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INTRODUCTION

Our laboratory has pioneered research on collisions of excited atoms

in the energy range from several eV to several keV. This work is aimed at

improving the understanding of the fundamental mechanisms underlying

electronic excitation transfer, collisional ionization, and charge transfer

reactions. L- work supported by this contract, we are studying relatively

simple systems S., .Lt are amenable to detailed experimental and theoretical

investigation. Some of these systems have direct practical application;

others are studied in order to predict the characteristics of more complicated

systems by extrapolation. Understanding of these mechanisms is basic to any

attempt to describe or anticipate the behavior of excited media such as

visible and uv gas lasers, discharges, and excited atmospheres.

PROGRESS

Collisional Ioni zation

During the past year we have published two papers in The Physical Review

on ionization of metastable He in collisions with He. The detailed experi-

mental paper entitled “Ionization in Collisions of Metastable He with He”

is included here as Appendix A. A companion theoretical paper “Theoretical

Investigation of a Mechanism for Ion Production in Collisions of Metastable

He with He: Ab initio Potential Curves for 
1E + States of He “ is included— g 2

here as Appendix B.

Review Paper 
—~

Dr. Gillen was invited to present a lecture on the work supported by

this contract at the Tenth International Conference on the Physics of ::.~

Electron and Atomic Collisions (X ICPEAC) in Paris, July 1977. His address ____
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was titled “Inelastic He Metastable-He Scattering” and reviewed recent work,

here and elsewhere, on this collision system. For publication in the book

of invited papers, the talk was expanded to include a short review of the

present status of work on metas table rare gas collisions at energies in the

electron volt range. This paper, entitled “Metastable Rare Gas Collisions of

Intermediate Energies (5-3000 eV),” was written with partial support from

this ONR contract and is included here, in preprint form, as Appendix C.
• Travel funds from this contract allowed Dr. Gillen to attend the X ICPEAC

conference and present his talk. On the same trip, he attended the

International Symposium on Ion-Atom Collisions in Darmstadt, Germany, and

gave a short presentation on the SRI collisional ionization work.

4 Total Destruction Cross Sections

Dr. T. M. Miller has completed measurements of low energy total
* 3destruction cross sections for He (2 S) with He and has published a short

sumsary of the results in the Book of Abstracts for the X ICPEAC, Paris,

July 1977. The paper, “He(2
3S) Deexcitation in Collisions with He(l 1S)” is

included here as Appendix D. Dr. Miller was also able to attend the ICPEAC

j conference through partial travel support from this contract.

Completion of New Facility

During the past year we have broadened the scope of our program con-

siderably by starting to address one of the most vexing problems associated
*with metastable rare gas (Rg ) scattering experiments. This problem, which

is not unique to our laboratory or production method, is the lack of
( *knowledge of the composition of Rg beams (see discussion on pages 4-5 of

Appendix C).

• • We plan first to characterize the metastable beam composition produced

in the near-resonant charge transfer process and then to modify beam composi-

tion~ for isolating the scattering contributions associated with a particular

2
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component of the beam. We are using the tunable output from a stabilized

single-mode cw dye laser to selectively excite a specific metastable

component. For Ne, Ar, Kr , and Xe there are many allowed transitions for

the outer s electron in the lowest 3P
2
, 
3
P
1
, 
3
P
0, 

and ‘P
1 
states [core

(n-l)p
5
ns] to the 10 nearest excited states [core (n—l)p np]. Figure 1

5 ,  *3  *3• shows a convenient upper state (2p 3p R] 1) for Ne ( P
0

) or Ne ( P
2
)

excitation and the wavelengths and Einstein A coefficients of the transitions
3 3 3 1

• between this level and the P
2 

and P
0 
metastable states and P1. P1

radiating states) This upper state can be populated by pumping either the

metastable component of the beam with 5881.9 X light or the 3p
0 

state

with 6163.6 ~ photons.
2 

In both cases, the spontaneous emission branching

ratios will be proportional to the A coefficients.

By using low excitation powers and monitoring the laser-induced

fluorescence at a wavelength different from the excitation wavelength, we

will be able to determine the ratio of the 3P
0 
state to the 

3
P
2 
state in

the beam. Supplementary information
3 
will yield the complete beam composition

produced in the near-resonant charge transfer reaction. At higher laser power

levels, we will be able to remove one of the two metastable components from

the beam, determine the relative surface secondary electron ejection

coefficients for the 3P
2, 

3
P
0
, and 

1
S
0 
(ground state) fast neutrals, and

initiate various scattering experiments with a purified beam containing a

single metastable state. Several of these experiments were described in our

most recent proposal.

To initiate these experiments, we needed a substantial amount of new

equipment: lasers, optical components, and signal processing electronics.

The key items were a Coherent Radiation CR—599-21 actively stabilized single—

mode dye laser and a Kr ion laser to pump the dye. Funds from this ONR

contract were used to purchase the dye laser. A recent NSF equipment grant

allowed us to purchase the Kr ion laser, a 0.5-rn grating monochromator, and

various optical components and optical diagnostic tools. Using SRI’s

V
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capital equipment fund, we obtained a 4096-channel multichannel analyzer,

a dual channel scaler, an X-Y plotter, and some additional optical equipment.

The metastable beam-purification experiments will be accomplished on

an existing apparatus that was used in the past (see Appendix D) for

measurements of total destruction cross sections for metastable beams.

Unfortunately, the original apparatus was not in an environment suitable

for laser experiments, and modification of the surrounding room would have

been difficult, disruptive of other experiments, and prohibitively expensive.

The apparatus has now been moved to a more suitable laboratory with an

existing 5 x 12 honeycomb-reinforced laser table. A significant effort was

required to reassemble and support the apparatus so as to isolate it reasonably

from building vibrations. It is now supported on concrete piers physically

separated from the building structure, as is the adjacent laser table.

The three principal vacuum chambers in the apparatus (see Figure 2),V the source, the charge exchange oven, and the interaction region were each

mounted on separate platforms. These units now rest on an all-steel welded

framework mounted on the concrete piers. This structure allows for easy

access, replacement, rearrangement, or modification of the experimental system,

since each chamber is a separate unit.

The entire scattering apparatus, including a new ion source and a new

photon detection assembly, is now operational in its new laboratory. The

first laser pumping experiments will begin when the new dye laser arrives

(February 1978). The move, redesign, and component testing received financial

support from SRI internal funds and NSF funds, in addition to the support

of this contract.

Personnel

J. R. Peterson is project supervisor and K. T. Gillen is project leader

for this contract. Significant contributions to this work have also been

made by the following SRI personnel: M. J. Coggiola, G. H. Conklin, T. D.

Gaily, D. L. Huestis, R. L. Leon, D. C. Lorents, T. M. Miller, R. E. Olson

and R. P. Saxon.
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Ionization in collisions of metastable He with He t
Keith 1. GilIen , James R. Peterson , and Ronald E. Olson

Molecular Phystc~ Center, Stanford Research Ins ti tute . Menlo Park , Califoreiu 94025
(Received 93 September 1976)

Det&,lcd differential cross-section measurements have been performed for production of He in collisions ofmetastable He (2 t~ and 2 ‘S) with He at center-of-mass energ ies of 50, 99, and 99 9 eV The product iondistribution contains several distinct features dominated by an intense peak at small angles and an energy-lossvalue near threshold. The major features of the ionization are shown to be consistent with various calculatedprocesses, each of which follows the I~ diabatic repulsive potential on the incoming trajectory. Ionizationoccurs at the crccaing into the continuum, at the classical inner turning point, at crossings w ith highercontinua, and through molecular autoionization of doubly excited neutral states. Possible contributions from-‘V He~ + He autoioni zing states are considered. Evidence is found for significant contributions to the ionizationfrom the small amount of He (2 ‘S) in Site beam.

INTRODUCTION tion !

Several recent studies of ground-state rare-gasThe He2 system is an ideal choice for the study collisions i n the energy range from several hun-V of collisional processes because it is simple deed to several thousand eV have examined theenough that accurate theoretical calculations can details of various ionization processes either bybe compared with most experimental results. The measurements of the emitted electron energies 2 ’3Interaction potentials can be obtained using ah or of the product ion energy-angle distribution s.4
~initio techniques and the dynamical properties Thc ionization is associated with intimate encoun-can be deduced from trajectory calculations on ters where the incom ing ground-stat e potential isthe relevant potential curves using estimates of generally thought to couple at small internuclearthe couplings between curves near crossings or distances , high on the repulsive wall, to excitedavoided crossings. One of the important problems discrete levels which cross into the continuum and V

remaining to be understood in collision physics is autoionize on the outgoing port ion of the traject ory .the nature of the coupling between a discrete state All of the ionization channels identified have largeand a continuum . Little detailed data exist for angular thresholds dictated by the significant re-comparison with theory . Collisional ionization ex- pulsive forces at short distances. In cont rast , theperiments in simple systems should contribute major ionization channels observed in the presentstgntficantly to the understanding of the general investigation have much smaller angular thresh-problem, since the discrete state interactions are olds than anticipated from a first consideration ofwell enough understood that effort can be con- the interaction potentials.centrated on the cont inuum coupling mechanisms.
In this paper we present a detailed stud y of col- ‘VPPARATU Slislonal Ionization in the scattering of a beam of

V xnetastable hel ium by helium target gas in the The metastable differential scat tering apparatuscenter-of-mass (c.m.) energy range 50— 199 eV. has been described in detail previously.8 A beamSeveral ionization channels are identified by dens- of fast He ions enters a charge exchange cellonstrat ing that the deflection functions and energy filled with Cs. Near-resonant charge transferlosses calculated on the pertinent potential curves produces Re atoms predominant ly in the 1 1S,are consistent with the experimental results. A 2’ S, 2 ‘P , 2 ‘S and 23p states , and radiation of thecompanion paper describes the calculation of the P states leaves a fast neutral beam composed ofpotential energy curves for the ‘r~ states of He2, excited metastable 2 t~~ 23S, and ground stat e 1 tsand demonstrates their relevance to one of the He . The composition of the resulting neutral beansprominent ionization channels, has been estimated theoretically by Olson, Shipsey,This experiment represents the first measure- and Browne9 using ab initio potential energy curves —meat of the collisional Ionization of metastable and close-coupling calculations. They find that theHe at low energies ai~d contains the first detailed charge-transfer He beam contaIns 30—35% 23S,analysis of the product Ion angle-energy distribu- less than 1% 21S, and 65_70% 1’S in the energytlon. In a preliminary publication we described r ange from 200—400 eV. At lower collision ener-the most Intense feature of the collisional loniza- gies , these theoretical calculations are In agree-
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ment with experiment al evidence8”0” that there were obtained by scanning the product ion energy
is indeed a large ratio of 23S to 2’S nietastables. at a fixed bean i energy and laboratory scattering
The He ions that do not undergo charge transfer angle. In a typical experiment , a product energy
are deflected out of the beam before the fast neu- is selected and ions are counted for a specif ied
tral s enter a scattering cell filled with He at length of time (e.g., 30 sec). These detec ted ions
pressures low enough to insure single-collision include a background produced by collisions of
conditions. Scattered particles are detected by beam metastables with target gas stream ing from
two channeltron detectors that can be rot ated the scattering cell. By admitting He gas to the

V around the scattering cell. One detector (A) mea- main chamber at the same rate that it was previ- - V

sures the total scattered product intens it y as a ously admitted to the scattering cell , we can de-
function of angle and detects both ionic and neutral termine the background contribution. The floating
particles; deflectors between the scattering cell potential is then varied stepwise to measure both
and the detector can remove the ions so that onl y the signal and the background at other product
neutrals are count ed, allowing a determination of energies. The firs t  poii.t is remeasured occasion-
ionic and neutral product angular distributions ally during the course of a scan as a check for
separately. The other detector (B) is mounted variation s in beam intensity or scattering gas pres-
behind a 127° energy analyzer and can measure sure.
the angle-energy double-differential cross section The retardation associated with the floating ener-

V for product Ions. gy analyzer would be expected to partially defocus
V A large exit slot in the target cell allows both the product ions , thereby lowering the counting

detectors , when positioned within the laboratory rate. We compensat e for this by a lens in front
angular range +75° to —25 °, to view the entire of the analyzer , adjusted for maximum transmis-
Intersection of the beam with the target cell. Col- sion of the ions with energies corresponding to
lisnators in front of detector A are used to shield the peak of the product distribution. The lens
It from background contributions without blocking vol tages were then held constant relative to the

V Its view of the interaction region . A collimator analyzer floating voltage. Variations in collection
at the entrance to the 127° analyzer limits and efficiency for ions of different energy have been
defines the acceptance solid angle from every post- shown to be small over the energy range of each
tion In the interaction region. Both detectors ac- of the scans presented here. Refocussing the
cept a constant solid angle range from every loca- lenses for maximum transmission at every energy
tion in ~he interaction region independent of the in a scan did not increase the intensity at any
angular location of the detector. Hence, there is energy by more than 10% relative to measure-
no “view ing factor ” correction needed in compar - ments made with constant lens voltages.
lag the measured intensity at different scattering In the plane of motion of detector 13, the detector

V angles. angular resolution is calculated to be 0.3° FWHM; V

Electrostatic deflectors can be used to pulse the the beam profile has a compar able angular width.
original ion beam before it enters the alkali The angular acceptance perpendicular to the plane
charge-transfer cell . By measuring the difference of tn otion of the detector is ±0.5° FW. This out-ol-
In flight time to detector A between the original plane window allows scattered particles of larger
Ion beam and the metastable beam and using a angle than the nominal apparatus setting to be col-
separate determination of the ion beam energy lected, but the average effect is insignificant at
with detector B, one can determine the energy of
the neutral beam with an accurac y of approximate-

V ly 0.5 eV. The neutral beam has a lower energy ‘
~ He ’ ( E l

than the parent ions, due mostly to the contact 
‘5

Cs covered surfaces in the charge- 
V 

H P ( E,)

For analyzing scattered product ion energies,
the 127° analyzer is set to transmit a specific ion tHe .. I
energy (119 eV In the exper iments reported here) FIG . 1. Kinematic diagram. A beam of He ° of lab--
with a fixed resolutIon Imeasured to be 2.6% (3. 1 oratory energy E, (velocity v 0) Is shown colliding with
eV) full width at half maxImum (FWHM)]. A few a Itc targ et at rest. Labor atory velocities ~~0, t ’ ,, , v ’)

are measured relative to the poInt 0. v~ (‘~ 
0.5 v0)experiments were done with higher-energy resolu- is the velocity of the c.m. Velocities In the c.m. system- .- tlon, but no eddltlonal structure (beyond that re- 

~v , w’ )  are measured relative to the point C. Primed
ported here) was resolved. Energy scanning is velocities and energies refe r to the product particles .
achieved by varying the potentIal of the entire ener- Measurement of E’ and 8L for He’ specifies a” , 0 ,,,,,
gy analyzer system. Most of the scattering data and AE (see text).

~ 
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nominal scattering angles beyond — 1°. <24 .6 eV, the additiona l e n d ot h e r n i i r i t y  ~ L —4.8
Another source of angular broadening , increas- eV must reside in kinetic en ei~~v 1~ of the depar t-

lag monotonically with scattering angle but signifi-  ing electron. Assuming a pur l -  lIe 5(2 lS) beam,
cant only at wide angles, is due to the detector ’s there is no ambigui ty  in product si~ tes 01’ e l e c t r o n
view of the entire scattering volume 1-mm diani . energies for measured ~.E values in this  range.
by 1.25-cm length. At a laboratory angle of 100 , For ~ E 24.6 eV , reactions (2) and (2a) are both
scattering from the entrance and exit regions of possible , giving 19.8 eV energy e i t h e r  to neu t ra l
the scattering cell is at angles 9.3° and 10.7’ , He product exci ta t ion or to the e le ct io n  transla-
respectively. This broadening does not affect any t ional energy . At higher ~ E values , the entire
of the conclusions drawn from the data , al though manifold of He excited stat es becomes enor gc-t i cal -
It might decrease the detail observable at the l y accessible wi th a l i m i t  at
larger scattering angles. 

