and the change of
the chemlcal composition In those reglons, resulting from
the lncrease in the alkall-metal wvapor pressure, tands tao
reduce the production of negative particles.

The background signals from the alkali-mecal surfaces
are measured by stearing the fon beam away frem the
collision region and cbserving the resultant signals

present wlth a zere-intenslty primary ion beam.

. 4. Data Acqgulzition
With the known methods te measure the extraneaous
signals, the authentic count rate N In the experiment 1s

detetrmined by subtracrion

N = {Nl - N - (N - K.

2
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where Ny is cthe count race fer beam-in and targec-in, Ho
for beam-ouc (staeaer the beam away electrically)} and
target-1in, H4 fer beam-in and target-out, and N, for beam-
out and target-out. The relative cross sections are then
obtained from

o) - B £cE)
where I(E) is the Intensity of the primary {on beam {the
typlcal I{(E) is in the order of 0.03 na} and f{E) 1z the
transmission functlen of the product collectlng system, an
edtample of which 1s given Iin Fig.2.2. The experlmental
data area aequired with an IBM Personal Computar {(Hedel Neo.
5150), and the collision enargy E 1s changad by changing
the ancde voltage with the computer. This semi-automatic
contral of the apparatus with the computer significantly
reduces the time for each whala run, which 1s crucial for
the alkall-metal experiments. It takes about 5 winutes to
collect a complete set of curves for the cross sectlons
for cellision energies ranging from 3 te 300 e¥. During a
glven run, the temperature change of the oven is limited
to variations of approximately 0.2%, H™ and D beams are
used alternatively and averaged for each projectile to
minimize the error due tc the temparature drift of the

oven,
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LTo alysis

Data ebtained with the crossed-beam apparmntus are
reproducible re within 10%. Wi{th the tranamisslen func-
tions determined with H® + 045 (the reported <cross sec-
tions,. dct{E} and s {E}, and theitr ratios, act{E]faE{E),
are accurate to within 20% for this systemzﬂ}, earlier
total cross sectlen measurements for D° + 0y (accurate to
withiln 20%, Ref. 2B) and H™ + Ar {accurate to within 15%,
Ref. 1} can be reproduced with the present apparatus to
within the reported experimental uncevtalnties assoclatced
with those results, Combining these facts, we conclude
that the systematic error assoclated with the present
apparatus Is less than 22% when the change in the target
intensity is negligible.

The ratics, uct(E}faE{E), do not depend upon the
target intenslty. Censequently errors In the measured
raties are limited to 22% (mainly artributed to calibra-
tion) for rhe alkali-metal targets.

The temperature drifr of the aven during a complete
cycle aof the experiments 1s about 0.2%; the pressure
change associated with this amount of temperature drift is
about 4%, This error, combined with the systematiec error
of the apparatus, determlines the accuracy foar c(Ey{}/o(Eg)

{elther o or o,)} to be 23%,

ct
The vatios of cross sectliens, aH(E)faD{E}, for

different Isctopes do not depend on the callbration.
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Thelir errors are determined by the reproducibllity of the
apparatus and the stability of the target intensity; they

are 11%.



Chapcer 3

RESULTS AND DISCUSSION

ac o Stud

Due to thelr intrinslc theererical Interests and some
practical concerns as discusszed in section 1.2, slow
collisions of H® with alkall-metal atoms have recently
been the focus of considerable attentlon. Theoretically,
Karo et a1132 performed multicenflguratien self-consistc-
ent-fleld {(MCSCF) caleulaticons for the potential curves of
ground states of several alkali hydrides and thelr
correspondling negative molecular ionms. ©Olsen and Li.u33
calculated configuration-interaction (CI) potentlial curves
for the low-lying states of NaH and NaH™, and based on
thelr CI peortentlal curves and a two-state perturbed-
statcti{onary-state {P55}) approximation, they estimated the
charge transfer as wall as the electron detachment croess
sectlons for H™ + Na for energies below 400 eV¥. They also
pbtained the cross sectlons for H° + K, Rb and Cs by
scaling the results for H™ + Ha to account for cthe
different dipole polarizabllities and electron affinities
of the alkall atoms. Experimentally, Heyerzﬁ measured

total electron-loss cross sectlons for H™ + Cs in the

energy range fram 150 eV to 2 keV utilizing beam attenua-

a9
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tiaon methods. Tuan and Esauluv35 obtained differentlial
enerpy-loss spectra of scattered H atoms for
H- + Ha with a time-pf-flight apparatus and, based on the
spectra, estlmated the ratlas of the charge transfer to
the electron detachment cross sectlons for energies
ranging From 100 to 300 eV,

For energies above abouc 500 eV, there have been a
number of experiments In which the "equilibrium fractlions”
for eollisions of hydrogen (and deuterium) atoms and lons
with alkali vapors have heen measured. A rteview of those
measurements may be found in Schlachter et a1136

Hevertheless, the theoretical and experimental
results reporced so far have not bkeen sufficient to
elucidate the nature of the electron-loss mechanism for
slow collislons of hydregen negatlve ions with alkali
atoms First of all, theoretlcal discrepancies atill

i3

appear trto exist: Olson and Liu state that there is no

apparent crosslng of the lonice %25 state into the X%
continuum, while the caleculatlions by Karo et 31.32
indicate that such a crassing oaccurs In the reglon R =
Jag. Olson and Liu33 sugpgest that the principal mechanism
for eleccren-loss 1s due to the long-range coupling
between the X2 and A2X states of Nal™; they predict the
threshold energy for electron-loas to be arcund 153 eV wicth

charge transfer dominating electron detachment for all

energles below 400 eV. The potential calculations by Karo
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et a1.32. on the other hand, imply that detechment due to
the coupling near the ¢rossing between the Xx2% and xlz
states is net negligible and has an energetlc threszshold
close to zero. The experimental results tend to support
the supposedly less accurate MCSCF porential curves: the
differential energy-loss spectra of scattered H for
H™ + Ha measured by Tuan and Esaulov35 show that the
electron detachment is comparable In magnltude cto the
charge transfer, which leads them to conelude that
detachment due to the coupling between the ifanie x2% state
and the X1¥ continuum is ane of the main cause of the
discrepancy hetween theory and experiment. Furthermore,
the total electron-loss cross section of H® + Cs measured
by Heyeraﬁ s 2 to 3 times larger and, In addicion,
displays a8 much weaker energy dependence than that
prtedicted by Olson and Liu, Flnally, no direct cross
section measurements of o, (E) or o,(E) for collisions of
H™ wich alkall acems have been reported in the low energy
regime.

The purpese of the work described in this disserta-
tion Is to measure o,,.(E) and g,(E} in slow collislons of

H™ and D with Na, K and Cs.