He *(2 3S) + He — He ’ -# lIe ’ 4 2e ” — 29.4 eV - (2b)

EXPERIMENTS Ionization of the ground Sta i r -  comp onent of the
General remar ks beam (reaction ( 3 ) ] i s  another possible channel at- P ~- 24.6 eV. However , the  contributions from (3)

* The neutral He beam is a mixture of 2 ’ S and can be estimated from the ions produced by scat-
23S metastables and 1’S ground state. The lea.st tering a pure beam of ground-state He from a He
endothermic collisional ionization channels for target Rep lacing the Cs charge-t ransfer vapor

-
~~~ the three components are , respectively, with He gas allows resonant charge-transfer pro-

- - duction of fast He ground-state beams for theseV He (2 S) V,. he _ He +He VIV e —4.0  eV , (1) - -measuremen ts. Data ~ for reac tion (3) exist at
He*(2SS) + He _ He* 4. He4~e _4 .8 eV , (2) slig htly higher energies than our measurements

He+ He — He’+H e-~-e —24 .6 eV. ‘3) and a comp arison of energ y ioss profiles can be
mad e.

The endothermicities given are for ionization at Although the ratio of He~(2 3S) to He 5(VS) in the
threshold with ground-state products. For each metastab le beam is thought to be large , ~~“ contri-
reaction, the electron can also be ejected with butions from a small component of He *(2 ‘S) might
nonzero energy and the product He and He ’ can be dominate at some values of l)roduct energy trans-
formed in excited electronic states. fer and scattering angle if the important  ionization V

Figure 1 presents a kinematic diagram and de- processes for the two metastables are quite dii-
fines some of the symbols to be used in this paper . feren t. Eve n if the mechanisms were sim ilar for
For product particles of equal mass (neglecting both metastables, the threshold for He *(2 S) ion-
the mass of the electron), an ion detected at labo- ization might appear at a lower energy because
ratory coordinates E’ , 0L will correspond to a the singlet state is energeticall y close r to the
translational energy loss in the c.m. system of ionization l imit .  Since the energetics of r eactions

(1) and (2) are only 0.8 eV different , t he estimatedV 

~.E eE ~~ — E~~ = 2(E ’E 0) ’ Iz cosO L — 2E ’ . (4) 0.5 eV uncertainty in beam energy makes it unl ike-

It is evident that the measured AE must equal the ly that the effects of the two rnetastable reactants
sum of the emitted electron energy and the change can be separated upon a first  examination of the
In internal energy of the heavy particles, data. For convenience , we will init ially analyze

Consider reactions ~$ }1e5(23S) as an example. the scattering in terms of the larger 2 ’S  compo-
The internal energy of He (23S) is 4.8 eV less than nent of the beam; however , contributions from
the amount required to produce ionic products. 2 S will also be discussed.
Therefore 4.8 eV is the minimum AE require d to
produce Ions from reactIon (2) and would corre- Energy ,Iisiril,utions

spond to zero energy electrons and ground-state - -- . Figure 2 shows an exairiple of a product He ionproducts. The first electronically excited product
energy distribution. The data at a metastablecnannel is
beam energy 1~~= 100.2 eV and a laboratory scat-

He5(2 ‘S) + He — He’+ He (2 ‘S) + e — 24.8  eV , tering angle 8~~=0.0° I)i’esent the measured He ’

‘2a’ 
distribution plotted versus the laboratory energy
E’ . In this spectrum , a single feature is observed

accessIb le only with measured ~ E values of at wi th  a c.m. energy loss ~ l- of 4 .5 eV. The 0 5  eV
least 24 .6 eV. Therefore , fo r AE values less than uncertai nty in beam energy implies that t he He ’
24 8 eV reaction (2a) is not possible , and only ions can be from eithe r reaction (1) or (2) or bot h ;
ground-state products are allowed. If 4.8 <4E for either reaction, the products are in their

~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -. - - ~~~~~~~~~~~~~~~~~~~~~~~
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— — I He(2 3P) . In addition , the act of pulsing tlit - bean,

100 2 ~V beam 
.~ E 6.3 4.5 27  can perturb its measured energy di stri but m u  Er,,,,,

= oo- the unpulseci value , usu ally broad ening it sonic-
1 .0 V V what. The result is that the “measured ” wid ths

of the neutral beam were variable and usually
larger than the 1.8 eV upper limit. Hence , the V

true energy profile of the metastable beam cannot
be obtained from the TOF measurements.

- - Obviously the ion beam energy width can be used
as a lower limit for that of the metastable beam .

A Measurements with the energy analyzer suggest
a wid th of — 1 .0 eV for the parent ion beani. Then

= 25 18 
the energy width of the emitted electron disiribu-
tion could be as much as ~(l . 82  — 1.02) l~’2 =~ 1.5 eV ,

- 
~ 

0 S but is probably smaller. The uncertainty in bean i
70 80 

E~ ( VI 
90 100 energ y width precludes any serious attempt ate deconvoluting the measured energy profiles , but

t. FIG. 2. Distribution of Hc’ ions plotted vs product the 3.1 eV FWHM of the 12TV energy analyzer is
labo ratory energy E’ for 0.0’ scattering of a 100.2 eV the major source of energy broadening . One can

• He * beam by He. The c.m. collision energy is 50.1 eV; , - -- - - stil l conclude that the ions observed (Fig . 2) cor-several val ues of the c.m. endothormicity ~ E are in- -dlcated. respond to low energ y (< 1 eV) electrons having a
V small (< 1.5 eV) spread in energy.

Figu re 3 shows representative collisional ioniza-
ground electronic states and the electron energy is tion data at c.m . energy E,m = 99 eV (E 0~ 198 eV) .
small (<1 eV). There can be no contribution to The intensity scale is arbitrary; but the various
this feature from ionization of ground-state He in curves have been normalized to eac h other by an
the beam . angular scan that compares the peak intensity from

The measured energy width of this peak , FWHM one angle to the next . The data are presented in
= 3.6 eV , is a convolution of the beam energy the laboratory fram e without any deconvolution;
wid th, the width due to the distribution of product the measured intensity is proportional to d~e/
electron energies , and the width associated with dad.E ’, where df l  is a differential laboratory solid
the energy analyzer. The energy analyzer FWHM angle element. Various values of the c. ni.. ener gy
of 2 6% is 3.1 cv at the 119 eV analysis energy, loss ~ E calculated from Eq. (4) have been indicated
Hence , the removal of the detector broadening on Fig. 3. At every angle the energy loss profile
would lower the FWHM to _(3 .62 _ 3 .12) i *’2 = 1 .8 eV . is dominated by a pe ak at ~~~~ 5.0 eV. This coni-
The energy width of the original metastable beam ponent of the He’ product distribution is labelled
is not as easy to ascertain. The beam energy was “A” and will be discussed below. Other l)I’oiil inent
measured by a time-of-fli ght (TOF) technique in- features are designated B, C, and D and wil l also
volving a pulsed electric field deflection of the eac J~ be a.’sc ribed in terms of specific exc itation
original He’ ion beam before it was converted by mechanisms. Unlabelled features at larg e energy-
charg e transfer to a neutral beam . One major loss values and large angles can have several
problem with TOF measurement of beam energy causes and will only be mentione d briefl y.

V 
width is associated with contributions from the Figure 4 shows similar representati ve data at
various components of the beam . Each of the He a c.m. energy E ,,,= 199 eV (E 0~ 398 eV) . As in
charge-transfer products 1’S, 2’ S, VP , 23S, Fig. 3 , the intensities are normalized to unit y at
and 23P has a different energy defect and produces the peak of the distribution (9 L = O.O , .~E= 5 cv),
fast neutrals of slightl y different energy. The 2 ‘p and prominent features are labelled for subsequent
component radiates to become ground-stat e He( 1 ‘S) discussion. The distributions at rngles smaller
which can contribute to the apparent beam energy than 1.0° (not shown in Fig . 4) are q=~te similar
wid t h bu t ,1oe.~ ,ic,/ contribute to the scattered ion at the same value of r - r  EO O L to t h e  corresponding
1 e:ik in Fig. 2 . The sam e argument holds for small angle data at the lower collision energy,
I lc ’( I ‘ .s) Eou ’,, ,ed d i r e c t ly  by charge — transfer reac — although the feature labelled “D” is less prom inen t
I ions I h at yield cxc ’ it  cal Cs ’ sla tes . The au ,icnin t than it is in Fig. 3.
,,E I u u c , : u I , - p , i n ~. (~uul sh , i l i  j og) iii t ie ,  nccast ,i ’ed At 50 eV c.m. energy th e scattered signal is s i g —
a - ; , I n  ( ‘p , l ~ i - i’ y cm i ’ i i ,  l i i is  i i i i , )si n ei , i  depend s on ni ficantly sm aller ihan at (li e hig her energies .

i i  - i i i  at uve  ui,wuul and ; I I  so on whet her lle (2 ‘5) which causes diff icul ty in observing any more th an
hn -, , icj d d i rec t ly  01 through radiation fro m the most prominent features . Energy scans at

—---k-—--— — ~~~~~. ~~~~~~~~ 
=
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laboratory ang les of 0’ (Fig. 2) and 1.2 show only and zs”/r’ can be determined usin g
fea tu re  “A” with an energy loss peaking at ~ E 

~~~~~ 
\ 1 / 2  I E  —

= 4.5 eV; for angular scans at a fixed ~E = 4 .5 eV, —
~ ~~~ 

= ~ ~~~~ 
) (6)

it was possible to follow this feature out to 5~
before it became comparable in size to the back- and Eq. (4). For the small scattering angles and

V 
ground noise , relatively small energy losses evident in the dat a

The laboratory data can be converted to cor- considered here , the Jacobian of transformation
responding c.m. differential cross sections through w’/ i ” varies by little more than ltY~ over the en-
the transformation tire r ange of data. Transformation to the c.m

d2 a - ‘ d2 a would , for example, decrease the intensity of fea-

d ‘LE ’ = ‘ dlldE’ ’ (5) ture C in Fig. 3 by onl y about 6% rel at ive to peak
cm A.  These changes are compar able to estimates

where du is the c.m . solid angle volume element , of the uncertainty in peak ratios associated w ith
V 

E~m is the product relative translational energy, the energy scanning method used in these experi-

10 
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inen ts (see “ Apparatus ”), and the two effects contour map of i,roduct intensity , In eithe r case,
sh ould partially compensate, the large variation in product intensity (>l O~) ham —

The c .m. distributions will not be shown directl y plies that a significantl y larger set of data would
due to problems associated with presenting the be needed to produce and to present c m .  results
dat a in that format. As is evident from the kine - with the clarity of detailpossible in Figs. 3and4.
nia tics, a p~trt icular laboratory angle does not The existing data are adequate for e,dracting the -
, , ma ~c nh, a single c ,n m . angle. h ence, c.m.. energy essential aspects of the primary ionization pr o—
loss di st ribut ic,ns :ul specified angles must be 6) 1)— cesses observed w ilhou l tr auisforming In the c ,m .
ta m ed by interpolation of laboratory data , or the A roug h esi ii lma t c 1)1 I h .  c m .  neatlem’ing angle ‘~ii ,
c.m . dat a must be presented as an energy -angle is its lower limit
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- (7) c -n l ’mg\  in  t m ’i lns i l I i I  ( li e i) t ’aI ~ iil  l i i i -  l i ’ : i h i i i . ’  al tv ”tv
V . c I I I I ( ’ , Our  p m l ’ h i m l I i m l a l v  l- i ’ l I i l I - l ’ l i i i  ( ( c i :  t~c - m i sA uIcO’ c’ ~ic ’t ’urat t ’  ( c i r u c i u l a  h i t -  Ik ’ i t ’ m u 1 l I m m u m t ; ~ II - Vi ’ uuI i ’ i I  i i i : : iu I ~i i mi , , i i u c : u i m i _ ; u l  1 1 ) 1 1  , I ; i I ; i  l i i i  i ” ’ ’~• ,l ii .i Il

s in t I (c - ’ ‘, - ‘) s in ,? , , ( ( I )  I l i m e t ’  ~‘ iuI i i t - t i i imi  c n i ’ l g i l ’t ;  , 3u i , I j t i i . ‘I ’ I ps , : e , l i ~~t , j I i n

i ions (shown in I” ig . 5) were cut;ed i i i  i m t , u - m t aliz ,-
tovolves the same conversion factor  used in Lq. (,

~~ energy distributiom is from one :nigle 1(1 an ot h e r .
fui r  relating laboratory and c .na. differential  cross The angular distributions for all of the otliel ma-sections. Again for  the low-angle scattering and jor ionization features are more di f f icu l t  to det er-small energy losses nmcasured here , the range mine , since there is only a limited range of angles
i Is is small, in Fig. 3, 0,,,~ would be 1% and ~~~~ for which each feature is clearly resolved lr om
higher than the estimat e of Eq. (7) for peaks A and other channels. Figure 6 shows an angular nor-C , respectivel y, at all angles. malization for feature C at E ,m = 199 cV This

- , 
‘ reduced c. mn. plot of p = Osin O (da/d~’) vsAmig ular distributions

has the threshold behavior characteristic of an
The angular normalizations referred to above inelastic process occurring on a repulsive wall’~

involve measurements of the angular distribution and contrasts n-m arkedl y with the apparent lack of
of a specific feature by adjustment of the analysis an inelastic threshold seen in the p-i ’ plot s for

feature A (Fig. 5). Defining the threshold r 1 as
1 ~ — - — the ‘r value corresponding to half the peak value ,

- ° one obtains from Fig . 6 a t h reshold of r 1 72 5 + 25
A 

A A 
° - eV deg for feature C,  The resul t is the same at

V 

Since feature B first appear s at small angles asp 1199 eVI - VS p (99 eVI a shoulder on l)eak A, its angular dependence is
10 1 p (50 eVc A — - . - - -

/ - difficul t to determine. The rapid decrease in itsV 

intensity da/df l  as it shifts to larger .~E values at
larger angles suggests that its angular dependence

F E A T U R E  A is qualitatively similar to that of feature A, but no
/ p-i’ angular threshold can be determined .

~ 1O-~ ~ 
Feature D is only observed at small angles ,

dis appearing above 7=600 eV deg , al t hough i t
- could be masked by the shifting of feature 11 toward

I I T ~~~~~T I 1 -

:1 10 :3 - . 1.0 —
Z -

. 

- /
• 

-
-

~~ 

- 

- I
10-4 _I, T 

-V 

do 
: 

E~= - 199 c’V

(99 eV( df2 (199 eV 
~ 0.5 - V

- 

~~~ 
d1~ —l FEATURE C

V 
- 

~~~~~~~~~~ (50 eV) —

~ 

2 —
I —— I __ j____ ~__ I — I0 1 2 

I 5eV di’g) 
~ 5 6 

— /
/ T — 725 eV c$c,c)

1- 1G. ~ . I ’:xpem ’iuii c ’ntal angular dIstrIbution s of the lie’ /
linis ii’oni feaimi r v A at in energy loss of -~ 5 cv. Plotted -
:11 ) -  i ( i ~’ i l i i fc ’r t ’n t j a l  cross su’ci ion do/4IJ and the ru ’ — 

~~~~~~~~~~~~~~~~~~~~~~ _ J~__ -~~~ i - -—ci iu - ,’,i i -  r oss sei’t iuns p — 0 ,~ ~lnO 1 (dcc/ cI l’�) vs t (ic ’ reduc ed 0 400 800 1700 1600 7000 ‘4 (8?
~ c , i p - , h’ c 1 c i ~ i l l  l ie ’ l a h n u : u l o i - y ,  l i e ’  :in;ulo gc sus c’ .ni .

V :1 - - c -  I i . i m , s  c i l l i e l -  i i i s i g i c i i k ’ : u n l  ~~~, ~~~~ , .,n,  c - e ~~,-~~~ - eV ciog l

I - i - .-: c -  Ii , ‘ u iu ’ v i - , I ’ ( c i— i c i i , ’ i i s i i v  u n i t s  :11. ’ : c i h i —  (- ‘IC . Ii . g i~~ I pint i i i  ( l i c ’ c _ i c c . cii  t h e  c’~~p i’i’i i t ct c i I i l  :cfl~ 1c—
I i  l i t . ( , u u l  t i c , ’  m , ’ I : c I  i t -  j u i i u ’ u i ~~j i l u ’ s  ( i i  ( ( I I ’  ( ( c i i - , ’  c ’i i i ’i ’g iu ’s I n i -  c i l s t m — i l u c u l h , u i  cii h it’ l ie ’ io ns ii’u ucn ii_ ’ :ilciu c C’ at ~~~

1 i i -  u p p u .  cx i  c c c : u i c ’  c ’ :u ( ccc ’ s  , u t i t t i i u u c ’ c (  h u , c u c c  i - u u l i c i u a  i i  c g  h u t -  i c u c i  — 1 9 9  eV. i)ata points iii  two cli m c ’c t ions fu ’on i tlic’ 11(’
• - u g n : u  I l , u  l i i i ’  Iii ’~ u ii in ten~ j ty ~t each of the energies , beam arc indlealed  by the symbols + 0 and —0 .
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and throu g h the sanie energy—loss  values. A c m .  filled with lie gas and scattered ~UiLt ( i e i ( ’ c ’t ( d  L Iti ( l (’ I’

angular distribution for an energ y loss of 19 eV identical conditions to those for (he i i ie ( a s t aI , l~
~coi’responding to peak D is shown in Fig. 7 at beani . Two energ y profiles [or re actic in (3) ai ’e
Ecm =99 eV. The measured threshold T~ is —31 0 ±15 included in Fig . 4 (panels ~ and I ,) f uj i ’  lal ) or alom y
eV deg and the distribution peaks near 7”450 i40 scattering angles of 5.1 (i ’-  2030 cv dei~) and 9.0
eV deg, Beyond 600 cV deg the intensity increase (r 3600 eV deg). Th e  normal i ’,al icin ui f the m’t ’t ,ul ( s
is dime to the shifting of peak 11 to higher energy — In time immi xed n ie t as lable — g r ui immd—sta t c  heanm us q ’uI
loss values, in 1 1g. 4 is based on an esti in ;ut ed lle/hi e i-al in of

At O~~ ~ 10”, where t h e  imitensi ly was too sm all 2 1 in the metastable beam.9 The shape of thi s
for detailed double differential cross section men- distribution is quite comparable to profiles Oh-

surements wit h detector B, supplement ary men- tam ed by Brenot ci a1.~ und er similar condition s,
-N surements of angular distributions da/dII were Clearly the ground-state contribution at 9 (3600

made with detector A. Although these measure - eV deg) is quite substantial for large values of ~ E .
ments cannot yield detailed information on the The contribution at 5.10 ( T A  2030 eV des) is small
product c.m. distribution , they are still useful (certainl y less tha n 10% at all values of AE). and

-
‘ 

for estimating the fraction of the total ionization at even smaller angles it is negligible. The data
cross section scattered at O,m �2O’ (e i~~~ lO for at lower energies (Figs. 2 and 3) are all at 7

fo rward-scattered ions). This is the fraction of ues low enough to be virtually unaffected bi’ con-
the total cross section that has not been examined tribution s fi’oni collisional ionization of grotmnd-
by energy analysis.. At E cm 200 cv this fraction state He in the beam . The u ncer t a inly  due ( i i

ts estimated to be tess (him 30% of the total cross ground-state contributions beyond -3000 eV deg
section. At higher energy the distribution is even suggests caution in drawing any conclusions (cci i i

more strongly peaked at small angles, the scattering results at large T values.

- V Background due to ground staic He in bean- Oilier possible heamii counaminani s

The effect of reaction (3) can be examined most Since there is no ma -m ass selection for the pi’iii~ai’V
i’eadily by repl acing the mixed n etastable—ground- ion beam , concer n arose over t he possibili t y of a
st ate beam by a beam of vure ground-state He. smaiall contaminant bean-i component yi elding sig-
‘The He beam (E 0 = 398 eV) was produced by reso- nificant intensit y of product ions. For example ,
nant charge transfer in a charge-exchange cell a small leak of N2 into the source would yield an

N2’ component in the ion beam (perhap s enhanced
in intensit y due to Penn ing reactions in the ion

I source); near-resonant charge transfer of N,’ wi t h
99 eV , 

- Cs would produce N,(C 3 11,) and radiat ion cascade
- 19 eV f - would yield a mixture of N~*~Bi H~) and N 2~~~~~~,’).

These could be collisionally io nized in (lie scattei-
- / - tug cell and N,’ woul d be detected along wi th  the

V / - trit e He signal . To ehim i i in a t c  the possibilit y ci any
I - such contaminants , a TOF cxpt ’r i inent ~vas per—

I 0 - / - formed using the same pulsing met hush applied (0

- / \ -
, / - the beam energ y determination. In th is  case , how -

- P s ,,,,~j  - ever , the flight tim - mae was ia-measured (i - omit (he tail -
V / - ser through the 127” analyzer to detector B. Since
- / - mass 4 (He’) is so far removed front any of the

05 - / - possible contaminant masses , its flight t ime was
p’ F E A T U R E  0 - easy to resolve and identify. This method of Si-

I - multaneously determining the velocity and energy
- / - of an ion was used to verif y that each of the four
- 

~4y’~ 
- major ionization features ( A , B, C , D)  was du e t o

0 ~~~~~~ mass 4 (He ); no significant contamination of the
0 200 400 600 800

V results with other masses was observed.
r (eV deg)

FIG. 7. p- i’  plot In t he c.m. of the experimental Other ionic products
angu la r  dis t ribut ion of the lie’ Ions at ~ E= 19 for
~~~~~ 90 cv. Feature I)  appears at small r values; be— The associative ionization reaction
yon ti - 000 cY dug, other processes contribute at this
~~I- value,  He + H e — H e ,’+e (9)

~
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might contribute to the reaction cross section at 32 -
low energies . However , at the energies consid-
c’red here , the electron must remov e considerable - -~
energy to stabilize the product ion; and associative 28-

7s - •ioni zation is unlikely. Since the He, product ions
are expected to have “exactly ” the velocity of the - — g I

is I L-SS endo(her mi i ic titan react ions ( 1) and (2) antI I - I r I I I 4 ( -

- center ~ mass , one can collect any products ef- 1
24ficiently at an analysis energy of half the incident I I ,  He ’ (1 ’S) He(2 l S)~~

beam energy and an angle of 0’. We could detect - I

no evidence of associative ionization in these ex-
perirnents. -

Ti
He’(1.s’2s2p )’P ion’2 through

Another possible reaction produces the stable

He ’(2 ‘S) + He(l ‘S) — He’(’S) + He14P) - 24,5 eV. 
~ L 

‘~ 

B 

-

, 

- 

2 s .

(10)

A 
~~., -.1(i. e., He produced in the forw ard direction cor - 4

The energy loss of 24.5 eV confines any fast He 

L 

q He ’ 11 7 S1 Het 1 ’Sl~

- 5responding to slow He’ product) to a specific ye-
- Ilocity at eve ry scattering angle. Wi th a 398 eV (Oi abatic) 1

He’ beam a search for He was made but no con- o - -
\ — He( 2 5 )  •

vincing evidence of its presence was obtained , We
I ~~~

concluded that reaction (10) could cont r ibute no I j
~~~__J~ ~_~_ ________

0 2 4 6r seen at ~ E 25 eV. R (a ,)
more than a very small fraction of the He’ signal

FIG. 8. Several of the He 2’ amid 1102’ potential ctlrvc ’~
DISCUSSION useful for a description of Ionization in Iic ”(2 ~ci + li(’

collisions. Sources for curves: adiabatic ~~ [iron
As mentioned previousl y, we will initially con- Lenamon at a t ,  (Ref.  13); diabatic 3Z~’ from Evan s

centrate our attention on He ’(2 ‘S) because it is et a t .  (Ref. 14) wIth an exponential extrapolation at
predicted to be a much larger fraction of the beam small R ;  2 E0’ and repulsive ~~~ from Icl arch i and
than He’(2 ’S); effects possibly due to the He ’(2 ‘c) Smi th (Ref. 15) with the well dept h adjuste d to Liii ’s

component will become apparent as we proceed ~ 
value (Ref. 16); and tipper 2 1~~’ f rom Olson (li cE . 17) ,

the discussion. ‘l’Iio 
~~~~~~ 

cu~~ e correlating asymptotically to ik ’*(2 ~ )
+110(1 ,S) is not shown; half of the incoming llc ”(2 --m

~c)
The interpre t ation of the He ’(2 ‘S) + He(1 ‘S) col- metastables follow this potential.V lisional ionization data requires not only a knowl-

edge of the potential energy curves [or the
He’(23S) + lie system, but also a knowledge of the comparing ti -me observed and calculated angular
various potential curves for the He’+He system, t hresholds, energy losses, and cross-section be-

In order to understand these processes , we utilize havior , we can appraise the success of various

the He,’ and He,’ potent ial energy curves shown in proposed mechanisms at reproducing the experi-
Fig- 8. The ‘1~~ adiabatic potential of He,’ is taken mental results.
[m u m  the work oF Lenanion (‘/ aF, ,~ and the ~~~~~ 

We will divide the theoretical int erpretation int o
cIiai ) aI ic poten tial is fron t the paper by Evan s •, 

several parts, each of which is concerned wi ( I t a
I wi (  ii a n ex(ioflenti al extrapolation in the repul— specific featur e of the collisiom ial io n , z a t ic im u of

sive recjon. The * and ~~~~ l otential s of He,’ He ’(2 S).
arc’ [s’omai the woi’k of Marchi and Smith ’5 with the Prcicees Iwell depth of the 2~ ’ *  state increased slightly to
ngree with the more accurate results of Liu.’6 The most prominent ionization mnecham a ism i m ields
The ~~ potential curve of He +He ’(23S) is ob- a peak of high intensity found at a ~E of al)l)rOXI-
ta m ed from an analysis of inelastic scattering mately 5 eV associated with ground-state ion h)I Od-
data.’7 ucts and very-low-energy electrons , This i cak

Given this available potential energy curve mi  or- has an extremely large intensity and more sur-
-
- mation ,~

8 we can calculate the deflection funct ion&~ prisingly, is found at very smal l scattering angles,
for several possible mechanisms for each loniza- peaking at 0” . If there is an angular threshold in
tion process observed experimentally. Then, by the p-r plot s (Fig . 5), it must be at r values below
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We have calculated the t lcflcci io im fum u ’( ion s lot ’ s h a l e , m e s u l l m n c  l i t  s u t i a l l  i~~ ~- i i l l  d g - i i e ’ i  m~~ii i i i -  I

~vo possible pat It s tha t  c an lead to a ml ene i-gy loss He nec , it ap~ S - II - t h a  I I i i i ’  t il) I 11 111  a i m )  111111 / ,  1 ) 1 . 1 0

of ap prox im -mi alely 5 eV . One possibil ity  is for the  nme ch anismm i  o c c u m s  i i i r i i u i g l i  a d i a l i a l  Ic . ) i. innel -
part icles to follow the adiabatic 

~~~
‘ potential and We can es t ima te  the ii ( -r cenI :u ~(- of l ime  l i ar )  I .  I i

th e n I r ansfcr to the -
~~~

‘
,
° potential  of He ,’ on time that follow the diah at  ic ‘‘ ,° p01 ~nt ial f t  I I I  t ic -  ( ‘ ( i l l —

repulsive walls of the pot entials with ejection of a tinuum b y using t i l e  I ran sit mon pi- uhahil i t i - s ,‘al —
v ez - v  low energy eleci ron , K ,, I eV. A nothe r culated by Evans ‘‘I iii f l I r  t i m e  rear l I , fl lIe ’ (2

m echanism involves the small percentage of ( Iae lie — ile(Z l j i) lie - l’lti 4 IS 1 5 t f l i~ I i  I t  . , i t — i t  I -
ite ’(2 ~S) l i d -  ( ‘ol l i sj d ,ns wh~ ’ Im Icillo w the dj a l ) a t i ( ’  f rom time lowest I i i  th e  mmc x i I , i hc -si a t i i a l ’ : iI  te
‘I ‘- * j~~it pitt i a I and d , In i t  a I ow — energy el eel roil dl i ion potent ial  cur  ye - h” i ill , iw i n~: I Im e c l i  .ili it i t  -‘ -
rrd ,ssin! tutu  th e iIe ,~ I c’ i - o n t i n u u u t i .  We have t en l i a l  mi t t  ( to ’  ‘ u m i i m m t i i u i m i  t aut be v i e~t cs i  as i n t ’ l ’  —

s i ldiwn that  an i oni 7at ion ii i  ec han i sni based on I he j n_g a at - rid-s of an d i i  I i  i n s i t i  Il l Is I n-i Wt’Clt S 11C c ’ i’s —
ad iabat i c  approac h would yield an ionization sivel y hig lmv m - and cid>sel’  — sp at ’d- d ,,di :ib ai It ’ ( ‘ I ,  l V t ~~- -

V 
- threshold at approxin tately 700 eVd eg, and no The spacing between time 1mm - st  Iwo , L t , a l d a i m c  d Urv&’ ~

scattering at small angles, in com plete disagree-. is much larger than the ti the-i ’ at ~~~u i f l V , s V i i u ip ls  I n ,

nient with the expem inwn ial results. Althou gh half that the transit  iomi probability into the continuu ii i
~ of the inc ident He *(2~S) follows the adiabatic ‘~2,’ is not very different f ron t  the value for t h i s  l u st

potential not considered here , any ionization fron t crossing . The (‘lose-coupled t r ans i t i on  probab ili -
this less repulsive curve must occur at m ai uch t i t - s  01 Evans 1 a! ~ can be used lo obtain the
smaller R and y ield a threshold angle even fur t h t e i  jumping pr Obal)il ity f ron t  2 ’S to 2 ’!’ in a single

t from the experimental result. In contrast , the crossing of the legion of mix ing ,  For l f l t j ) ac t

diabatic approach mechanism , whose deflection parameters near the inelastic rainb ow this ~tr~~>a-
function is shown in Fig. 9, leads to a consider— bi lity is a few tenths of a percent at a c m . colli-
able amount of scattering near 0°. The reason for sion energy of 50 eV and 2 — 5~ in the energy range

F 
this is the large range of impact parameters from 100 to 200 eV. The coupling matr ix element s
(h~- 1 7a0 —2.8a 0) contributing to the small angle calculated by Cohen2° fo r the higher crossings can
scattering as seen in Fig. 9 , and the fact that the be used in a Landau-Zener t reatmen t  to es t imate
intensity at small angles is further accentuat ed that the overall probability for cont inuing diabatic-
by an inelastic rainbow effect due to the minimum ally into the continuum is -50~ 90”, of ~he 2 ‘. , 2  1,

on the diahatic deflection function.  The attractive probabilities in t h i s  energy ran ge .  h ence , the
fo rces on the ‘~~~‘ ion curv e essentially compensate overal l t ransi t ion pi’obabilihies are substant ia l  zmia d

increase by approximuate ly an order of mn a izni tud e
r 

____________________ 

f rom 50 to 200 eV. This is i~t good qual i ta t ive
2000 I 1 agreement with the estimated experimental energy

1600 - 
dependence, obtained from a normalization of

- product ion signals at the three energies (Fig . 5).
A schematic molecular orbital correlation dia gr tm

1200 - TC 
- for He + He collisionsis shown in Fig. 10. In a mu-

lecula r orbital picture ” the diabatic ~~~~~~~ state
800 - 18 

- has l~ua~2pa~2sa, character at small R and the ion-
ization involves a two-electron transit ion to the

100 - - ionic state 1sa~2pa~ and a free electron . One elec-
tron drops down to fi l l  the vacancy in the lowest