3,2. H (D 3 + Na

The measured crases sacctlons For charge transfer,

.+ (E), and elecctron detachment, o,(E}, for colliisions of
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H” with Na are shown in Fig.3.1 as functions of relative
collision energy, and they are llsted in Table 3.1. Since
the target thickness Iin our crossed-beam experiments could
not be measured accurately, the absolute value of the
cross sectlons reported here were not experimencsally
derarmined. We have chosen to normalize o, (E) Cto Olsan
and Liu's u:a.z:ln:u.lal:i‘,::n:-.3:lr at high energy in order to
facllitate comparison, As may be seen In Fig.2.1, both
charge transfer and electron detachment are significant
electren-less mechanisms in the H® + Na collislons.
car(E} displays & strong energy dependence and a high
energetic threshold (abour 20 eV}; the measured o..(E)
agrees well with Olsen and Liu’s calculatlon. ©On the
other hand, o,(E} exhibits a weaker energy dependence and
a near zero-enargy threshold; the measured o,(E} seriously
disagrees with the predictien that o,/0. = 0.5 (Ref. 33).
There are reasons for the agreement and the disagreemenc;
they will become clear in the followilng discussien,

It 15 wuseful at this moment to refer to the potential
curves for HaH and NaH®™ in Fig.3.2. These potential
curves represent eigenvalues of the Born-Oppenheimer
Hamiltonian as functions of the Internuclear separation R,
These curves are obtained by means of a cubic-spline fit
to the numerical results reported by Olson and Liu.33
Their caleulated asymptotlc separation between the X23% and

Xls states 1s 0.554 eV, deviating from the electron
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Flg.3.1. Measured o.,(E) (solid citeles) and o,{E) {open
cirecles). Solid line is the calculated T lE)] from Ref 373

Dashed line is the caleculation of Eq.3.3 plus 6.4 A% (see
text).
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affinlty of hydrogen by 0.20 eV (presumably because the
correlacion energy between the core and valence electrons
was not Included for HNaH™, whereas 1t was for NaH).
Therefore, the curves shown Iin Fig.3.2 for the negative
isonic states have been shifted down relative tao the
neutral molecular asatate te compensate for this asymptetie
ercor. A5 may be seen, even with =zuch adjustment, the Hzﬂ
state still crosses into the X!E continuum around
R = 2.7 a, (denoted Ry hereafter), agreeing wilth the HMCSCF
calculation by Haro et a1.32

The calculations which show that the ground potentlal
curve of NaH ™ c¢crosses into the continuum of HaH 1is
supported by the measurements of the elastic differentisal
cross sections of H™ + Na which have been carried cut
previcusly in this laboratory.j? In the absence of any
inelascie channel, the elastic differential cress section
is determined sclely by the ground potential which can be
accurately predicted. A comparisen of such a calculated
cross sectlon with the experimental results may thus
reveal the presence of an inelastlc channel. Both
rheoretical and experlmental elastic differential cross
sectlons foer H° + Na decermined in this laboratory are
shown in the Fig.3.3 in reduced coordinates. The calcu-
lated cross sectlon depends very lirtle upon the eceolllisien
eanergy when presented in reduced coordinaces, as iIn

Flg.3.3, and it predicts no sharp decrease for E§ > 140 eV
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degree. On the other hand, a sharp depletlon I[n the
elastic differential cross sections In the 15.1 &V
experiment is ocbserved at the reduced angle Ef = 150 eV
degree ., This angle corresponds to a trajJectory with the
clazsical turning point Rtp = 2.7 a,. The sharp depletion
indicaces the onset of an electron-less channel of H™ and
stroengly sugpgests that the ground Nal®™ state does Iin fact
cross into the Nal continuum areund R - 2.7 ag .

Let us neglect other electron-loss channels at the
moment and consider only the direct detachment for H™ + Na
due to the ecrossing between x22 and X'S. This system then
resembles H™ + rare-gas systems, where the detachment
cross sectlon can be reascnably eatimated with the
simplest version of the curve crossing model .2 1n ics
simplest form, the model assumes that the detachment
probability is a step functien

o} for b = hx(E]
P(b,E} =
1 for b <« bx{E}
where b, is the impact parameter for which the eclassical
turning polnt of the nueclear motion 1s exactly the

crossing peint between the ionic state and the neutral

continuum. This versiocn of the model thus prediccs
2 2 U(REJ

UE(E} - rbx - wa [1L - . ]
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where Ry is the internuclear separation at the crossing,
and V{(E) is the molecular potential energy of the lonic
state. For the H™ + Na system, the ionle %25 stace
crosses Llnto the neutral X'Z continuum at R = Ry, and
V(R1} is approximacely zero. Thus, the direct detachment
may yield a cross sectlon as high as lez or 6.4 A% and
1ts threshsld energy willl be near zero.

Now that we have an estimace of the direct detachment
of H" due to the crossing between the %23 state and the
xlx continuum, let us censider the electron loss of H™ wvia
the charge exchange between the %25 and 423 states. These
two states are the ground and the first excited states of
the quasi-molecular lon NRaH® and correspond asymptotically
te H* + Ha and H + Na’, respectively, in the separated
atom limit. Since they are efigenstates of the electronic
Hamiltonian, there is no overlap between thair electronic
wavefunctlions é?{r.ﬂ} and ﬁ;(r.ﬁ) or {¢T|¢;} - 0.

For an extremely slow cellision, the electrons behave
adlabatically, staving always in a contlnuously adjusting
eipenstate of the electronic Hamiltonian. If the iInitlal
state Is H™ + Na, the electroniec wave function for the

process can be written as
a
¢ (r.ty = T () ¢ [r.R(E)]

The time-dependent factor T;{t) is determined from the

Schrodinger equation te ha



t
L] —L a
T, (E) exp [T J._mhu(” de],
Thus

c
a 1 a
¢1 - ¢l[r,R} exp[iﬁ I whll{R} de ]

Accordingly, the electronle wave functlion 1g
a 1 oa
@2 - ¢2(r.R) exp[iﬁ I-mhzztﬂ} de]

{f the Inicisa]l state is H + Na™.
As the collision veleclty Ilncreases, the elactrons

can oenly imperfectly adjJust to the changing molecular

field, and cransitiens occur. Generally, we may conslder

the electronic wavefunction as lagglog benind in the
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callision by an infinitesimal time interval dt, or at time

t the wave function is & {r,t-dt}. This wavefunction now

cverlaps with %o(r,t) to a certaln degree and this can

lead to transitions. The transitioen amplitude

a
d52 - {ézfr,t}|¢1(r,t-dt}>

r
_1 a a 1 a _ .a

ih <¢2| v P Iél} epriﬁ I-m{hﬂz hll] dr)] dc
Once the system {5 Iin the charge exchanged 428 state, it
may make further transitions te ather states. The
paessible transitions from 422 will be discussed in the

following paragraph.
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The molecular potential curves shown in Fig.3.2

exhibit an avoided crossing between the 422 and B2X states
around B = 6.8 a_, (denoted Ry hereafter)}. The AZE state
thus suddenly changes its "character" at the avalded
cerossing, For B » Ry, the A2% scacte has an approximate
H + Ha”~ electroniec configuratlon and its active mlectronic
wavefunction has 3s-wave character; the system in the AT
state Is expected to decay quickly when A2%Y crosses into
the X1¥ continuum around R = 7.4 a, (denoted Rq hare-
after). For R < Ry, the AZE state lies entirely within
the XIiX centinuum; and Lt may illusively sppear that the
X2 - Alx coupling in this reglon is not importantc because
the coupling between a locallzed wave and a free-electron
wave 1ls small, However for R < Ry the A2%Y state becomes a
shape resenance because of 1ts large p atomic wave
component. The neutral guasi{-molecule NaH is malnly in
the ionic Ha*H~ configuration for small R. 1Its negative
lon can be understood by assuming that am active electron
moves In the field of the meutral molecular "core®, NatH-,
which remains essentially unchanged ¢ver a latrge range of
internuclesr separation. The active slectren tends to
stay closer to Ma‘t, and its Eround state, xlz, has an
approximate 35 atomic wave character, while its firsc
exited state, a?z, 15 a 3p wave-llke state. It follows
that the AZZ state 1s a shape resonan¢e3ﬂ and cannot deacay

easlly because of the p-wave centrifugal barrier. A shape
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resonance has a locallzed wave and thus the XK2E - A2%
coupling for R < Rp could be significant. The outcome of
thia coupling depends on the lifecime {(which is not known
vet) of the alx shape resonanca, If the lifetime {s=s
shorter than the collision time, which {3 on the order of

13 second, the A2X state will decay directly Iinco the

10°
*1lz stace by emitting an electron; otherwise, it may
transit to the B2E state around the avoided crossing and
end up In the final products of H + Na-* {Ref .39 40).