0 - - ~~~~~~~~~~~~~~ 
while anothe r is promoted int o

O
1 _ _ __

~Vl~ _ _ _ 1____ J _ ~~!~~~~ l _~~. The sn-mall component of He ’(2 ’S) in the beam

r - V V 

~

V - V - has an analogous diabatic ~~~~° path into the con-
h(a,,t tinimum . The diabatic ~~ potent i al and the low-

I- IC . 1 k - f i t - i t inn Ii i umc’Iions u-s imp -id -I i i :mI:mmnetd ’ r lying adiabatic ~~~~~~ potentials have been calculated
• - : u h , - i i i : i l ,’,i t i r  t - , , l i l s i o u i s  IoIIow i mg t i n ’ “~~,

‘ i l I ;mI ,a i le  po— by Guberman and Goddard, a The iit a~or relevant
1, 1,1 I : u t  -~i,. wi, iii I- ig 4 , (- d ii- 

~~
, Io n i-/ .ati d cmi ix’( ’U%$ ii difference between the  ‘ ° and ‘‘ put t cmi i i  als h a l

I I i i , ’  i i  i s )  ~~l’~~ss i i iv  t i i i , c  i l t i ’  u- mt (1001111 it ptilfll A In 11g. -
V - , , a comp arison d) f overal l  l)m’ot ) ab lll t ics h i t t  i m m ’ ~~et’csi —

5 ; I I S t i l t -  .h ’ IIi ’ t ’ t  m u  f I i I l d ’ i  h u m  u , i i t : t i n c ’ii wiieut ion iz at ion  - -
N i l l  I t ~~ I ( li t - t i :tsnk ’a I t i l t - n i  og stint aun t  the 1,i’iSlticts m ng di abal mc ally into time cont m nuu ill i nvol~ e s a

ac -p a i n ) . -  on h a -  groun d—stat . ’ ion c’dm r vd’; r , is calcu lated 1 smaller spli tting in the ~~~‘ case between ihe in—
:m s I lu luc l iu Ig  ( i’;uuisIt’d’ to thy excit e-ut ~~~~ lola curve in me— coming (2’S) and ttue m’ext hi ghest (2 1 P)  adiabatic N
gu st I of i - h g .  5. curve. Close-coupled transition probabilities ai’e

- ~~~~~~~~~~~~~~~ -1L~~ J’~~~~~~ : 
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sH all
d . , - I ‘ILiUM Sinc e 11w bt -;iun ( ‘ l u n h h i o s i t  on ~nd di ; th ;it I t  t r a n s i —

__________________________________ ___________ _________ * t ion p~’th~~~~l~ it cs are i,nl y thei ,rel ical u - a l l  n m a t c sii

___________________ I’ w i t h  no cxperi mentai co nf i r u i mat ion , t h e  ie la l  ice
3°— 

~~~~~~~~~~~~~~~~~~~~~ 

______ contribution of He (2 5) to the ionization u - a u  only- ‘ 2pw 2,’
- be crudely e stim tt ated ; and there is no easy way to

ip separate the two contu - ibutions experimental ly.
L

The dil fem -e nce in init ial  energy of 0.8 cV between2s 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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: 

I

I ti -me two levels implies that the deflection funct i on
foi’ ionization of the He (2 ’S) should be slightly
less repulsive than the calculated result for theI

I 2 S  component (Fig. 9) and that the energy loss

noted that as the c ,nt .  energy varies from 50 to
values should be lower by 0,8 eV. It should he

ii 200 eV the measured energ y loss of peak A v aries
from 4.5 ±0 .5 to 5 .5± 0 ,5  eV , consistent with the
suggested decrease in the He 5(2 ‘S) contribution
with increased energy. However , anothe r effect

/ 0  
can be responsible for this shift , an increase in
the emitted electron energy with increased colli-

uum .” Other strong evidence for contributions
of He 5(2 ’S) to the observed ionization exists in
our observatio n that process D is due entirel y’

/

2/
/ /c sion energy due to quicker transit into the contin-

to the sing let component of the beam; clearly, the
He *(2 1 S) contribution to other ionization features ,
including feature A , cannot be discounted .

Our description of process A has so far been
________ limited to a single channel even thoug h other con-

E~ i1 11 - --—- - I He + He] tribut ions to ionizations with an energy loss of
FIG. 10, Molecular orbItal correlation diagra m for —5 eV are possible. For example , one can follow

Be~~~iie + He showing schematically the lowe-st orbltals , t he diabatic ‘~V~° (or ‘
~~~~ ) curve all the way to the

The oi-bitals arc l~~,cllt-d in united atom nomenclature , turnin g point and ionize on the ou/,,’oing t ra jec toi -v
The- cIrcled al-row s at t in- r ight  represent the electrons near the crossing out of the continuum. This pro-
in ti -me - t-onIiguratiou 1s r ~ 2 p ’~~s~~ corresponding to the cess involves a larger amount of repulsive inter-
inconting cilabatic ~~~~~‘ it -molecular 1x~tentlal. The singlet action and should not contribute to the intense
case is sImilar , The vertIcal arrows labelled A , B , D , forward scattering. However , if a significant frac-and C show the tw o—electron transitions associated with
the processes described in the text . Process D is not t ion of the incoming flux can reach and return from
possible for the trip let component of the beam , but is the inner turning point withou t suffering autoioniza-
obs(-rvcd for singlet metastables approaching along the tion , this channel it -might contribute to feature A at
liaba tie’ ‘~~ 

‘ potentIal; the transition 1se12 p r ~2su1 larger r values.
followed by ionIzation at large d 

fl ux continued down throug h the continuum crossing
tstances. Consider furthe r the case where the outgoing

im ol ava i lable  fo m’ (he (~~ ,‘)l1e~ (2 ‘S) -c He — lle(2 t p) wit hout autoionizin g . Since ti -me original pi’ob abi hi ty
I l i e eSd’i I :ml ion , h i t I he smnall c i ’ sp l i t t in g ’~’ implies of following the diabatic ~~ V 5  curve  in to ti -me ’ con—
a m m i i i c h  i-cab’,’ I , -an si t ion probability,  w i t i t  a wa g— t inuum was sm all , the chance of retu i -ni mag elasi I —

ni l uck ’ i uf I.’ uu u gi m l ‘,‘ 20— 50’, i n (he c .ni - energy r ;inge c all y m u  St also be sm - mi all - This could lead to ew I —
10—2 0(1 eV. tation of excited states l ying between the  incoming

Time r at io  of lle ’(2 ~~ to He ’(2 ‘S) in the beam is level and the continuum. A m iong ti -me -se arc excited
est iun ;mted theoretically to be —30—50 in this energy ionic states of the form He ° +H e ~(lc 2n!). Althou gh .
range Comparing the estimated beam ratios and to our knowledge, there is no evidence for
estimated transition probab ility ratios for the two He (ls 2ni) states, they may exist in the field of a
metastable components of the beam suggests that He , yielding potent ials that are Coulombic at large
the contribution of the He5(2 t S) metastable to the distances and are asymptotically above the Hc * He
collisional ionization may be substantial , especial- continuum. Barat and co-workers4’~ have i nvoked
ly at E a,, =50 cv where the transition probability such states to expl ain similarities in excitation
along the diabatic E,’ potential becomes quite and ionization channels for ground-state He-He

F
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col li s ions . If these states are populated on the 20 j —- r ——-r i i - 

~t i I --

outgoing leg of the t ra jec t ory ,  they will  cross into 
18 ~ ,-, A

ti -me cont i nuunt  at large dis tances, y ielding a low j .-, i~~ - A
ener gy electron and contributing to l)rocess A. 16 n 99 ~~~~~~~~~~ Th.’ury

The Coulo mbic attraction can con l)ensate for the 14 !- 
I i  50

earlier repulsion to Liroduce low angle scattering
and an inelastic rainbow. Another possibility in- 1? 

~~~~ ‘

volves collisions following the adiabatic 
~~

:
~~
‘ (or ,o ~ - /~‘ ‘;~‘) potential to the tu rn ing  point , then making a I It r ansition (diab atic) to a lle ’+ lIe potential on ti -me 8 1 /