Na " then autodetaches. For any of these scanarios, the
X2x - alx caupling for R < R wilill contribute te electron
detachment channel.

To summarlze, the transitiens from Ehe A% state to
other states malnly happen within a sphere of R < Rj
defined In the Incernuclear separation space. Various
effeccs associarted with the X2z - als coupling can thus be

identified by dividing the Internuclear sesparation space

into regions as follaws:

b > R3 ------------------ {a)
R > R, £ 3> 0 eee-eeeaa- (b}

2 2 b <= R3
K°E AL - | {c}
B € B, e ecmmm e msmamea - (d}

where t < 0 corresponds to the incoming trajectery {(raken
to be a straight liane). These regions are illustrated In

the upper portlon of Fig.3.2. The coupling in reglons (a)
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and (b) can only lead to charge rtransfear. In {c3), on the
ather hand, charge eichange to the a2y state will result
in a subsequant crossing lnte the AlT continuum ac R = Rj,
leading to electron detsachment. In {d}, the AZT state
will decay Iinto the x1Z continuum elther direccly or via a
shape resonance Na'*

It 1s c¢lear cthat the cross sectiens for charge
transfer and electren detachment due to the %28 - AZE
coupling caen be calculated without difficuley 1if informa-
tion about the <¢§|v-?1¢?b coupling term Llg available.
Unfortunately, this term is not yet known and Ls apparent-
ly more diffleult to calculate than the Hamiltonlian
matrisx. One way out of thls difficulty 1ls te assume a
form for the coupling term which contains some adjustable
parametere, e.g., f exp{-7R), and actempt to fit the
experimental results. This method yields a semi-empirical
incerpretation. Ancther approach is te guess the diasbatic
petential curves; the diabatle coupling term can then be

determined from

d 1 a a .2 d d 2.4
hyg = 5 [thyy - My 37 - {hyy - by {3.1)

In the two-state P55 calculation presented by Olson

and Liu,33 point-charge-induced dipole interaction

potentials (nHER“} are assumed for the diabaric curves,
he (R) and ny,(R), at large R. By fitting in the range

R = 10-20 a,, they obtained an exponential form fer hfz.
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hd R} a { ",I'R:I
12( ﬂ eRHp -

where B = 0.7456 eV and y = 0.171 a;'

To understand the above assumption for the dilahatic
curves, ler us decompose the adlabatic petentials, The
adlabatic patentials are composed of: {l) the dipole
interaction between the negative lon and the polarized
atom’; (2} rthe charge exchange Iinteraction between the
electronie H® + Na and H + Na® configuratlans, The charge
exchange Interactlon means that the malecular x2% state 1is
allowed to have some component of the H + Ra® configura-
tion and this "extra" freedom to adjust lowers the energy
of the X2% state. The same interaction ralses the ENEYrgEY
of the A%Z scate, This conflguratien mixing is considered
to be responsible for the significsnce of c¢;|v-P|¢;>.
Since the assumed dlabatic potentials do net include the
charge exchange interactian, the coupling {¢g|v-P|¢:> is
small.

With the ¥nown dlabatic Hamlltonlan matriu hd, the

adiabatie coupling (v-ﬂ)?z s found from equatlen {l1.4} to

be
nd (R)
a i a 12"
tv+E) - -ihv_[(5 - ) - A{w) ]
12 B' 'R R4 MR}?'

where 4{(R) !s cthe energy gap between the adlabatic

potentials whose analytical form is given by equation



(3.1). The adiabatlc coupling (vaJTZ on the b = O
trajeccory Is shown in Filg.3.4 for ccellislon energies

E = 50 and 300 eV: also showh in the figure 15 the
diabatie coupling hfz(ﬂ} to serve as a comparison. The
energy paps between two potential curves far both repre-
sentations are compared in Flg.3.5,

The amplitude B;{t] on the A2X state can then be
calculated from perturbation methods if one assumes that
the transitlon amplitude is small. Assuming thac the
nuclel meve alang stralght-line trajectories, we have

1 [*

E;(h,v,x} e _m{"'l}iz exp(i@) dx’

wich

%
(b, v %) = ;%F‘I {h;2 - h?lj dx’

where » {5 vt (t = 0 at the turning point, see Fig.&4.2}.
Since the assumed diabatic potentlals are good only for
R >» Ry and the coupling mechanisms within R < R3 are not
preclsely known, the above formulas for B;(b,v.x) ATe
valld only in regions {(a}) and (c).

The vesultant charge transfer cross sectlen in the
region (a}) is

™

g (v} = I |B%(b,v,=){° 2ab db (3.2)
ct Ry 2

The corresponding electron detachment cross section

35
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Coupling

— LA}

7 10 15 20 23
R (o)

Fig.3. 4. Curve (1) is diabatlc coupling hTE{R)' Curves
t21 aund (3) are adiabatic coupling (Vf£}T2 ot the b-=0
trajectory tor collision energiles of %0 and 300 eV,

respectively.
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1.5 1 I 1

Energy Gap

12

(22

R (o))

Fig.¥. 5. fCurve (1) is the adiabatic energy pap and (2) is
rhe diabatic enevgy gap.
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in the region (c) is

o (v) - Ialiﬂg[b,v,-(l{g -85y (% 2ab db . ¢3.3)
o

Numerical calculations of cross sections, based on
these description, have been performed. The evolutian of
the probabilities In the charge exchanged a%% state aleng
a trajectory with b - 10 a, are shown in Fig.3.6 for
collision energies 50 and 2300 eV, and those along the
b = O trajeccory are shown In Fig.3.7. The final probabkli-
licies tn;|2 In the (a} reglon are shown Iin Flg.3.B as
functions of {mpact parameter b for E = 50 eV and
E = 300 eV; those In the {c} region are shown in Flg.3.9.
It may be seen thact the final probability in {(a) is much
more energy dependent than that in {(c}. Thisz is because
the high colllsion velocity allows the transition to occcur
At a larger internuclear separation, and the "effectlve
volume” For the transitlen in {(a) increases fastar with
increase of collision velocity than that In (c). The
final probabilities |E;|2 for b = D and 10 a, are shown 1In
Fig.2.10 as functions of collision energy.

The cross sectlons calculated for the X% - aZg
coupling In regions (a) and {e¢) are listed in Table 3.2.
Since the caleulated molecular potentials for NaH Include
the correlation enerpgy between the valence electrons and

the innmer molecular core while those for HaH~ do net, and

they have been relatively shifeed in the molecular
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[]-3 T I v v 1 1 L

18,1

20 100 400
£ (V)
Fig.3.10. Final probabllities versus rollisicon energy:

)B51% ac x = -Ry for b = 0; (B31? ac x - = for b = 10.
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TABLE 3.2
PSS Calculations for the X2z-al:x Coupling

In reglon (a}

E_, (eV) Ry = 7.4 aq Ry - 8§ ag Ref.33¥
20 0.310 0.296 0.94
50 5.18 5.13 6.4
100 17.9 15.9 19
200 29.49 29.7 7
300 313.9 33.7 40

in reglion {c)

Erel {aV) Ry = 7.4 ag Ry - 8 a, Ref. 11}
20 3.35%4 04712 0. 34
50 2.49 2.45 2.1
100 J.34 3.24 5.3
200 1.12 1.26 6.0
300 2.83 3.14 .5

* These results are bellieved te be the sum of the
integrals Iin reglon {(a) and {b) with the integral in (b)
being taken re be e2gual to the integral in {(c}.
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potential schematlc shown 1in Flg.3.2 to compensatse the
asymptocliec error, there 1s uncertainty aboutr where the Als
state crosses Ilnto tha 313 centinuum. For thils treason, we
have calculated the cross sections for Ry = 7.4 and B a,.

There ts discrepancy between the result of this work
for the X2% - alg coupling in the (e¢) reglon and the
correspanding results calculated by Olson and Liu.33 One
af reassns for thls discrepancy could be that we assume
that Bi{t} - 1 for this calculation whila they did not.
Another reason could be thact they used different para-
meters {(which have not bean repotrted).

The contributlon toe charge transfer from the (b}
region is not included 1in thls calculatien, due to a lack
of information about the coupling Iin cthe (d) region.
However this contribution has an upper limit given by the
integral (3.3). Olson and Liu‘s results for thils Inte-
gral, plus the calculasted {(this work) charge ctransfer from
the {(a) region, i3 in excellent agreement «with Olsen and
Liu's total charge transfer cross sections. This implies
that the only disagreement between their caleculation and
the one presented here can be attributed to the (¢}
region.

Let us now consider the additional electron detach-
ment channels. In the above two-state P53 caleulation,
enily ane out of three channels which can lead to alectren

detachment are taken Inte asccount. The other two channels
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are: the X2z .alz coupling In the (d) regionm (R < Rs) and
the crossing of the %25 state into the XX continuum at
R - Rj. Since the survival probabilicles of H® are large,
wa can, to first erdar. trear the varjous electron-loss
channels indepundently. Clearly, the x2z - xlz crossing
contrlbutes a maximum of ﬂRlz to electron detachment.

This, combined with the calculated electron detachment due
re the X2% - AZx coupling in the {(c¢) reglon, iz shown by
the dashed line In Flg.3.1. The gap between the dashed
1ine and the measured electron detachment cross sectloens
shows an energy dependence slmilar to the charge transfer
cross sectiens. This strong energy dependence suggests
that there exlsts anocther electron loss channel that is
neatr resonant in natura,z2 and thils channel is rtheught te
be the X2L - alg coupling in the {(d}) region.

The detachment due to X%E - A¢xZ coupling in the (d)
reglon could not be estimated Independently since the
coupling term in the regien is not known yet; its vole in
electron detachment which s suggested by pur measurements
has also been dlscussed previcusly by Tuan and Esaulov.35
Tuan and Esaulov measured differentlal energy-loss spectra
of scattered H atoms in collisions of H™ + Na with a time-
af-flight apparatus. The spectra Eor s rcollislion energy

- %
of 500 eV sugpgest that the Na shape resonanceag'aﬂ

plays
a role comparable to that for charge transfer te Na®~. It

1s clear from the molecular potentials cthar the ¥z - alz
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coupling In the (d}) reglon i3 the most prebable channel to
lead to the shape resonance Na~%, Secondly, the A% scace
In the {(d) region 1ls mainly the H™ + Ha{lp) electrenlc
configuration. The larger collisional transition fron
H™ + Na{38) to H™ + Ha(3P) can be sttributed to the large
polarizability ¢f Ha. When H ™ approaches Na, the electron
wave around Na pets deformed, {.8., a p-wave component
appears.

The importance ot tole of the short-range %% - alsx
caupling in such cellisions coulid be investlgated by
studying photon production in "ecleaner"” systems such as
Cl”™ + Ma., For the Cl° + Ha system, both melecular
€1 + Na(3s) and Cl1~ + Naf{3p) states lle below the Cl + Na

continuwum and the €1 + Ha ¥

shape resonance; they thus
faorm an ldeal two-state system. The coupling between
thesa two atates will be short range In nature because of
the large exothermicity.

In summary, for charge transfer inm slow collisions of
H™ with Na, the mechanism is simply the long-range
coupling between %25 and A%z a previous calculﬂtiun33
agrees well with our measurements. For the zlectron
detachment, on the other hand, there are several respon-
sible mechanisms: (1) autodetachment due ta the ctossing
of X2% inte X}E; (2) charge transfer to 4% for b < Rq and

t < 0 and thereafter detachment due to the crossing of alx

Inco KlE; f3) charge transfer to the Al% resonance in
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R < Ry and thereafcar detaching to i1z or transiting ta

nzz or H + Na~*

shape tesonance stata due to the aveoided
crosslng betwsen Aly and B?E.

The measurements of o., and o, for cellisions of P~
wilich Na (and H- + Ha} are shown in FiLg.3.11 as functlons
of E/M, and they are listed Iin Table 3.3. As may be seen,
both o,y and o, display veloclty-dependent isotope effects
which are consiscent with the theorles discussed above;
the two-state PSS method with straight-line trajecterias
inherently cuntains a veloclity-dependent isctope effect
for H™ and D",

The experimental ratles, o.¢ / g, for H(D") + Ha
are presented in Fig.3.12, Also shown Iin Fig.3.12% are the
ratios for H™ + WNa estimated by Tuan and Esaulnvag based
on thelr measurements of the differentlial energy-loss
spectra of the scatctered H atoms. Thelr results are {n

good asgreement wilth the present measurements at the higher

collision energies.

1.1. H {D } + K

The measurements of o.,. and o, for collisions of H-
and D with K are shewn In Fig.3.13 as funetlens of E/M,
and they are listed Iln Tables 3.4 and 3.5. The experimen-
tal ratios, o, / o5, Ear H™ + K are shown in Fig.3.1l4a.
As for Na, we have chosen to normalize the measured o; .

for H™ + ¥ to Olson and Liu's calculat10n33 at hilgh
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TABLE 3.3

act(E) and o,(E) for D™ + HNa

Fo
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TABLE 3.4

act(E} and o,{(E) for H™ + K

E . {oV) I, ( A2, 7 (AZ)
3.90 1.38 3.51
5,75 1.21 5.27
7.70 1.18 5.88
10.7 1.22 7.58
13,5 1.06 B.46
17.3 1.08 9.6
21.2 1.07 9.46
25.9 1.49 11.0
11. 7 1.74 11.8
18.4 2,19 12.7
48.1 3.15 13 .6
62.5 4.353 14.9
76.8 5.64 15.5
96,0 7.24 17.2
125 9.02 18.5
154 11.0 19 .7
192 13.3 21 .3
240 15.5 23 .4
288 16.3 25.8

Meote: o, are normallzed to Olson and Liu's calculatiun33

at about E = 150 eV.



TABLE 3.5

act(E} and co,{(E) for D~ + K
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Erel {eV)
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energy. As may be seen In the figure, the general struc-
tures of e, and o, for K are very similar to those fer
Ma. This feature suggests that the electron-loss mechanl-
sms are the same for these two targets. The threshold of
geop for K {s higher than that for Na and the overall croasas
sections for K are smaller than those for Na. These
differences are due to the fact that K has a2 smaller
electron affinicty and larger dipole polarizability, and
consequently a larger energy gap between the %25 and A?rx

states ofF KH™.