outgoing trajectory. In either case the Coulombic 6 1— / ~ A A 
A .1

exit channel must pass diabatical ly with little 
~~~~~~~~~~~~~~ ~~ 

—
interaction at large distances through a manifold 0 400 800 1200 2200 3800
of excited neutral states of the same symmetry if i isv deg)
the continuum is to be reached. i- is, 11, Experimental energy loss values to,- toeirs-In a companion paper , Saxon el al~~ calculate tlon featu res A and B plotted u-s 7 . A theoretical curve
the lowest ~~~ potential curves of He2 formed from for process B is shown whi ch  assumes ionization at the
is and 2s electrons. There are two singl y excited turntng point on the diabatic curve shown in Fig. S . Node

curves associated with IIe *(2 ‘S)+ He(l ‘S) and change of scale at high r values, -

He ÷He (1s22s , 2 S), respectively, at large dis-
tances. The repulsive diabatic ‘I~~ potential has exits along the ground state (2l~~)He 2’ potential.
the character of the He +}je adiabatic curve at Ionization at the turning point is consistent with a
large distances and resembles the He + He adia.- classical formulation of ionization within a con-
batic potential at smaller R ,  tinuum where the probab ilit y of ionization at a

At present, evidence for possible contributions given impact-parameter h is given by an integral
to process A from large distance autolonization over all internuclear separations24

along a Coulombic H e +  He potential are rather 
~ (R) dRdifficult to separate from the mechanism proposed . P 10, (b)= 1— exp (_2 f  

~ — V(R) /E  — b - m/ R - m] t  ‘~Other ionization features discussed below demon- R0 0

strate directl y the importance of the repulsive Since the coupling to the continuu m, the widt h I”,
diabatic potent i al , whereas evidence of the long- is divided by the radial velocit y before integration ,
range autoionizat ion conies indirectly from other autoionization of the molecular state fern -med during
experimental results on the He+ lie system.4 ’° the collision should have a peak at the distance of
The various possible contributions to feature A for closest approach where the radial velocity is zero.
each metastable should interfere coherently, and To demonstrate this effect for He *(2) S) colli-
any oscillation s, if they were to be observed , sions, we calculated a deflection function using the
could possibly be identified with specific channels. diabatic E, potential and the ~, 

ion potential
Unfortunate ly, the oscillation patterns might be (similar results would be obtained with incident
washed out , since there are several possible im- He *(2 ’S) metastables). The result is plotted as
portant interfering channels for two different ‘Ta in Fig . 9. Corresponding energy-loss values
incident metastables. were determined from the potential differences at

the turning point and are plotted along with the ex-
Prua~ess R perimental dat a for feature B in Fig. 11 . The

agreement is quite good except at the large 7 ‘-at-
One of the most in (er esting observations is an ues corresponding to smal l R0 where the p otent i a l

energ y loss (hat changes wit h i  ang le and collision curves are strongly repulsive . Here the enel-gy
ene rgy but is well correlated w i th  (i t e  reduced an- loss is strongly dependent on slight elt anges in the
gb r f- I? (see Fig , I I ) .  This in ipl ics (hat the relative slopes of the Iwo curves; since the cal —
c ’n i - u g v  i , i s ~ pi- c~ ’(’ss depends d i r ec t ly  on the u - m i —  culatect curves are essentially parallel , ti -me pre—
it; n ’t I ’a ra t mu ’t i ’r . The iibse m-ved energy losses in- dicted energy-loss values become constant ,
cru Ise wi l l ,  ine u’easing r and vary (row ;ml)l)roxi- Consideration of the molecular oi’bi(al cha rac te r s
t u i ; t t i ’ I y  9 ho 20 eV , wi th  values outside this range of the two relevant potential curves , i-mowever ,
possibl y obscured by overlap wi th  othe r ionization suggests that the “tr ue” potentials continue to sep -
features.  This behavior can be ascribed to a col- arate as the turning point decreases and that the
imsi on in which the system follow s the diabatic extrapolation of the ~~~~~‘ diabatic curve at small
incoming channel un t i l  it reaches the classical distances should be hi gher than shown in Fig . 8,
turning point R0, ionizes at the turning point , and Above the continuum crossing, the 12~~* diabatic

— 
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li ot enhial cart be character ized by the confi guration demonst i- ate-s , howeve,- , that  the n ie chtanis ni pro—
l’,e52puJ2 e5, while the g r o u n d - s t a t e  ~~~ ion 1)0- posed here is a reasonable way of explaining the
tential has a lsa 2po~ conf igur ation in the same structure.
region. The difference potential should be doni i-
nated by the extra antibonding 2pa~ electron in the Pri,ces-, I)

~
;‘ potential and the extra bonding I s a 1 electron 

The combination of smal l scattering angles cou-in the ion curve. Actually, the ~~~ diabatic p0- 
l)led with large energy losses (18.7 tO .5 eV) fortential should be more nearl y parallel at small R 
peak D causes son-me d i f f icu l ty  in producing a rea-to the ~~ ion curve whose configuration lsa52pa~ sonable explanation of the process involved. Thereis different only in the relatively small effect of 
appears to be no realistic ionization mechanismthe 2sa8 electron . Hence , a better value for the 
involving He *(2 S) that would produce such a re-potential at small R should yield an energy loss
sult, However , for the He *(2 I S) metast able, radialfor process B which continues to increase with r , coupling of the incoming ~~~ diabatic stat e within agreement with the experimental data. The

ionization process is again a two-electron transi- the doubl y excited ‘s,’ state dissociating to
He *(2 )S)+He *(2 )S), fol lowed by molecular auto-tion from 1sa,2po~2so, to lsa ~2pe~+ e~~ as m di- 
ionization at large distances on the doubly excitedcated schematically in Fig . 10.

The experimental data (Figs. 3 and 4) contain curve , would yield an energy loss of 19.0 eV. Yet ,
it is not immediately clear wh y this doubly excitedstrong evidence of secondary structure developing

between peaks A and B at large angles [Figs, 3(i), curve would be favored over all the similar hig her-
3(j) , 4(d)—4(f)] .  The most convincing evidence is energy states and wh y the scattering would be

found at such low angles ,obtained from the similarities in this secondary
A compan ion paper23 presents an i-r b in i/ic cal-structure at different energ ies when they are com-

culation of the relevant ~~~ exci ted He2 potentials ,pared at the same -r value , e.g. , Figs. 3(j ) and 4(d). 
verifies the existence of a crossing between theThis structure can be understood by considering
incoming diabatic potential and a deep inner wellthe consequ ences of the fac t that the ionization
in the doubl y excited He, potential , and den on-does not occur exclusively at the turning point . strates that an inelastic rainbow effect can produceAll scattered ions from Process B found at a low angle scattering int o this channel. The cross-specified energy loss ~ E , correspond to a single 
ing from the incoming diabatic potential to theinternuclear distance R1 at which the electron 
doubly excited ~~~ curve involves the two-elec-emission occurs. The largest intensity is as- Itron transition from 1sa 52pa~2sa, to lse~2sa~ (seesociated with collisions whose turning point is 
Fig. 10). The existence of molecular autoioniza-precisely R~, but collisions with smaller impact 
t ion at large distances on this exit channel poten-parameters can ionize at R 1 either on the incoming 
tial has already been demonstrated in ground-er the outgoing leg of their trajectories. For the
state He-He collisions by Gerber el al.specified energy loss i~E 1, one can represent the

heavy particle interactions by translating the 2~~~~+

Process (‘ion curve upwards so that it intersects the in-
comin g diabatic curve at R,. Then it is easy to Another prominent inelastic process is cl-mar-
see t h a t  interference between ionization on the acterized by an energy loss of approximately
incoming and outgoing legs of the trajectory yields 25—27 elI which has a broad threshold with a
Sthekelberg oscillations in the angular distribution half - r ise  point at r =  EO 725 eV deg. Ti-me r
equiva len t to those observed in a two-state inelas- threshold is constant as ti -me collision energy is
tic scat ter ing problem.25 At other energy-loss varied which implies that  the n-mechanist -mt for the
values the angular distribution will have similar production of this channel involves a curve cross-
interference structure , hut will be shifted in the ing~ (he., not rot ational coupling in the united
sam e way that the angular distribution of feature atom limit) . This energy loss seems consistent
B shifts with energy (Fig. 11). with reaction (2a) and can be readily understood

This structure in both angle and energy is by referring to the potential energy diagram shown
probabl y responsible for the secondary oscilla- in FIg . 8. At small incernuclear separations , the
tions observed in the data, No quantit ative analysis diabatic 3E, potential energy curve of He2 * ap-
of this effect will be attemp ted since the quality of proaches the excited ionic ~~~~ potential curve
the data does not warrant it. An analysis by Sidi s2’ arising from He + He *(2 S). If in the interaction
of a s imilar  effect observed by Barat el al .2 for region labeled C a low-energy electron is ejected ,
the reaction an ionization process with an ene rg y loss of 25

eV would be observed (reaction 2a) . It is possible
He ’ + He — He’ * 4 He u- to estimate the angular threshold for this energy
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loss process ft -ow a deflection function analysis . Other h ir ote ’~%t’s
From calculations using the potential curves in
Fig. 8 , we est it t - m ate a thi-eshold of approximately Other ionization channels can open up 1w’ si il hex -
900 eV d&-g - The calculated deflection function is impact-p arametei ’ collisi ons and larger scat ter in g
labelled r~ in Fig . 9. In a discussion of process angles. Examination of a Lichten~ type correla-
B above, it was noted that the diabatic ~�~‘ poten- tion diag r am (Fig , 10) demonstrates , fo r ex ample,

L h a l  is probably more repulsive at small distances the importance of rotational coupling in the united
than shown in Fig. 8. This would move the cou- atom limit of the 2pa~ and 2p ir .,~ molecular orbit als.
pling region C to larger R values and should shift  This coupling is important for collisions following
the threshold for process C to smaller ‘T values. the l , 3~~~~~. and i , 3~~~~. adiab atic potentials as well as

Near the threshold for process C, the energy the diabatic curve . The resultant is — 2p transi-
loss value AE is ~~25 eV , implying a very-low- tions can produce He(2s2p ) 4- He and higher exc ita-
energy for the emitted electron. At scattering tions. Autoionizat ion at large separ ations of the
angles above the threshold , the energy loss value doubly excited He ** states will yield energy losses
shif ts graduall y fro m 25 to — 2 7— 29 eV. There near — 40 eV. Structure at large r values n - may be
are two obvious possible causes of the shift: ion due to this mechanism , but the dat a are not of
production accompanied by population of the set sufficient quality to warrant a more detailed
of higher neutral states whose asymptotes lie examination. Also , contribution s from the
between those of reactions (2a) and (2b); or an ground-state component of the beam become im-
increasing energy of the emitted electron ac- Portant in the sam e region of r and energy loss.
companying the larger scattering angles. A con- It is worth noting that , except for degeneracies
sideration of the molecular orbitals indicates that in the united atom limit , there are no important
excitation of a hig her neut r al state is unlikely, contributions to collisionsal ionization associated =
since reaction (2a) involves the two-electron tran - with crossings of molecular orbi/als . Transitions
sition (shown in Fig. 10) to excited states at the normally important cross-

ing of the attractive 2sa orbital with the repulsiveisa 2pa 2sa — isa 22sa + e - 
I

I It £ 2pa~ must involve two-electron transfer to con-
whereas higher excitation must involve additional- serve the g or ,~ character of the incoming state;
ly a promotion of the 2.sa1 elec tr on, y ielding yet the incoming configurations lsa~ 2pa~2sa1
three-electron transitions of much lower prob - (“~l~ ’), 1sa ~2pa~3pa ,~ (I .3~~~ * adiabatic), and
ability . lsa,2pa~2sa, ~~~~~~ 

diabatic) all do not allow this - -

Another possible contr ibution to feature C is possibility. Two-electron transit ions occur at
from excited Coulonibic states correlating asy mp- crossings of molecular states or in the cont inuum ,
totically to He’ + He ’ ~~. There is n-more compelling not at crossings of molecular orbitals. This re-
evidence for the doubl y excited He’ states lsnln ’l’ striction is not in effect for ground-state He-He
than for the 1s2 ,il states discussed with relation collisions where the 2p a~ — 2sa ~ tr an sit ion2’~

4 p’~~-to feature A , They have been seen as electron duces significant excitation , e.g.,
scattering resonances ,35 and have been utilized
- - - - - H e 4 ~H e_ H e *(1s2s) u~ He (ls2s)
in explaining various structure in the electron
spectra from He-He collisions.2’4 From the in-
coming diabatic state , two-electron transitions Exjw cted electron energy distr ibutions

can populate molecular orbitals of the for m Our analysis of the collisional ionization mech-
Isa~2ccr,na leading to the possible asymptotic anisms can be used to estimate qualitatively the
population of He’ + H e il s2 s n l )  states. Auto- electron energy distribution expected from these
ionization at large distances on these states can reactions . Clearl y, the m ajor peak in the elec-
produce energy losses compatible with  feature C.  tron energy distribution would be from process A
Coulombie a t t rac t ion  on the outgoing leg of the with electrons havin g an energy below -1 eV.
t raje ctory could lower the angul ar thrcshto ld for Process B and its interference structui-e would
one or more of these He ’ Ho’ channels below produce a broad continuum of electron energies
that calculated for reaction (2a) . The best c andi- extending from peak A to higher energies. Feature
date for low angle scattering would involve first C would again yield low-energy electrons (a few eV
a i rans it ion  to the 1 r 2 s a ~ excited state , followed or lower) and possibly a peak at 19.3 eV if auto-
by sep aration dolE the He 4 He ’ ( 1s2 .~~) poten- ionization from the He’ +He (1s2s2) potential con-
h a l  r a l h us - r  t i t an  ti - me ad iabatic He *( l s2 s ) + H e *(l52s) tributes . Feature D would produce 15 eV elec-
curve l i l ipor t :mt  to l)~~~ e~ x D. Without a?, j uj ij o  trons from the molecular autoionization although
calculations of the He ’+ He - excited potentials it is the total intensity mig ht be small relative to the
dif f icul t  te assess the impo rtance of these states, intense continuum distribution from process B

5. 
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th it underl ies it .  The He(2s2p) autoionizing state tion to ti -me des t ruct ion of fast metast  able lie in
i i ient i oned br ie f ly  would eject an electron with collisions with He target , we can conipare these
ener~rv near 35 eV. 2’29 estimates of the ionization cross secti on w i t h  mea-

It must , of cour se, be emphasized that U~ to sured 2 total destruction cross sections e~. In the
3fY~ of the total cross section for ion production c.m. energy range 500— 1100 eV , a~ is 5 X 10.16
at Eem = 199 eV occurs with c .m. scattering angles cm 2 for He *(2 )S) and — 8 x 10 16 cm~ for H e *(2 1S),
above — 20° . The lack of detailed differential scat - implying that ionization channels can account for
tering data at these angles implies that other a significant fraction of ad at keV enel-gies.
mechanisms could contribute substantial electron
intensities at energies di f ferent  from those pre- Summary
dic ted here , We have discussed various mechanisms for colli-

Recent ly, product electron energy distributions sion al ionization in He * He collisions and theirhave been n-measured f or this reaction’°~ ° over a relationship to the experimental He’ distributions.
s imilar  energy range. Such measurements hav e Most of the structure can be understood in terms
inherently higher resolution and can identif y son-me of a few ionization mechanisms involving an in-

~ of the hig hly excited product chan nels , but there coming repulsive diabatic potential.  In the n-most
are experimental diff icult ies associated with prominent process the electron is ejected as the
detection of the low-energy electrons .3° 

init ial  diahatic potential curve crosses into the
cont inuum, Further ionization is found to occur

Total  cross sections near the distance of closest approac h (as occurs
If , as we conclude , ionization occurs pre- in Penning ionization),  and at crossi ngs wi th

dominantly for collisions following ti -me d iaba l ic  huigher continua. Contr ibut ions  from Coulombic
incoming potential , we can estimate the total  lie’ + Ho ’ states lead ing to long-range autoioniza-
cross section for ionization by assuming ti -mat all lion of He are also possible. At hi gh energies
collisions reaching the continuum eventually yield and smal l impact par ameters , t ransi t ions to
ions. At c .m. collisian energies between 100 and autoionizing neutral He ** states are also expected.
500 eV , we calculate that the total cross section Even thoug h most collisions occur along the =
for He *(2 S) ionization r anges from l x  10-fl to or 

~~~~~~ 
ad i abatic potentials, the major

3 x10 ’7 cm 2; it shculd be signif icantl y larger for contribution to ionization comes from those pro-
He *(2 ‘S) at these energies. At very high energies ceeding diab atically into  the cont inuum. Signif i-
where almost 100 % of the particles would be fol- cant contributions to ionization from the 2 ‘S
lowing the diabatic potential , the cross section metastable seem likely even thoug h it is expected
becomes to be a n-minor component of the beam ,

Note added in p r o of .  A recent theoretical  studs-
~ irR~ ‘ by J. P. Gauyacq IJ . Phys. B (to be pub lished)I

suggests the importance of He (1s 22s) He ’ states
where the factor comes f rom the fact that onl y in ground state He-He collisional ionization,50’~, of ti -me He ’(23S) + He particles follow the
gerade potential curve , and R , i s the distance

-~ ( I( ‘~OW L.l I)( ~M F NUSwhere the diabatic potential  crosses into the
He 2 ’ e cont inuum,  Since R~~~2.8a 0, we obtain a We appreciat e Dr. R Morgenstern n-mak i ng
high energy resul t for ~~~ of 3.4 x 10’16 cm 2 , available to use a preview of the electron energy
which is in extremely good agreement with the distribution measurements from Freiburg . K.T.G.
measurements of Gilbod y c/ al. ’ in the c.m. acknowledges helpful conversations with Dr . M.
energ y range 15— 175 key, Barat , Dr . D. L. Huesti s , Dr. D. C. Lorents , Dr .

To assess the contribution of collisional ioniza- R. P. Saxon , and Dr. A. Salin regar ding this  work .
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Appendix B

THEORETICAL INVESTIGATION OF A NECHANISM FOR ION

PRODUCTiON IN COLLISiONS OF NETASTABLE He WITH He:
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1
E 
+ STATES OF He

— g 2

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ J~
--— -  1 , .



.

~

1II!

P i I Y S I C - ~~i, R I V I K W  A % O i . I J % I I- , i S , “ ( ‘ M I l l- K 2 I- F lt I 1 I - t l l ~~ ‘ 0 7 7

Theoretica l investigation of a mechanism for ion production in collisions of metastable lie
with He : Ab m i/b potent ial curves for 

~~ 
+ states of He2 1’

Roberta P. Saxon and Keith T. Gillen
Molecular Physics Center , Stanford Research Instit ute , Menlo Park , California ~?4O25

Bowen Liu
IBM Research Laborato ry. Sari Jose, Ca lifornia 95114

* (Received i3 September 1Q76)
The mechanism of an observed Ionization channel which prod uces He ’ at an energy kiss of 3 8.7 ~- O S  eV in

lOO—200-eV (c m. ) collisions of metastable He atoms w i t h  gro und state He atoms was invest igated . it is
postulated t hat flux follows the diabatic sing ly excited ~~

,
‘ state associated with  He (2 S) projectiles and then

transfers to the doubly excited ‘ * state corresponding asymptoticall y to 2He (2 ‘S) aut o ion ,zat i on follows at
large internuclea r separations. Ab initi o calculations were performed on four He 2 States of 1, 

- symmetry for
internuclear separations of 0 72a 0 to 20.0a5. The classical deflection function for the mechanism stated above ,
generated from the calculated potentials, is consistent with  the experimental angular dis t r ibut ion of the
product ions.

INTRODUCTION stood are the energy loss of 18.7 ± 0.5 eV and the
sharp angular peaking at a reduced angle r = E 8

A large amount of physical insight into the de- of ‘-450 eV deg.
tails of atom-atom and ion-atom interactions has The constraint imposed by the small  ang le
been gained in the last ten years from a combina - threshold for process D is the most stringent . In
lion of theoretical and experimental work on scat- order to lose 18.7 eV of relative translationa l
tering processes involving light atoms or ions .’ energy,  the interacting particles must climb a
Much of the progress has been due to improve - steep repulsive wall which would give much larger
ments in the computational techniques that have deflection angles tha n those observed experimen-
been used to generate the interaction potentials. tal1~t.  To explain low angle scattering, one must

In the preceding paper , Gillen el al. 2 describe invoke an inelastic transition to an excited curve
measurements of the ionization oi a 100—400 eV which is strongly attractive at relativel y small
metastable He t beam colliding with ground-st-ate distances. This attraction would deflect the tra-
He jectories back to small scattering angles in a way

- similar to that previously described for the majorHe t + I-le — He + H e + e .  (1) , . .  .
~ -ionization channel (feature A )  in this system.

One of the ionization features observed at center- As noted in the preceding paper ,2 energy loss
of-mass (c.m.) collision energies E cm 100—200 eV values below 24 eV imply that the He and lie prod -
(labeled feature D )  yields He ions at a c.m. t rans-  ucts are both in their ground electronic states and
lational energy loss of 18.7± 0 .5 eV with an angular the excess energy loss above that necessary to
distribution peaki ng sharply at a value of r = ~~~~~~ 

ionize the metastable must reside in the outgoing
w 450±40 eV deg. Although the metastable beam electron energy. A fixed energy loss independent
probably contains a much larger fraction of of scattering angle implies a fixed energy of the
He *(2 3S) than He ~(2 ‘S) ~2 no mechanism involving emitted electron. The postulated upper state with
the 23S component of the beam could be found to an inner well , required by low-angle scattering,
explain feature D. This paper postulates an ioni - must be a He 2 in termediate autoionizing state

- 
‘ zatlon process involving the 2’S projectiles as since the 18.7 eV energy loss does not allow any

being responsible for this feature, We examine excited He 2 states to be populated. Autoioniza-
the requirements imposed by the experimental tion of this Intermediate state y ields the ground
observations and verify, through ab inilio calcula - state product s and an electron whose kinetic ene r-
tions of interaction potentials and deflection func - gy is the difference between the measured energ~;

— 
tion ana lysis , the ability of the proposed mechan- loss and the energy loss necessary to ionize the
lam to match the experimental observations. metastable.

The fixed energy of the ejected electron indepen-
BACKGROUND den t of scattering angle requires that the observed

The most Important properties of the expert- ionization takes place at internuclear separations
mental collisional Ionization f eature to be under- R wher e the potential curves for the upper auto-
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ionizing molecular state and the fina l ion state diahatic ‘
~~ .,

• poten t ia l  cur v e  i n to  small  t i t ( er n s i  -

are nearly parallel. This can most reasonably clear separation. in th is  r asi-  - It s can cross to
occur at large R where neither of the curves do- tIn ~ ‘~~~‘ doub ly  ~xcil . ’d cu t - v t -  i i i  t in- region ii? a
vlates significantly f rom its asymptot ic  l i m i t .  dr-op inner potent ia l  sss-Il m d  depart  to large dis-
It also follows that the observed energ y loss of tances with Ionization taking plac e where t h -  l i t ’ ’
18.7 ± 0.5 eV is very nearly equal to the asyrnpto-  + lie ’ curve is essent , .,t ly  paral le l  to the lIe ’ 4 lie
tic energy difference between the ini t ia l  state and potent ia l .
the (intermediate) autoionizing molecular state. This model doe s not preclude ionization events

The criterion of asymptotic energy difference at smaller R;  these events would yield a d i st r ihu-
may be used to determine the ident i ty  of the reac - tion of energy losses and scattering angles that
tants and the products. The He ‘(2 ‘

~ ) + He ‘(2 ‘S) may be too diffuse to be observed in the labora -
limi t , the lowest limit with two excited He atoms , t o ry ,  Ionization at the t u r n i n g  point ( m i n i m u m  11)
is asymptotically 19.0eV higher than the lie ‘( 2’S) mi ght be very intense , hut escape observation due

-
~~ 

- + He( l ‘5) limit and 19.8 eV higher tha n the to deflection to large angles where the i n t e n s i t y
He ’(2 3S)+ He( l tS) li mit. Therefore , the observed is t iiasked by a large numbe r of other ionizat ion
energy loss strongly suggests that the in te rmed ia te  processes involving t~~’ He ’(2 ~S) or H e ( l  ~ ) corn-
autoionizing state has the He ‘(2 ~~)+ lie ‘(2 ’s) as- - ponents of the bean . in contrast , all ionizat ion

t 
ymptote and that the initial reactant is the 2~ S events at large R v.slues would yield near l y  identi-
component of the beam. cal energy loss values (19 eV).