3.6. H (D ) + Gs

The experimental results for o, and o, for colli-
sions of H™ and D° with Cs8 are shown in Filg.3.15 as
functions of E/4, and they sre llsted In Tables 3.6 and
3.7, Since our measurements overlap the lower collision
energy range of the previous mesasurements of the total
elactran loss cross sections by Heyerga fHis results were
obtained by monitoring the change in actenuacion of the H®
beam due to a change of target length of a Cs vapoer cell
with known Cs denslty), they have been normalized te
Mever's results as Indicaced in Fig.2.15. The ratios
dor/o, Eor H™ + Cs &re shown in Flg.3.l4 together wich
thaose for H® + Na and K.

As may be seen, both o,, and o, for H (D7) + Cs, as

for Na and K, show a velocity-dependent isctope effect
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TABLE 3.&

act{E} and o (E) for H™ + Cs

E_.p (e¥) a_. ( A2y oe (AZ)
5.96 1.53 7. 44
7.94 1.61 B.22
10.9 1.54 B.91
13.9 1.77 10.0
17.9 1.93 10.6
21,8 1.93 11.2
26 B 1.91 11.8
12,8 2.11 12.0
19 .7 2.33 12.6
49 .6 2.39 13.1
4.5 2.74 13.5
79 4 1.14 14.7
99 .3 1.64 15.6
129 1.77 16 .2
150 4.05 17.1
199 4.25 18.0
248 4,65 20 .0
298 4.63 20.8

Hote: the absclute values of . and o, are obtalined by

c

34
normalizing o + o, to Meyer’'s measurements at about

E = 200 &V,



TABLE 3.7

uct{EJ and o, {E) for D" + Cs

FL)

E_.q {e¥) C ( AZ) o, (AZ)
5.91 1.30 5.96
7.88 1.32 6,94
140.8 l.486 7.62
13.8 1.7 g8.03
17.7 1.56 B.44
21.7 1.74 4.93
Z6.6 1.45 9.52
32.5 1L.93 10.0
39. 4 1.92 10.5
49,1 1.97 11.2
64 .0 2.1% 11.7
768.8 .21 12.5
G8.5 2.472 13.4
128 2.65 14 . 4
158 2.81 15.0
197 j 12 15.8
246 3.113 16.4%
295 3.22 16.5

Note: the absclute values of LI and ¢z for D” are

obtained by normalizing P

34
measuremencs

at about E =

+ o, for H-

200 eV,

to Mevar's
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fThis 1sotope effect was also oksarved in Meyer's earller
measurements ). Electron detachment 1s the dominant
electron less echannel; as for the Na and K targets, o,(E)
for H™ + €s shews a streonger energy dependence at the
higher energles than de the H™ + rare-gas systems where
electron detachment Is explained purely by the coupling

between the lonic state and the continuum. 2

Thise strongerx
energy dependence suggests that the additional dynamic
mechanlisms due to the charge exchange coupling are also
invelved in electron detachment for the H™ + s system.
The ratlaoe e.p/0, in Fig.3 .14 illustrate thac the relative
importance eof charge transfer as an electron-loss mecha-
nism decreases as the mass of the alkall-metal increases.
Unlike the resulcs for Na and ¥, o, (E} for H" + Cs shows
no obvisus thresheld. These features can be understood
Wwith the help of a schematic diagram (Fig.3.16) of cthe
potential curves for CsH™ and CsH which are based on the
calculations of the ground molecular states of CsH™ and
CsH by Karao et al.32 and the calculatiens eof the low-lying
molecular states of NaH™ and NaH by Olson and Liu,33

Cs has a larger polarizabilicy than Wa; thus the %2z
state of CsH™ has a scronger long-range attraction
potential. This, combined with the smaller electraon
affinity of Cs, leads te a larger pgap between the x5 and

A2E states which consequently teaduces thelr charge

exchange coupling. Additionally, the A?% srare crosses
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into the XIE continuum at an internuclear separatlion Ry
which is latger than the cerresponding crossing for the Na
rarget bacaugse of the smaller electron affinicy of Cs.

As dlscussed for the H™ + Ha system, the key to
understanding the collisional dynamlies 1s to identify
various effects assoclated with the X2% - a2z coupling.

To facilitate the following discussian it is helpful to

repeat the division of the Internuclear separatlion space:

b > O i (a)
B > R3 - (k)

2 2 b <Ry
X" - ATZ A I {e)
- S R i £d)

The meaning of the symbols are the same as glven In
section 3.2. These regions are 1llustrated in the Inset
of Fig.23.16.

The charge transfer 15 attributed te the x2z . alg
coupling in reglens (a) and (b). For the H™ + Na system,
the contribution from reglon (a) is larger than that from
{by. This may no longer be the case for H- + Cs becausa
of the effecrively shorter range of the 2z - a?sx coupling
and the larger value of Ry where the A%T% state crosses
intoc the XlE continuum. The coupling In (b) is respon-
sible for a largeyr fraction of the tortal charge transfer
cross sectlon at low energy because the "effective radius”

of the coupling decreases when thes {mpact wvelocity



B3
decreases. This relatlve Importance of the coupliing in
{b) perhaps is the principal reasen why o, .{(E} for Cs has
a thresheld hehavior different from those for Na and K.
The shorter X2% - 4% coupling and the larger Ra for a
heavler alkall-metal target also determines the trend that
the relat{ive importance of charge transfer as an electron-
lass mechanism decreases as the mass of che alkali-metal
increases.

The electron detachmant In collislons of H™ + Cs 11
attributed teo the possibla curve crossing between the %2z
state and the X1E continuum and the X2% - a?x coupling In
reglons {e¢) and (d), as fer the H~ + Na system, The
crossing point between the ¥2% state and the X'E continuum
18 noc precisely known: however the molecular potential
curves of CsH™ and CsH presented by Karc et aL32 SUggest
that a cressing between %2% and X1% 1= likely at amn
internuclear separation, B < 4 &8,, This curve-crossing
mechanism 15 expectad to be weakly energy dependent at

2 in comparlson toa the H™ + Wa, the xZg - alsx

high energy.
coupling for H™ + Cs in region (d) becomes motre important
than that In {c) In leading to electron detachment because
of the shorter X2z - al: coupling and the larger Ry. This
caupling Iin {d) will be strongly energy dependent because
of the near-resonant nature of these two states.zz

It should be mentifianed thst Olson and Liu's estimaces

for charge transfer and electron detachment cvoss sectlons
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in the H™ + Cs ceollisiony falls to agree with the present
measuremeants. Thelr calculated electron detachment cross
section L8 thoughe to fail for the same reasons as
discussed for the H™ + Na system. Thelr charge transfer
at 300 eV 15 approximately douhle the measured value.
Their two-states PSS calculations for a different alkali-
metal target apparently took Into account only the
different energy gap between the corresponding diabatic
pocentials, and they wetre performed by assuming that the
dliabatic caupling term and the als - xlz crossing were the
same as for H- + Na., The so-assumed A%% - XlZ crossing
may slgnlflecancly deviate from reallcy since the equill-
brium separation for GCsH iz larger than that for KaH by
about 1 a,.

The exact Internuclear sepavaction, Ry, where ths als
state crosses into the X!Z continuum for these systems
could be investclgaced by observing the electton detachment
crtoss sectlons In callislons of alkali-metal negative lon
with hydroegen. The direct detachment dus to the aly - xiy
crossing Iin suech collisions 1s obviously the dominant
electron detachment channel and It will yield a nesar
constant cross section ﬂR32 above energetic thresheld.

In summary, electron detachment 1s the dominanc
electron-less channel in slow collisiens of H™ and D with
Cs; charge transfer {s less important for Cs than for Na

and K. Both processes exhibic velocity-dependant lsotopa
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effects for H™ and D°; 1.8., tha cross sections are equal
at comparable values of E/H. The observed isotope effects
are conslstent with the twe-state P55 model for such

collisions.



Chapter &

SUMMARY AND THOUCHTS FOR FUATHEHR WORK

The croess sections of charge transfer and electron
detachment In collisions of H™ amd D° with Na, K and Cs
have been measured for collislen energies ranging frem 3
to 300 e¥. PBoth charge transfer and electron detachment
are signiflcant electron-less mechanlisms Fer H {D }; beoth
processes exhibic velocity-dependent lsotepe effects for
H and D°. o, (E) displays high energetic thresholds for
Na and K (abouc 20 eV for H™ + Ha and &40 eV for H™ + ¥)
vyer no cbvious ona for Cs. g.(E) does not depend on the
target as much as o,.(E} and displays neatr zero-enevgy
thresholds, The relative lmportance of charge transfer as
an electron-loss mechanism decreases as the mass of the
alkali-metal increases,

The cressed-beam apparatus has been tested, modified
and proved to be in good working condition. Alkali-metal
target beams are readily avallable now in this laboratory
and can be used for future srtudies such as Ha” + Ha and
K™ + Ha, etc. Ho doubt, studies of these resonance or
near-resonance teavctions will significantly Ilncresase cpur
undevrstanding of negatlive-ion colllslions.

In the followlng sections, I will describe a few

86
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thoughts which are closely related to the work described

in this dissertation.

Cross section measutrements of charge cransfer and
electran detachment in Ha”™ + H {(e.g., an H beam produced
in a RF-discharge atomlc source) collisions will be
complementary to the results cobtained fotr the H™ + Na
collisions {this is alse true for K and Cs). The abksclute
values of the cress sectlons for H™ + Na were nobt deter-
mined Iin the present crossed-beam experlments, so the
axperimental results were normalized to a theoretical
calculation. For Ma® + H, however, the absolute wvalue of
the cross sectlons can be obtained because one can deter-
mine the H-ctarget thickness by turning-off the power to
the atamic source and measuring the cross sections for
Ha~ + Hy whlch has been studied previously in this labora-

tery, The P35S calculation for
H> + Ha = H + Ha~

ls reversible for a glven trajectory, and thus the charge
transfer cross sectlons for Ha” + H collislons can be
calculared with the same method used for H™ + Na. A
comparison between such a calculation and the measured
o,{E) for Na + H will clarify cthe normalizatlicen used for

H™ + Ha.



B8

v () Su

It 1s found in the alkall.metal rarget experiments
that some negative lons desorb from salkali-coated sur-
faces, and thls procegss inecreases dramatically when the
partial pressure of oxygen Increases, Are these negative
ions 07 wor ©5°7 This gquestion can be easily answered by
mass analysis. It is not so easy, however, to underscand
the production mechanism for elther negative lon, If we

assume that the surface can be described by a single

paramecer its work function (the work functions for
Ha, K and Cs are 2.33, 2.22 and 1.8l eV, respectively.
They may decrease significancly dus to the presence of
oxygen), the negaclve-f{en formation can possibly be due to
a charge transfer process between the surface and 0 or 0jy.
For Os" formatlen, the energy defect 1s large (the
elececran affinlcty of 0O 1s about 0.5 eV); where may the
extra energy come fram? For 07, the energy defect could
be small, and thus 0  appears toa be favored, However the

production of 0 Ltself relies on other processes on the

surface such as

2Na + Oy - Has0 + O

which 1s endochermic. Thermal energy probably plays some
role in elther negative ion formationm. A very lnteresting

sat of experimencs weould be to measure the negative lon
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production, alaong with the kinetie energy distribution, at

different temperaturaes and work functlions of the surface.

4.3, £ a ayada

The paradox of Elnsteln, Podolsky and Rosanﬁl {EPR)
envislens a hypothetical experiment on a system of two
particles which are position and momentum correlated.
Their proposal suggested certain apparencly paradoxical
predictions of gquantum mechanlcs, A conceptually equi-
valent but simpler example of the EPR experiment due to

Bohmﬂi,&B

is 5 spin-zero system which consists of two
spln-1/2 parciclas, In order to 1llustrate the EPR
paradox and Its relation to the electraon detachment
process in H™ + Na (the same for cother alkali-metal

targets} colllslions, lec us flrst axamine the spin

reactrangements 1o collisieonal eleccron detachment

H + HNa - H + Na + e.

H™ 1s a spin-zero system and the two electrons in H™ are
spln correlaced befora the collisfon, while H and Ha atoms
{both spin-1/2) are spin cerrelacted sand H + Ha as a whaolse
is a spin-zero eysteam after the collision beecsause electren
detaechment In low energy collislens Is caused mainly by
the KQE - XIE and ﬁzE - HlE couplings, i.e., the quasli-
molecule H + Na 1s produced In the singlec Xls state. The

spiln waveFunction for such a spln-zero system ls
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1/2% (1> ) 455 - 4> 123}, {4.1)

where the refarence axis for spin-up t and spin-down | 1ls
arbltrary and can be In any desired direccion. Each
particle in the system has equal probability for spin-up
ur spln-down. Rawever, the zereo total spin means that Lf
the spin-componentc of ane of the particles 1ls measured,
the same spin-component of the other particle can bhe
lmmediately known to be In the opposite directien. In
other words, the measurement reduces tha wavefunction
(4.1} to |¥>1{d>p or |i»q|t>3. If such "Instantaneous
change" of the wevefuntion is acceptable when the two
particles ate strengly Interacring, such as the twao
electrons in H™, 1t 1ls very paradexical when the two
particles are arbiltrarily far aparc such as the H + HNa
system after a detachment collision. In such circum-
stances, how can the spin of one particle "follow"” that of
the other? Does the instantaneous reductlon of thsa
vavafunetion represent a real phenomenon, or 1s it merely
a linguiscle defect confined to the farmalism which des-
crlbes the system?

Elnsﬂ::ei,n":'IEl considered quantum mechanies Iincomplete or
defective and believed that reality is local (no communi-
cation faster than the speed of light) and predetermined
freality has defElnlce physical attributes which existc

independent of human cbservatlon). The EPR paradox, when
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applied to the H + Ha system, Iis as follows: After H and
Ha have separataed far encugh 3o thakt they ceasa to
interact, the spin-compenent of one particle, say Ha, 1=
measured along a deslred reference axis. Since such an
axis can be chosen arbitrarlily, one can predict, based
upon the spln measurement on Ha, the spin-component of H
with respect to any dlreccion without disturbing H
{localicy); thus the spin-components of H must have been
determined baforehand {determinism, In the sense that the
spin-components of Wa or H are considered to be elements
of reality before they are measured). This ouch Informa-
tion Is not, however, lncluded In the quantum-mechanical
wavefunctlien and thus quantum mechanlcs 1s "iIncomplace . ”

Thilis so-called "incompleteness" In quantum meshanics
has led to extensive efforts to Elnd additional {er
"hidden") variables describlng a quantum system such that
when they are speclfied, the outcome of any measurement
can be predicted with certaincy.