The identity of the molecular states involved We have therefore undertaken mult i -conf i guration
may be determined by simple s y m m e t r y  cons ider -  self-consistent-field (MCSCF) calculations on four
ations. The two molecula r states ar i s ing  out of He 2 states of ~ s y m m e t r y ,  the ground state , two
the He ’(2 ’S)+He(I 5S) asymptote have ‘‘  and singly excited states and the doubly excited state
‘2 ,• symmetr ies , respectively, whereas the three dissociating to two He ’(2 ’S) in order to look for
states arising from the He ‘(2 ‘S) + He ‘(2 ‘S) asymp- the suggested well in the latter potential at small
tote are of ‘s, ,  ‘Z~

•, and ~L~’ s y m m e t r y ,  respec - internuclear separations . The classical deflection
lively. The only possible connection between function ~sas then computed for the process in
these two sets of states is the radial coupling be- which the He ‘(2 ‘S) metastable initially follows
tween the tw o ‘2~~ states. It follows then that bot h the incoming si ngly excited diabatic potential and
the Incomi ng and the outgoi ng molecular states then follows the doubly excited autoiom zing state
are of the ‘l ,’ symmetry. In addition , earlier on the outgoing channel. The classical deflection
consideration of the observed small angular function was found to be in qualitative agreement
threshold already has led us to conclude that the with the experimental observation , lend ing support
upper ‘E , states must have a deep potential well to thi s explanation of the 18. 7 eV energy loss pro-
at ema l iR ,  cess.

Previous calculations 4”' of the states of He 2 from
the 2He *(2 ‘S) asymptote , chiefl y by Garrison MtT H OI )  OF C AL ( ~UL4 TI ON
ci al.” onl y provided information at internuclear
separations greater than 4a0. Their calculation Approximations to the Born -Oppenheimer elec-
for the ‘2~~ state showed a well of — 0 . 6  eV dep th tronic wave functions and ene rgies were calcula-
near 6a0 and was repulsive at 4a0. However , the ted using the MCS CF method. The wave function
existence of a short-range well in the potential of a desired electronic state was expanded in a
curve of the doubly excited ‘~~~~ diabatic state from limited N-particle basis set of orthonorma l con-
the 2He ‘(2 3S) asymptote is at least consistent figuration state functions (CSF). Each CSF was a
with the following simple chemical consideration, linear combination of Slater determinants (SD)
At Large R the 2s orb ital s interact attractively and such tha t it had the symmetry and multiplicity of
this is responsible for the long-ra nge well. A the desired electronic state . The SD’ s were built
ba rr ier develops at smaller R due to electrostatic from an orthonormal one -particle basis set of
repulsion of the ion cores. At even smaller dis- symmetry and equivalence r estricted spatial orbi-
lances , however , there is strong bond ing due to tals. The spat ial orbitals were expanded in terms
overlap of the core Is orb itals and this may pro- of a basis set of Sister-type functions centered at
duce a deep inner well, the atomic nuclei. The expansion ccefficients ,

Theref ore , all the experimental facts for ionfza - both N -  and one-particle , were determined varia-
tion feature I) might be consistent with the follow - ttona lly .
ing mechanism. Analogou sly to the mechanisms The He basis set used in our calculation Is given
found in the preceding paper , the reactants in Table I . The Is exponent s are taken from the
He (2 ’S)+ He( l ‘5) Init Ially follow the repulsive triple zeta basis of Clementi and Roetti.4 The 2s
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TABLE I . Orbital exponents. KL SUL 1S AN 1) I)ISCUSSION

is 4.346 20 4. 17 Adiabatic potential curves for the singly and
is 2.780 2/’ 2.09 doubly excited ‘Z~,’ states of 1152 are show n in Fi g.
is 1.453 2/’ 1.04 1 , while data for all states calculated are given2s 1.0 2/ ’ 0 .52

in Table U. The ionic curve to which the assumed2s 0. 65 
autoionization occurs is also indicated. The dia-2s 0 .46

________________________________ _______________ ba tic potentials are indicated by the dashed lines.
It is clear from the figure th at the avoided cross-
ing between the highest two adiabatic states (or

exponents of Garrison et al.” from a double zeta actual crossing of the diabatic states) near 1.5a~set were augmented by an exponent of 1.0, the takes place over a rather oarrow region. Exam-
hydrogenic value for Be 2s and 2p, the united-

~ atom limit of He2. The largest 2/’ exponent was
26chosen to give a maxj mum overlap with the domi-

nant is basis functi- ’n , ~ = 2.780. The remaining

L

~~~ 

2p exponents were taken to evenly span the space
24 -between 4.17 and approximately 0.5. The hy dro-

genic Be 2/’ value is included by the procedure.
The MCSC F calculations included all CSF ’s that

I 22 -can be constructed by distributing four electrons
In fou r orbitals:

ground state : io-~io~, 20 -

singly excited : 1a,l~~2a, 
18 - He (23S) + He (2 3S)1~~~1a,2a,,

doubly excited : lcr,22o~ >a
>

1a,~2a~

ia~2o~

1~~2a 6 -

4 -
1a,1a,(iZ,*)2a 2o~(iE u )

2 - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I

where the la, and Ia1 orbitals correlate at the
separated-atom limit , with the Is orbitals of He , 0 - He (2 ’S) + He ( 1 ’S) -

~and 2a, and 201 w ith the 2s orbitals. The wave
functions for the four lowest ~~ states , within
the manifold of the configurations listed above , I I I I

were determined in a single MCSCF calculation , 0 1 2 3 4 5 6 7
* where a weighted average of the energies of the R (a 0 )

four slates was minimized. Since we were chiefly FIG. 1. AdiabatIc 1102 ~72,’ potential curves calcul ated
Interested in the features of the doubly excited here are plotted wi th  solid l ines .  Top curve  is the dou-
state , the highest state was weighted more heavily bly excited state. The other solid curves are sing ly cx-
than the others In our calculations. To avoid nu - cited state s . The ground st ate has bern omitted . Dia-

- ~ merical difficulties caused by linearly dependent ba tlc states are Indic at ed by dashed lines . The points of
basis functions at small Internuclear separation , Gutw,-man and Goddard (Ref. 7)~ translated to agree as-
the overlap matrix was diagonaiized and all elgen- yn iptotic al ly with the pr ’csenl calculation , are given by

large dots, The dotted curve approximates the ~~~vectors with elgenva lues less than 1 X 10~ were state of He 2 ’ - Although lle (2 ~~ is not a stable species ,
excluded from our calculations . The MCSCF pro- i-le ’(1 2 S)+ H e (2 2S) is the a ppropriate asymptotic ri esig-
gram developed by J. Hlnz e was used in these nation of the higher singly excited state. A symp t imt i ’a I I y
calculations . l i l i e s  above the ~~~ He2 ’ state.
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inatlon of the coefficients of the CSF ’s In the wave in Fig. 1 smoothly connect the adiabatic poten tials
functions shows that the crossing occurs between calculated here. The points havu been translated
i.4a0 and 2.0a0. Thus the description of the dia - upward by 0.05062 a.u . to bring the asymptote into
batic potential by simply drawing a smooth curve agreement with the present calculation. Their
connecting points in the adiabatic noncrossing adiabatic calculation had a welt dept h with respect
region was quite reasonable for our purposes here, to the asymptote of 0.644 eV at R,= 2 .l7a~ compared

The doubly excited diabatic potential curve with 1.18 eV at R e — 2.13a0 for the present work.
showed the expected inne r attractive well at about The singly and doubly excited He 2 ‘2 , states also
1.404,. It Is bound by approximately 0.4 eV with have been included in a calculation by Gauyacq,’
respect to the two lie *(2 3S) asymptote and is ap- but the incoming diabatic state appropriate to this
proximately 4.0 eV lower than the hump in the experiment has not been estimated in that work.
potential curve at 2.5a~. The potential also is A calculation9 of the ground state and lowest doubly
attraotlve at long range , in this calculation being excited state of He 2 at very small internuclear
bound by about 0.13 eV around 7a0. The calcula- dis tances produced a higher energy at 2.0a0 than
tion of Garrison et at.5 gave a depth for the outer at I.Oa ,, for the uppe r adiabatic state , but the im-

- 
‘ well at 0.56 eV at an R , of 6.34a0. Since their plication of a possible well at intermediate dis-

calculation was designed to realisticall y repre- tances was not discussed. Another recent cal -
sent long-range effects , while in the present work culation ’° using a very simplified model gave a
we were Interested in describing the short range , diabatic doubly excited ‘l ,’ state in qualitative
this discrepancy In the outer well was quite accep- agreement with the present results.

~~ table. The classical deflection function for a curve -
The singly excited states of lie2, also shown in crossing collision was calculated using the pro-

Fig. 1, may be observed to go through a rather cedures outlined by Olson and Smith.” In this
broad crossing. Although He (2 ‘5) is not a stable calculation the initial state was assumed to be the
species , He (i 2S)+ He~(2 2S) is the appropriate diabatic ‘l ,• state correlating asymptotically to
asymptotic designation of the other singly excited He ‘(2 ‘S)+ He(l is) since the state correlating adia-
‘E, state , the first being the incoming channel , batically to the reactant s cannot interact with the
He ~(2 ‘S)+ He( 1 ‘S). These states have been cal- outgoing molecular state except at very small R
culated by Guberman and Goddard (GO)1 both in an (Table H) and must therefore yield unacceptably
adiabatic and fixed orbital (diabatic) representa- large deflection angles. The outgoing state in the
tion. The diabatic results , given by the large dot s deflection function calculation was the autoionizing

TABLE U. Calculated potential curves for four ‘Z, states of He 2 in atomic units .

Grou nd Singly excited Doubly excited
R la .) state states states

0.75 —4 . 105 283 —4 .027943 —3 .970071 — 2 . 177459
0.80 —4.263 832 — 4 . 177 596 —4 . 073 123 —2 .442453
1.00 —4.735469 —4 .579067 —4 . 275862 —3 ,24 1 114
1.15 —4 .978 981 —4 .754 282 —4 . 313 94 1 —3 .653 895
1.25 —5 . 106667 —4 .833966 —4 .314419 —3 868 054
1.35 —5 .2 12513 —4 .892 529 —4. 304558 —4 .044 137
1.40 —5 .258314 —4.91560 1 —4 .297 587 —4 . 119 744
1.50 — 5.337807 —4 .951567 —4 .290011 —4.241862
1.75 — 5.480 107 — 4 .999 543 —4 .498 044 —4 .226374
2.00 —5.566 20 1 —5012056 — 4. 649280 —4 . 189862
250 — 5. 648266 —4 .996064 — 4 . 807 032 —4 . 167 825

* 3.00 —5 .677 560 —4 .972506 —4 . 869955 — 4 . 187 746
3.50 —5 .687938 —4 .959292 —4 .89 1901 —4 .2 17097
4.00 —5 .691368 —4.9538 99 —4 .898 389 —4 .245 627
4.50 —5. 692 148 —4 .952413 —4 .899824 —4 .269326
5.00 —5 691 904 —4 ,9536 12 — 4 . 898843 —4 .2 85 788
6.00 —5 .690 849 —4 .958 515 —4.893 131 —4.300 94 7
7.00 —5.690 111 —4 .98278 8 —4 .885073 —4.303 330
8.00 —5.689.939 — 4 . 966215 —4.874 653 —4 .302298

1O 00 — 5. 690 146 —4 .969825 —4 855 112 —4.30044 2
20.00 —5 .690 028 —4.970 835 —4. 812 138 —4 .29 8498

____ —~~~- - .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - 
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state correlating to 2He *(23S). To obtain the dia- 1200 i ~ T I I I I I
bs~ c potential for the incoming channel , the fol-

r - 
lowing points were smoothly connected: values fl00 - -

from the highest adiabatic state for 0.75a0 < R
I,, < l.4a~, the second to highest for 1.5a 0 < R < 2 a 0,

GG values at 2.6 , 3.0 and 4.2 a~, and values for i ooo — -

the third adiabatic state for R >  4.5a 0, where the
crossing was bridged as shown by the dashed line .
The ab initio calculation gave the asymptotic sep- 900 - -

aration of the incoming and outgoing states as
18.295 eV. For the deflection function calculation , 800 - -

the upper curve was tra nslated to the spectroscopic I 
-

separation of 19.023 eV. -

The branch of the deflection function that yields 700 — -

the minimum scattering angle at each impact ~,
parameter is the one for which the particle goes
adIabatically In Its first transit of the crossing 600 -

I 
at R — 1.5a0 and diabatically in its second transit.

t. That branch of the deflection function for a colli- 500 -

slon energy of 100 eV is plotted vs impact param-
t eter in Fig. 2 . The smallest scattering angle fou nd

In the deflection function is approximatel y 3.0° 400 - -

(300 eV deg).
From this minimum in the deflection funct ion , 300 - -

the semiclassical Airy function analysis of Ford
and Wheeler” was used to predict a quantum me-
chanical rainbow at r 490 eV deg. The experi- 200 - -

mental cross section peaks sha rply at 450 eV deg
and is in excellent agreement. At wider scatter- 100 eV
ing angles , other processes not considered in this - -

paper also contribute to the 19-eV loss ,’ but the
isolated feature peaking at small angles and an 0 I I I I I I - -

energy loss of 18.7 eV is certainly totally con- 0.5 1.0 1.5
1• d etent with the assumed mechanism. b (a 0 )

It may be noted that the calculation of Garrison -FIG . 2. Reduced classical deflection function ~~~~~~~~~et al., which is expected to be the most reliable at (where U is the c.m. deflection angle) plotted versus rn-
large internuclear separations , had an outer well pact parameter b for a collision where the In it i al  chan-
approxImately 0.56 eV deep . If molecular ioniza- net is the diabatic state correlat ing to Iie ’(2 ’S) + He( 1’S),
tion takes place in this outer well region rather the final cha nnel is the diab atic state corre lating to
than at larger distances , the energy loss could be 2He °(2 3S), and the flux transfers from the Init ial  to the
lower than the asymptotic 19.0 eV value by the final channel the f irst  time It traverses the crossing.
amount of the well depth. The measured energy
loss of 18.7 ± 0.5 eV allows this possibility, and the turning point since that process would yield
the deflection function for this process would scatteri ng at wide ang les which would be difficult
deviate Insignificantly from the case where ionlza- to resolve from other channels; but the evidence

- ‘ tion occurs at larger distances, of long-range autoionization cannot be taken lightly
Long-range molecular autolonization from the as it suggests t hat an observable fraction of the

same doubly excited state discussed here has , doubly excited reactants escape from small R
however , also been observed by Gerber et at .” without having autolonized . This result also pre-
in the case of ground state He + He collisions. The dicts the observation of scattered neutral He ‘(2’s)
electron energy distribution ’4 for autoionization + He ‘(2 ’S) products with the same angular distri-
from this same E excited state peaks at 15.0 eV bution and energy loss as that of the observed He
at a collision energy comparable to ours ; this ions since autoionlzation at large R also undoubt-
would Imply an energy loss peaking at 19.0 eV In edly takes place with less than unit probability. A
our experiment , similar prediction for ground-state He+ He colli-

The present experimental data by no means sions has been confirmed by Morgenstern el at.”
precludes the existence of intense ionization at and studied In detail by Brenot et at.’°