Afl Imporrant clarifficaclen of the EFPR paradox was
made by BallﬁE in 1964, Ball's thectrem states that for
the description of an EPR-type experilmenc, na leoecal hidden
variable theory 1s consistent with quantum mechanics.
Bell*s theory is in the form of an inequality that must be
satisfied if local hidden variables underlie the system.
Quantum-mechanical predictlions de not sacisfy the inequa-

lity. An elamentary derivation of Bell's ilnequality due
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to Harhertﬁs will be prasanted here Iin order to {llustrate
the theorem.

Suppose that the spin-correlated H and Na have flown
far epart, and that we know the pachs along which the H
and Na atoms travel, and that the spin-components of H and
Na are measured with H and Na detectors, respectively.
Each coincidence {2 then recorded in a pair of "binary
messages” according to the fallowing scheme: Let tha
message bit at the H detector be "1" 1if H 13 detected in
the spin-up state; call it "0" if H 1la spin-down. The
contrary convention is chosen for the Na detector. When
tLwo detecrter axes are allgned, because of the spin
cerrelation of H and Na, message streams recorded at the
two detectors are identical [Fig.4.i(a}].

Suppose that the axls of the Ha detector is mis-
aligned by an angle §. Then seme bits in the Ttwo message
streams will not be the same; these "missed™ blts appear-
ing In an unlt of time are interpreced as an @rror rate
ni{&) In the message sctream at the MNa deteccor
[Fig.4.1({b)]. If mnow the H detecteor 1ls turned by the same
amount § [Flg.4.1¢c)), the same error rate {5 introduced
into the H message stream. Moreover the "errors" fall ac
precisely the coerrect places in the H message stream to
make the two messages again celnelde,

Now, we suppose that the H detector 1ls curned by § In

cthe opposite direcelon from that of the Na detector such
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that the new misallgnment betwesen the two detectors s 2§
[Fig.4.1{d)}. What s the new error rate n(25)?

If reality is loecal, L.&., changes Iln the message
stream of one atom depend only upon changes In the setting
of lts corresponding detector, not on the position of the
other detectnr, a changa § In alignment always introduces
errocrs ni{sd). But in two successive misalignments, some of
rhese evrrors may cancel so n(2§) can never be greater than

2o )
ni{28) = 2n( &Y. {4.2)

Equatlen (4.2} Is a speclal case of Bell’s Iinequallity.

The derivation of the guantum-mechanical prediction
for the error racte n(éf) in the above expariment 1s
stralghtforward. Suppose the spin-component of one
particle, say MHa, is detected in the spin-up state, then
the spin-wavefunctlon of the system after decectlen is
it>nal ¥y and the spin-component of H has a probabllicy of
cosz{ﬁfi} to be in the spin-down state along the mis-

aligned axis. Thus the error rate n{d) is
n(f) = 1 - cosl(&/2) (4.3)

The quantum-mechanical predlictlon (4.3) violates the
Ball's Inequality (4.2}, e.g., n(28) = 0. 25 > 2n(d} = 0.13
at § = w/6. Thils contradiction enables experimental tests

of the EPR paradax by measuring the ratio of the error
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races, n{2s1/n{d}. Bell's inequallcy glves an upper limic
of 2 fer this ractio, while gquantum mechanlcs predicts that
the ratio is ﬁcosz(ﬁfz} which {5 larger than 2 for all
& < x/4.

A number of experiments have been perforned ce test
Bell‘s inequality; these have been reviewed In several

4v.as Most of the experiments lavelve a spin-

articles,
zero system of two correlated photons, and they can be
categorlzed according to the photon sources: (1) low-
energy correlated photons produced in an atomie cascade
such as the {hsﬁs}lso -+ {&sﬁp}lPl -+ {ﬁsz}lso cascade In a
calclum acom; (2) high-energy correlated y rays emitted
durlng annihilatlon of a partlcle-antliparticle system such
as electron-positctron. The only experiment perfermed thus
far whieh Ilnvolved patticles wich a finlce rest mass 1ls a
13 MeV proton-proton scattering experiment.hg

The experimental evidence for a violaclon of Bell's
inequality and consequently a reajection of local hidden-
variable theories appears to be ﬂverwhelming.h7'&a
However, arguments s5til]l exist and ir can not yet be said
rthat the EPR paradox has been totally resolved not only
becavwse rhere have been a few experlments whlich agreed
with Bell's {nequality, but also because there are
loopholes in explaining those experiments whose resulcs

violate Bell’s {nequality. For the phcoton sxperiments the

locpholes are due to: (1) lack of detectlion efficiency —
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highly efficlent polarization analyzers can be achieved
only for lew-energy photons, while highly efEfclent

deractors can be made only for high-energy photons; (Z)

large "dimenslons" of photons the coherent length of
the + rays Ls aboucr 17 em and the length of the atomilic
phoctons 1s abeur 300 em {(both are comparable to the
dimensions of the apparatus used and therefore 1t 1s not
clear that locallty is respected). The proton-proton
exparimantﬁg has the apparent defect of the low aefficlency
of the polarization analysis.

The experimental tests of the EPR paradox using a
gpin-zere system of two correlated spin-1/2 atoms, such as
the H + Na system, have been long preferred and haped by

physlcists,ﬁz'SU

The problems which plague the photon
experliments can, In principlie, be overcoms with cthis
atemic system. The Ilnteraction hetween the two atoms can
be considered zero when the separation between them is of
macrosceple order. Spin analysis of a neutral atom can be
done with a Stern-Gerlach magnet having virtually 100%
transmission. HNa can be datected by ionizatlion on a hot
surface while H can be detected by a conventional electron
multiplier, with both detection efficiencies being nearly
100% .,

The reason why the praferred experiments have not

bean done {g net very clear to me. Here T will cite the

views of several experts In this field. In their review
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of the EPR paradex, Bohm and ﬁharnnuvﬁa sald in 1957: "We
canslder a molacule of spln zero consistlng of two atoms,
each of spin ene-half. ...... The two atoms aTte then
separated by a method that does not Influence the total
spin,” Clauser et al,su, in thelr proponszal of the photen
experiment to test Bell’s inequallty, wrote Ln 1%6%;
"Bohm's Gedankepexperiment, {nvelving correlated spin-1/2
particles, has not been performed, nor does it appear teo
be easily realizable.” Later in 1978, 1in thelr review of
abhout A dozen experimental testa af Bell's theorem,
Clauser and S't'nir|1-;:|r1}r'£':II stated: "There {s hope chat the
requirement for efficfent analysis and detection can be
schleved by observing the dissvciatlon fragments of a
merastable molecule, ...".

It appears that the door 1is stlll open for an
"inventlon™ to make spin-correlated atems. Generally
speaking, the e£lectron detachwent process ln the low-
enetgy collision of a spln-zere negative lon with a spin-
1/2 atom could provide possibly one of the best ways to
produce spln-correlated atoms. The passible candidates, in
addlclon te H° + Na, Include D™ + Ha, L1~ + Na and
Cl” + ¥, Another ather different way to make spln-
cerrelatred atoms 15 low-energy neutral-neutral elastic
atomlic collisiens such as Cl + Ha; €1 and Na will he
mainly in the spin-zaro state when they emerge in the

direction of the clagsical rainbow angle. A more detalled



analysis of technlcal aspects is required co determine

which approach ocutlined above iz better.
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Appendix A

EXCHANGE CORRELATION IN H™

For the hydrogen negative ien, the system Hamlltonlan 1s

1

H'-h1_+h2+r
12

with the single-eleccron Hemiltenian belng

where

To examine che importance and nmature of the correlation
effect In leading to the stable negative lon, we naow
compare the resulr obtalned for the total energy of the

system, uslng the trial fumection

/2
d{ry,rao) = E;—— expl{-r)-argy)

which includes no correlatlon, with the result using

3
V(r,,rg) = {H_E}l-j [Exp{-rl—nrg) + Exp(-rzwarl)]
ix

- 172" [4(xp,x9) + é(ry,ry)]

whlch includes correlation. The atomle units will be used

%9
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Iln this appendix.

For trial functlen ¢, we have

3

o

2 a” 2
<¢|?1t¢} - 3 J exp{-iurzj hwrz dr2
L v
s 2 2
* I exp{~r1] [vl exp{-rlj] hﬂrl drl
a
- -1

and llkewlze, we can get
<dlt g -1,
1

<1921 4> - o

and -n'.niu]]L | §=> = a
Y2

To determine the repulsion energy between two electrons,
we will firsc evaluste the average peotentfal at r; due to

the electron 1,

Uui{r

"1
r

exp{-Zrl} ﬂwrz dr
o 12

27 1 9%

r
2 @
- (J %— + J %— } exp(-Zrl) hnr% dr
a 2 r2 1

The flrst term in the abeve Integral ls

r 2r

2 2
1_ 2 T i 2
Ju €, axp(-?rl} anrl dr1 - 2r2 . expf{-c) £ dt
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- L (1. (14 2r, + 2r5) exp(-2r,)]

Ty

and the secend cerm is

- -]
Jr %I ﬂxp(-Zrl) ﬁxr% dr1 - n {1l + 2r2) exp{-!rz}
2

Thus we hava

U(r,) - ﬁ-— [1 - (1 + r,) exp(-2r,)]

2

The repulsian energy between the ctwo electrons is

K} @
cé}%— | g = EE J U(rz) exp{=2ar2} awrg dr2
12 L o
- 33|2+u_}_
(l+a} 3

Finally we have the ctotal energy of the system

2 3
T B

{1+a)

which vyields the minimum at a - 0 and

Emln - -1/2

This minimum energy equals to the ground energy of a
neutral hydrogen atom. Thus the trial funetioen ¢ which
includes no correlation falls te predict the stabllity of
H™ .

For trlal functlen ¥, we have

<¥|H|¥> = <g(ry . ro)|H|s{rp. 22> + <¢{ry,ra)|H|${ry, x>
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The first term in the above formula has the same expres-

slon as the total energy Eor the trial functlen ¢, and we

need to calculate the second term only. Wa hava fellow-

ings:

2 2
{&(rl.rz)lvllétrz.r1}> - ﬂ&(r1+r2}|?2|¢{t2.r1}>

3 ol
- - B, 7
12 Jn enp| {1+a}r1] ﬁnrl dr1

“ 2 2
X I expi{-ar,} [V, exp{-r,)] 4rnr, dr
o 2 2 P 2 2

Eﬁgﬁ

(1+a) &

<(r T ) i gz, v )5 - {ﬁ{rl.rz}lil $(t,,c 0>
1

100
(1ra)°

o
U[rz} - 1 exp[-(1+a]r1] &rr% dr

e T12 t
- -*~£1§-— (2 - [2 + (Lta)r,] exp[-(l+mr,]]
{l+al )

and

1
<¢{r1.r2}lr12i¢(r2.r1}b

k| o
2
- ia ID U(rz} exp[-{1+u)r2] ﬁnrz dr2
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_20a>

{1+a}5

The trlial function ¥ is not nmermalized, and

<F}P> = <g{ry,r91)¢(r1.T2)> + <${1y,1r3)|d(ry, 01 )>
k|
-1 4 —Bha
&
{l+a}

The total enargy of the system is

E(a} = - (1-a)(1ta)’ + 2ﬂ3f2+aliliﬂ]3 + Ba (11-5a)
2(1+a)’ + 128a°

[ts minimum 1s numerically found at abeout a = 0.28 and

E = -0.511
min

This minimum energy 1s less than the bound energy of the

ground hydrogen atom: thus the trial funecion ¥ which

Includes the exchange corvelacion predicts the stabillrty
of H™ .
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DIHER FRACTIONS IN ALKALI-METAL VAFORS

For general multl-component systems, the firsc law of
thetrmodynamlcs (the law of conservation of energy) can be

written In the form

dE = Td8 - pdV + pjdNy {B.1}
where N; 1is the number of moles of component i and

gy ~ dE/ 8Ny

13 called the chemlical potencilal. If wa subtract d{T5)

from both sides of Eq.B.1l, we get
dF = -SdT - pdV + p;dNy

where F = E -T§ s called the Helmholtz free energy. With
this alternative form of the first law, we have a new

expressleon For the cheamical potential
nyg = dF/ahy

The Helmholtz free energy F Is related to the partition

funcclien G by

F = - kT 1n O

104
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In a mlxture of Ifdeal gases, the specles are Independent
and distinguishable, and so the partition functlon of the
mixture Is a product of the partition functiens of the

individual ccomponents. Thus

Ny

Q-filqlf“l!

The chemical potential of each species is glven by
pr = -kT ﬂanfaNi -« -kT 11’1{(]1,"'[‘71]

where Sterling's approximation 1InN! = HlnN - H has been
used.
The secoend law of thermodyonamics, when applied to a

system at egquilibrium, ylelds dF - 0. For the reactlon
24 = Ag

at equilibrium under fixed T and ¥, we have
dF = pydNy + ppdN; = O

where subseript 1 {s Eor the atom and 2 for the dimer.

Additionally, conservation of atoms requires that
diy + 2dH3; = O
This reduces the equilibrium cendition to

2 = p7

ar
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P v 1
- s (8.2)
Fl ql

The partition funetien for the monatamic gas

ql q

- qtrans zgla

with 9 rans being translational parcition functilon

/2

- (2amy1kT/h?) v

qtrans

and A1, being the electronic partition funetion which is
taken fe be the degeneracy of the ground state of the atom
at low temperature (such that the first exclited state 1s
not involved In che reaction). The partltion funceclen fer

the diatomlc gas

9 = Strans qrut AGyin Ya1e

wvhere q has the same expresslon for the monatomic pas

crans

except the mass, and the rotational partition function

1 is approximately

rot

JE
qrnt Eﬁr

where 8. is the characteri{stic temperature of rotation,

and the vibratlenal partition funmction 9 ih is

-Bhv /2
- ——
9vib 1 - E-ﬁhv
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and the eleccronic particlon function Tele is

q - exp(fD,).

alae

With the above informatiom of particion functions, we can

rewrice Eq.BE.2

?-1 ] [ l2 ]3)"2 T GKP(DGJ’!{T) (B.13)

p2 4T |mm kT 20, l-exp(-8,/T)
1

The related molecular constants for hydrogen and alkaldi-

metals are listed In table B.1.

TABLE B.1l

Melocular Constanta of the First Group Elements

Molecule Dg (eV) 8, (K} 8, (K)
Ho 4.4781 63324 B7.555
Ligy 1.046 505.63 0.9678
Haq 0.720 228.95 0D.2226
Kg 0.51L4 132.40 D.0816
Rbo 0.49 82.6457
Cso 0.394 60.661 0.0L83

Note: the data 1in this table are rtaken frem Ref.51.

The egquation B.3, combined with the equation of the

saturation pressure of the vapor (p) is taken te be the
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saturatlion pressure, to the flrst order) is used te
estimate the fracticns of the dimers which are shown in

Flg.2.4.
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