~~~~~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ~~~~~~~~~~~~~~~~~~~~~~~~ .~~~~.
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Finally, It Is desirable to estimate the proba - be compensated somewhat by an increase with
bility for following the postulated pot ential curves, energy in the fraction proceeding diabatically into

The approaching He ’(2’S)-i- He( 1 ‘S) reactant s must the continuum , although that fraction is already

first follow a diabatic Z,’ curve into the cont inu - quite large at 100 eV. Since the total ionization
urn , transferring from the lowest excited adiabatic cross sections for both the singlet and triplet

curve to a higher one , then proceed adiabati- metastables are expected to increase substantially
cally in the first passage through the crossing re- with energy as the initial diabatic probability in-

gion with the doubly excited ‘l ,° curve, creases , the fractional contribution from process
The Landau-Zener theory may be applied in L) to the total cross section may be expected to

this latter crossing region , estimating the strength decrease as the relative energy increases beyond
of the dlabatlc coupling from the splitting between 100 eV.
adiabatic potentials . At a c.m. collision energy No di rect experimental comparison of the inten-
of 100 eV and for impact parameters between 0.9a0 sity of feature D with the other ionization channels

and 1.3a0, the region of the deflection function can be made , since the ratio of He ’(2 ’S) to
corresponding to the peak in the cross section , the He ‘(2 3S) in the beam is unknown and may even
probability for an adiabatic passage through this vary considerably with beam energy. Neverthe-
crossIng region on the incoming trajectory lies less , the expected energy dependence leads to the
between 5 and 20%. It is then clear that a signi- conclusion that this channel might be more diffi-
ficant fraction of the trajectories which reach this cult to observe at collision energies higher than
crossing continue In the postulated manner. those studied here. This is especially true in

It is more difficult , however , to estimate the measurement s of the emitted electron energy,
fraction of the original flux which reaches this where electrons produced at the turning point
upper crossing by passing diabatically through (process B’) yield an intense continuum electron

crossings with states arising from asymptotes energy distribution. Any attempt to measure the
lower than the 2He ’(2 ’S). Such states are not 15 eV electrons from process I) through the inter-
Indicated in FIg. 1. One may make an analogy to fer ing continuum should emphasize procedures
the He ‘(2 ‘S)+ He collision studied previously. 3 In that minimize the relative contribution from other
that case an estimate of diabatic passage was ionization channels , e.g., by working at low colli-
based on the two-state close-coupled computations sion energies and by attempting to maximize the
of Evans et al.’7 for the transition probabilities beam fraction of He ‘(2 ‘S).
at the first crossIng of the diabatic ‘l ,° curve In summary, the calculations reported here
[leading to He ‘(2 ‘S) — He(2 3P) excitation]. From were undertaken to investigate the mechanism of
the smaller gap In the analogous ‘l , curves 7 (at He’ ion production at an energy loss of 18.7 eV in
the crossing leading to He ’(2 ’S)— He(2 ’P) excita - collisions of metastable He atoms wit h ground-
tion) , one estimates at 100 eV c.m. the fraction of state He atoms. The results are consistent with
2’S coillsions which Initially proceed diabatically the postulated Ionization mechanism that flux fol-
is probably substantial , perhaps as much as 30— lows the diabatic singly excited ‘l ,• state associa-
40% of those following the incoming ‘l ,’ potential . ted with He ‘(2 ‘~ ) projectiles and then transfers to
In estimating the probability of diabatic passage the doubly excited ‘~~~,

° state corresponding asymp-
through subsequent crossings , it may be assumed toticaily to 2He ‘(2 3S). It also appears that molec-
that coupling matrix elements for the singlet mani- ular autoionlzation occurs from the latter state
fold are similar to those for the triplet states , at large Internuclear separations where it is es-
whlchhave beencalculated by Cohen.” From these sentlally paralle l to the He ,° potential.
triplet matrix elements, the Landau-Zener theory Note added in proof. It has come to our attent ,on
predicts a probability of 80% for going diabatically that some of the states calculated here also have
through all subsequent crossings for the impact been determined by J. P. Gauyacq [J. Phys. B (to
parameters considered here, be published)1 in his study of ion production in lie
The above resu lt has Interesting Implications ground-state , ground-state collisions.

for the energy dependence of feature D. At higher
collision ene rgies than 100 eV , a smaller proba - ACKNOW LEDGMENT
bllity of adiabatic passage through the fina l cross-
ing with the outgoIng 2He ‘(2 3S) state would tend We gratefully acknowledge the usual enlightening
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!€TASTABLE RARE GAS COLLISIONS AT
*INTERMEDIATE ENE RG IES (5-3000 eV)

Keith T. Gillen
Molecular Physics Center

SRI Internationa l (Stanford Research Institute)
Menlo Park, California 94025 U.S.A .

INTRODUCTION

Appreciation of the detailed dynamical information available from scattering

experiments has caused a tremendous increase in the quantity and quality of col-

lisional, work in the two decades since the f irst  ICPEAC . However , it is only

in the last few years that experimental work involving electronically excited

projectiles has made a significant contribution to our understanding of col-

lisiona l processes . For several reasons much of this work has involved metastable

rare gases. Meta stable rare gas beams can be efficiently produced at thermal

t energies by electron bombardment of neutral atoms and at higher energies (> 10 ev)

by near-resonant charge transfer of rare gas ions; efficient detectors exist for

single particle counting techniques . The metastable electronic energy levels

— for th. rare gases vary over a wide range (8.3 eV-20.6 eV) , allowing a myriad of

processes to be studied in a systematic manner. finally, there exists intense

interest in visible and uv laser systems involving various modes of transfer of

elec tronic excitation from metastable rare gas atoms and diners to other species .1 —

Hence , metastable rare gas interactions are now and should remain important

prototype systems for the understanding of many of the genera l properties of

excited state interactions.

Experiments near thermal energies2 are generally more directly relevant to

3 the understanding of discharges , lasers , and other excited media , and of ten have

the advantage over experiments at higher energies that only a few potential

energy surfaces are energetically accessible. However, despite the added compli-

cations and less direct relevanc e of experiments at moderate energies (> S eV) ,

they hay, unique advantages as veil.

Firstly, therma l energy experiments will not always be able to exp lore

important regions of the interaction potential , at small internuclea r distance r.

L 
That fact is obvious for consideration of important couplings between potential

surfaces high on their inner repulsive valls. Less obvious is the problem
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associated with the investigation of deep chemical (excimer) wells. Thermal

collisions which are very sensitive to shallow Outer (van der IJaals) wells may

not have sufficient energy to surmount the small barrier between the van der

Waals well and the deep inner well. Even if the inner well region is explored ,
3

the resultant scattering may be too diffuse to yield any details on the shape of

the potential. Interactions at moderate energies , in contrast , are not sensitive

to ahatlow van der %laal’s welta and sinaul barriers ; henc a one can concentrate on

potential surface features at distances inside the van der Waa l’s region. Recent

work of Trujillo
4 

on velocity selected beams of metaatable He from an arc heated

source spans the beam energy range from therma l to 10 eV . This technique also

holds considerable promise for studieS of deep chemical wells ,

Secondly, the easy variation of collision energy possible with charge trans-

icr production techniques allows observed collisional features to be examined

over a large energy range. This fact can often help to unravel complicated

scattering patterns associated with the large number of potential surfaces

accessible in a collision system; characteristics of the energy dependence

associated with a given feature can often be used to infer the mechanism involved. 11
Hence by spanning a range of collision energy , one can hope to observe , character-

ize, and identify at least the major collisional features important in different

energy regimes ,

A third advantage for studying metastab le interactions at elevated energies

is the existence of a large body of detailed work on electronic excitation in

collisions of ground state ions and atoms with various targets in this same energy

range. This work5 not only has led to a characterization of the energy and

angular dependence of the scattering associated with various prototype surface

coupling mechanisms, but also has yielded results directly applicable to the
*metastable interaction experiments, for example , the lie + He collision, which

I plan to discusa at length in this report , explores the same set of potential

surfaces applicable to He + He collisions and its core (is electron) interaction

migh t be expected to have many similarities to the well-studied He’~
’ + He system.

Since intermediate energy metastable scattering has not been reviewed previously,

I will briefly eunznarize the experimental, accomplishments in this area in addition
*to a more detailed discussion of very recent work on the He + He system . Recent

progress on elastic scattering of metaatab le rare gases at lower energies is

b eing reviewed elsewhere in this book .6
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- 
EXPERIMENTAL

Near-resonant charge transfer of rare gas ion beams in alkali targets 7 can

efficiently produce metastable rare gas beams of energies greater than 10 eV .

The beam produced can then be caused to interact with another beam or with a

target gas; and the product ions, electrons , photons, or neutral atoms can be

det ected.

SCATTERING TO CAPACITANC E

A PERTURE 
GAS INLET MANOMETER

FOCUSING LENSE S ION GAUGE~1~~~~I 127’

I ON SOURCE SE AM ALKALI T R A P ‘
~ J ~k~~~

,
AN AL V ZE R

/ DEP LECTORS OVEN HEATER /

I 1 CURRENT / DEFINING A /7 1Y~-’ DETECTOR
tMONITORS/ APERTURE / \ ç/ ,

~ 
—

~
--
~~I SCAT1’ER)NG DEFLECTOR

DIFFUSION L _..~ 
CELL MAIN CHAMBER

FA RA DAY CUP 

- COLL IMATED BEAM

ION SOURCE CHAMRER AND DEFLECTOR DIFFUSION

Fig. 1. Metastable Differential Scattering Appara tus at SRI

8Shown in Figure 1 is a differential scatterin g apparatus at SRI where both

product ions and neutrals can be examined. Rare gas ions are extracted from a

discharge and focussed into a charge transfer cell filled with alkali vapor. The

product fast neutral , beam (after deflection of unreacted parent ions) enters a

collision cell filled with target gas . Rotating around this cell are two channel-

tron detectors . One channeltron is mounted behind an energy analyzer and can

measure the energy and angular distribution of product ions . The other detector

views the scattering cell directly and is generally used to measure the angular

dis tribution of product neutrals , whose energy spectr~~ can be determined by a

time-of-fligh t (tof) technique involving electrical pulsing of the parent ion

beam before it enters the charge transfer cell.

Clearly, this apparatus uses a slight modification of techniques commonly

aoplied to ton-atom scattering. Other experimental techniques app lied so far in

this energy range (5 cv to 3 Key) are also similar alterations of ton atom
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experiments. Hence , I will concentrate here on a couple of experimenta l

problems unique to metastable collision studies .

Charee Transfer and Beam Composition

For each rare gas ion R
+
, one or more alkali atoms H can be found where

charge transfer into the lowest excited rare gas neutral states

+ * +R + t 1 -’ R + M

is nearly resonant. At beam energies above approximately 10 eV , these cross

are large (10-100 ~
2
) and efficient conversion of the ion beam to

excited neutra ls is possible ,
10 12 For He , the states 2

1
S, 2

1
P , 2

3
S, and 2

3P are

predominantly produced and after fast radiative decay

He(21P) ~~~~~~~~~ 
~~ He (l 1S)

01% *—3- He (2 S)

and 
* 3He (23P) > He (2 S)

* 1the forward scattered neutra l bean is a mixture of the metastables He (2 S) and
* 3  1

He (2 S) and the Re(l S) ground state. The heavier rare gases can be similarly

produced in the metastable and 3P
0 

levels and low-lying radiating states .

Again after radiative relaxation , the resultant beam is a mixture of two neta-

stable states and the ground (
1S0

) State. Some ‘S
0 

ground state atoms may be

fo rmed directly in the charge transfer step by production of alkali ions in

excited electronic states.
13

Although these charge transfer techniques have been used widely to produce

netastable beams of energy greater than 10 eV There exists no complete experi-

mental determination of the composition of any beam produced in this way , Several

theoretica l investigations of the charge transfer reactiou have yielded estimates

of the composition of the neutral beams,
1012 but the calculations are of unknown

reliability and have not been adequately tested against experimental measurements.

For He+ charge transfer with Cs , theoretical calculations predict a large ratio
* 3 * ~- lO llaof He (2 S) to He (2 S) in the beam . Experimental evidence for this sane

conclusion exists at beam energies below 50 eV from rainbow scattering experi-
* 8 *~~~ 14ments on He + He and from Re (2 S) remova l by a quench lamp technique .

Neither experiment , however , yielded information on the fraction of lie(l
1S) in the

beam. Recently Neynaber and Msgnusen15 in a merged bean experiment determined the

Re (11S) fraction by monitoring its subsequent reactions with vario~s ions under
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conditions where reaction of the metastabl-e components would be unobservable.

Their results for severa l charge transfer pairs at energies above I Key gave no

information on the relative populations of the two metastable components. (The

first complete determinations of state populations for fast, charge-transfer

produced He beams were reported at the Paris ICPEAC, see Ref. 63.]

-: When using a mixed beam of unlatown composition for subsequent scattering

experiments, one most obviously be careful that a specific scattering feature is

* identified with the beam component responsible. The e f f e c t s  of the ground state

P are easiest to surmise, since one can produce and scatter a pure ground state rare

gas neutral beam of the sane energy by replacing the near-resonant alkali charge

transfer step with a resonant charge transfer in the parent rare gas.

Separating the contributions from the two inetastable states is not as simple.

Often a knowledge of the relevant interaction potentials
8’16 or a clever choice

of experimental conditions1’7 will allow one to associate a specific scattering

feature with one of the metastable states in the beam, Otherwise a certain

ambiguity remains .

At therma l energies a quench lamp can be used to remove the 21’S component
* l8a

from a He beam

* 1  
_ _ _  

1He (2 S) + h”(2 .O6~ ) ~~~~ He(2 P)

hu 
~~H e( l 1S)

584X

* 1  * 3allowing separate determinations of He (2 S) and He (2 S) scattering. At energies

above a few tens of eV, the absorption line is Doppler shifted far enough out of
14 * 1

resonance that the quench lamp cannot efficiently depopulate the He (2 S). The

problems caused by the Doppler shift for moderate energy beams imply that either

intense tunable or broad band light sources should be more successful quenchers ,

and laser-induced-fluorescence techniques could eventually be used to monitor and

alter beam compositjons.l&b

Detection Efficiencies

Scattered particles are detected individually on channeltrons and the key

determinant of the detection efficiency is the secondary electron ejection

coefficient for the particle on the surface of the channeltron. Electrons or

ions can be pulled into the detector at high energy and detected with efficiency

near unity ;
19 

however, neutral particle energies cannot be altered as they enter

the detector . Little is known about the secondary electron ejection efficiency
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of meta stables at  mode rate energies,2° although the detection efficiency
8 2 1  + 1 * 3ratios of Re to Re(l 5) and Be (2 5) have been deter-mined . Operating at high

+ *
enough energies that the detection efficiency is comparable for R , R , and R is

the best way to remove any ambiguities caused by variations in detection effi-

ciencies. For He this energy is approximately 400 eV . On the contrary , one

often prefers to have large differences in detection efficiency . To observe g-u

symmetry oscillations
22’23 from excitation exchange channels

* *R + R - R + R
a. 

*one must choose energies where the detection efficiencies for R and R d i f fe r

significantly. At low energies, ground state rare gas atoms have very low detec-

tion efficiencies and pure metastable scattering
6’8’16 can be studied .

RESULTS

A compilation of experimental results for moderate energy (5-3000 eV) col-

lisions involving rare gas metastable atoms is presented65 in Table 1. Several

aspects of the tabulation need be explained . First, a specific metastable bean

state is indicated when experimental evidence exists to indicate that the observed

scattering can be associated with that particular component of the beam. When

both states are specified in Re total destruction cross section experiments , the

two attenuation cross sections have been determined separately by a technique

that monitors the decrease in each metastable component.
17 

The merged beam

technique is capable of total cross section measurements and limited differential

scattering information spanning the c.m. energy range from thermal to the kilo-

volt region; however, only those systems which have been studied at energies above

5 a’! are listed here. Worth special note is the merged beam measurement of

* *associative ionization involving two metastables He and Ne . Preliminary total
4 *

cross section measurements of Trujillo on Re scattering that extend from thermal

energies to just above the lower limit of the energy range tabulated here have

also been omitted, but should be noted (see also Ref. 64).

It is clear from Table I that the experiments so far have only examined a

small fraction of the potentially interesting collision systems involving rare gas

metastables in this energy regime. Optical data are negligible. There exist

almost no inelastic data in the keV energy range where so much work on ground

state neutral and ion scattering exists. Rearrangement ionization has hardly

been explored; no other chemical reactions have been examii*ed , even though
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TABLE 1: Metas table Rare Gas Scattering (5-3000 eV c.m.)

Projecti le Target Measurement Enerav Ranse (c .m.~ ~~~~
He R,D MB 0.05-10 eV 24

He R2 op 370 25
He H2 RI 0.05—10 26
He* He AT 300 27

T
He (2”S ) Re I’D 11-86 28
Re*(2½ ,2lS) He I’D 75—1100 17
~~~* He Op 550 25
He*(2 3S) He A 5—10 8
Re*(2½) Re TOF 8.6 29
He: He E, TOF , (I) 600-2500 ,500-700 30

He He I 50-200 31-33
*He Ne Op 920 25
* *Re Ne ME 0.01-10 34

Re C2R2 I’D 60-520 35
He*(2 3S ,21S) N

2 I’D 
- 40-1300 35

He N 2 op 960 25
- He*(2½ ,2lS) Ar I’D 64—1360 35

Re* Ar E 9—9 1 36
He* Ar A 360-1800 37

*He Xe E 8-97 36
*Re Xe E 29-485 38
*Ne H2,HD,D2 RI 2.5—17 39

He Ar ME 0.01-600 40
*Ne Kr ME 0.01-10 41
*Ne Xe E 13-87 36

Ar : C2R2 I’D 40-240 35
Ar (3P2) Ar A 5—75 16,22

Measurements
AT Attenuation total cross sections
TD Total metastable destruction cross sections (attenuation techniques)
MB Merged beam Penning and Associative Ionization Cross Sections
Op Optical relative cross sections for line emission
E Product electron energy distributions
A Angular distribution measurements
TO! Time-of-flight inelastic scattering
I Product ion energy-angle distributions
RI Rearrangement ionization, R* + H2 — p,B+ + H + e

pege 7 j
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metastab le rare gases have properties that suggest strong analogies to the very

well studied
42 

reactions of alkali atoms . Inelastic differential  cross section

data is of low resolution and has only been applied to the He + He system. High

resolution data are available for product electron energy distributions, but have
* *only been published for the collision systems He + He and Be + Xe.

The system that has received the most experimental (and theoretical) atten-

tion so far is He + Re , In the next section I will examine this collision pair

in more detail and try to summarize the most important inelastic channels observed.

This system , al though far from comp letely characterized , can still serve as a

model for indicating the amount of experimenta l detail possible with the presently

available exper imenta l tools. In the next few years , techniques for determining

and modify ing net&stable beam populations should improve considerabl y,  and many
*more systems will have been studied in much greater detail than He + He has been

today .

*He + He Inelastic Scattering

For ground state Be-He collisions , experimenta l work measuring d i f f eren tia l

inelastic scatteriug,
2t ’43’~~ product electron energy distributions,

45’46 
and

optical emissions
47’48 

from collisionally excited states has produced a reasonable

understanding of the major excitation processes involved. A useful way in which
*to introduce the framework for discussion of He + He collisions is to consider

- 
- first the important inelastic mechanisms found for ground state interactions.

The simplest starting point for a consideration of the Re
2 
collision system

is the schematic molecular orbital (MO) correlation diagram49 shown in Figure 2.

Only the important , low-lying molecular orbitals are shown . Using nomenclature

appropriate to the united a tom limit , the incoming state for He-Re collisions

is designated lS
~g

2
2P~

7
u

2
~ 

As the two He atoms approach each other, the only

obvious inelastic transitions involve a two-electron 2p~ 
2 — 2sC 2 potential

U g
coupling (radial coupling in an adiabatic description) at — 0.6 a and one and

two elec tron rotational couplings in the united atom limit between the 2p~ 
and

2pTT orbitals. Consideration of a molecular state correlation diagram derived

from the set of possible orbital occupancies shows that 2p0
0

2 — 2s~g
3sa

g 
is also

possible at small distance , since the united atom Be(ls
22s3s) 1S state lies below

the Be(ls22p 2) 
1
P ,’S levels. However, this transition would not be expected to

• 50be important except for very violent collisions . The important primary t ransi t io~m

along the entrance channel are
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a

- ls~ 
22p~ 

2 (~~ +) — ls~ 
22sa 2 (1L ~)

g u g g g g

1s~ g
2

2P~ u
2 ( l

t
g
l
~) — l9~g

2
2PCu2~

Tu( lfl g) II

1sa
g
2
2Pau

2
(
11

g
”) — l5

~g
2
2P1

~
T
u
2
(
l
~g 

and lE~
+) . III

Excitation III involves a two electron transition, with the state produced by

-
~~~~ 

- a two-step rotational coupling and the l~ + state produced either by a two-step

rotational transition through the ~~ state or by direct potential coupling.

As the atoms separate, the primary excitations would in the simplest picture

produce

I — 2He(ls2s)
3
S

II — He + He(ls2p) 1P

I~I — 211e(ls2p)

The experimental and theoreti-

- cal50”52 results for He-He collisions
- - • / •  / indicate that primary excitations

- CONTINUUM

______________________________ 
II and I are respectively the most

3c _______________________  
3D

~ 3w1 “°~ ~‘ important one and two electron
• 2pw, 25

~, excitation processes for low colli-

2* 
2,o, sion energies (below —‘ 200 eV c.m.).

44
- ‘ 2pc~ High resolution inelastic tof data

shows the importance of these two

product channels; and the theoreti-

cal calculations agree well with
the Shapes and magnitudes of the
diffe rential cross section . Optical

47measurements show a dominant

Re (2 1’P) emission. Structure in the
1w , electron energy distribution is

45 ,46dominated by a peak at 15 eV

which is caused by long range auto-

1, ionization along the state

[i**H. 1 (produced in I) when it is nearly

Fig. 2. MO Correlation Diagram parallel to (and the asymptotic
for Lowest Orbitals of Be He + He

________________________________________ 15 eV above) the lowest He2
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potential. Theoretical calculations by Olson at al.51 verify that the rotational

coupling between the 15Cg
22PCu 2PTTu ( 1’fl

g) and the LSCg
22PCu 3PCu (’tg

”) configurations

at large r (‘ 4 a
0
) does not produce more than a 10% transfer of 21P excitation

to the 2’S sta te.

At higher energies primary couplin g III begins to dominate contributions to
the double excitation process as the potentia l coupling associated with Idecreases

44
in importance. Inelastic tof profiles for two electron excitations are

dominated by a peak with an energy loss value corresponding to excitation of two

Re(2’P) atoms . Electron energy distributions
46 

show the emergence of a feature

at an energy corresponding to molecular autoionization at large distances on that

same potential. However , both the tof and the electron measurements clearly show

the importance of other states not purely associated with the primary coupling

mechanisms; and optical measurements48 show the importance of n— 3  and n — 4  exci-

tations. These additional states most be produced by secondary interactions

transferring excitation from configurations I-Ill to other configurations tha t

are crossed as the excited atoms separate from each other.

An example of a secondary interaction is the ‘TI — rotational coupling

considered above. At high energies and large acattering angles , it becomes a

more important contribution50 to the calculated cross section , transferring
- 

- 
excitation into the 21S state. The doubly excited configurations I and III can

-
~~ couple to lsag

22PC X u configurations , where is an orbital which yields an
excited Re of n ~ 3. These couplings could partially explain the optical excita-

tion da ta , yet excitations of triplet states of Re with cross sections comparable~~
to the higher (n s 3 ,4) singlet excitations seem to require a mechanism populating
doubly excited asyniptotes .47

Another secondary interaction that is possibly important even at low energies

couples primary channel I with the 1sIr
g
2P u

22st2
g(
’
~g~

’) state at their crossing

near 1.5 a . This configuration has the excited Be + core Is~ ~~~ 
2 and like theo 2 g u

He
2
+(~~g

+) state is strongly repulsive at smell internuclear distance. Asyinptoti-

cally 1cc 2pC 22sc would produce one 2s and three Is electrons. Hence , it

would seem to correlate to He(ls
2) + He (ls2s) 21S. However, the lower state

lsC
g
22pa

u3pcu(
It
g

4
~) with a 

~7 Rej” core would also naively be associated with
the same asymptote.

The difficulty lies in the extension of a molecular orbital picture to large
distances. The incoming channel designated in the MO nomenclature l5Cg

22pCu
2 can

be unambiguously connected at large r with tab ground state He( l 1S) atoms . For
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hig her states , the MO configu rations cannot be connected to a unique state of the

sepa rated atoms . For example , at very large distances , the configurations designa-

ted by Isa 22pc 3pc ( 1
t ‘f’) and lsc 2pc 22sc (11 ‘i’) would be degenerate in a MOg u U g g u g g

framework. Actually the two ~~ + states can formally yield two different  asymp-
33,50 

g
totic atomic state pairs

He( 1s2) + He(ls2s) 1S

and 
+ - 2 2He (ls) + He (ls 2s) S

Invoked here is a modification of the MO picture at large r, where it is

difficult to apply, in favor of a description that connects in a reasonable way to

the proper asymptotic states. A collision pair described by either of these

configurations at small distance will evolve into the two asymptotic states in a

way that depends on the couplings between them in the region where they inter-

act.
50’52 At low velocities the higher lsc

g
ZPc

u
22sC

g 
configuration will populate

the He4’ 
+ Be” asymptote , and the lsag

22pau3pc configuration will lead to the
lower He + He(21S) channel , assuming there are no important interactions wi th other
states that are not considered in this simple picture. At higher velocities there

will be a sharing of population between the two asymptotes.

Similar arguments can be made to connect the important lsc
g

22Pcu 2Plru ( 1fl g)

configuration and the higher lsag2pCu
Z3dTtg (’Tt g) configuration wi th the asymptotic

states He(1s2) + He(ls2p)’T’ and He’~
’(ls) + Re~

’(1,s2 Zp) 2P .  The doubly excited
lscg

22sag
2 configuration can be connected~

0
with several ltg

+ ion pair states in

addition to He (ls2s) + He (ls2s) .
The Re (ts2nh) states have never baen observed , even as electron scattering

resonances, but vanishing lifetimes at infinite Separation do not preclude the
possibility of their stabilization in the field of a nearby He

’’ 

ion.
53 At large

distances the He (ls22s) + He
’1’ stat e lies52a coüple of eV above the He

+ 
+ He + e

continuum and autoionization processes would yield low energy electrons and a total

loss of translational energy between the two nuclei of — 25 eV. For the excited

core lsc
g
2PCu

22sc
g 
configuration, molecular autoionization could also take p lace

on the repulsive portion of the potsntial curve at small distances (~~ 
2.8 a0) where

the relevant potential is also above the lowest continuum.

The possibility of sharing of scattered intensity between two or more asymp-
totic states gives a convenient explanation for much of the ionizat:on observed in
He-He collisions . Gerber et al. ‘ attribute an intense peak at an electron
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energy of 19.3 eV to decay of the He *(ls2$ 2) 2S resonance , formed from
lea 22pC 2 

~~ 1s08
22sc

2 
— He’1’ + lie”(ls2s 2). Other higher energy lte * resonances

which decay to He*(23S) or Re*(1~S) could be viewed as possible ionic dissociation

pa ths from the channels responsible for the excitation of the higher optical states
3 48

seen by Kempter et ci.
Both for single and double excitations , Breno t et al.44 

note strong simi-

larities in the differential cross section shapes for excitation and ionization

that imply possible sharing processes in the outgoing channels. They earlier
43 + - 2 2suggested that the double excitation III yielded Re + He (ls2p )  D as well as

F He(ls2p) + He(1s2p). The single excitation they attribute to primary excitation

II followed by a sharing at large r between the He(1s2p)~P + He (ls2) and the

He”(ls22p) + He’1’(ls) asymptotes. Gauyacq 52 argues that the He (1s22p) decay gives

a cross section significantly smaller than the data and is not as important as

He (ls22s) for the ionization channel related to single excitation . He calculates

the differential cross section for formation of Re ’(ls22s) from the secondary
processes

, ,j He
’1’ + He”(ls22s)

II — isa 22pa 3pC ~J /

S u u 
~?“~~ Re + Re(ls2s)

and 
~,

I — lsa 2pc 2sa
g u g

The result is a calculated cross section that is significantly larger than the one

he calculates for He (1s22p) f rom the mechanism proposed by Barat et al.43 Unfor-

tunately , the shape of the calculated differential cross section does not satis-

factorily agree with the data , and it is possible tha t He (ls 2
2p) makes a larger

relative contribution than indicated by the branching ratios in his calculations.

A more complete treatment of the sharing between states that ~~ve the same limit in
am MO picture should address possible interactions with other excited states of

the same symmetry and should also account for possible autoionization at snail or

intermediate distances . It is difficult to evaluate the effect  of these two
additional complications on the calculated differential  cross sections,

*These same questions arise when considering Re + He collisions . Even for
this “simple ” four electron system, there are enough complications to thwart a

comp lete ab initto treatment for the inelastic scattering. Gauyacq ’s extensive
ab initio calcula tions represent the most complete theoretical treatment of He-He

scattering and have produced excellent agreement with much of the scattering dat a

page 12

~~~~~~~ ~~~~~~~~~~~~~~~~ - •~~~~j .  _________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

METASTABLE RARE GAS COLLIS IONS

*including He + Re interactions. His work has helped introduce a useful frame-

work for analyzing collisional ionization data ; this framework can better be

evaluated as more data become available.
*Although Re + He collisions explore many of the same potential surfaces as

the ground state collision , there are significant important distinctions. The
* 1  * 3beam is a mixture of Be (2 S) and He (2 S) and there are two potentials curves

connecting to each He* + Re asymptote; this yields four incoming channels: ¼ ‘1’
,

¼ ‘1’, 
3
~ 

‘1’, and ~~ 
‘
~~, each of which must be considered in the analysis . Since

the He*(23S) /He*(21S) ratio in the beam is thought to be large , the data may mostly

reflect contributions from the Re*(23S) component. In the MO framework the ¼ 
+

A + + 2 2
state and the paired (¼ ) He + Be (is 2s) S state are correlated to theg
lsa 22~~ 3pC and lsa 2pC 22sC configuration s as before,with analogous pairingsg u u g u g 1 +
for the other three symmetries . Hence in ‘1 symmetry the incoming channels are

identical to importan t product channels of He-He collisions and many of the

theoretical calculations for Be-He collisions can be utilized to extract informa-
* 54 55 56

tion about He + He interactions. Potentia l curves calculations ‘ exist for

states of other symmetry , but most dynamical calculations
33’54’57 59 

trea t either
I +the £ or the ~ incoming channels.

S g
For a description of the experimental results , I will concentrate on the

major inelastic channels observed; in all cases I will assume that the inelastic

channels due to the ground state Re(l1S) component of the metastable beam has been

properly identified and removed.

At low c.m. energy (75-1100 cv) the total destruction cross section 1~ has
* 1  * 3  * 3been measured separa te ly for He (2 S) and He (2 S). Recently the He (2 S) result

has been extended down to 11 eV using a different technique.28 
These are not true

measurements of inelastic processes , for in each case a large fraction of the

“destruction” cross sec tion~~ viii simp ly represent excitation transfer to the

target atom . The true inelastic loss process

* 3  * 3
Re (2 $) +He He (2 P) +H e

will not even be detected (unless the excitation is transferred to the target)

* l * 3 *
since a He (2”P) will quickly radiate back to He (2 S). For He (2 S) excitation

to the 21P level , the radia tion to l1S insures measurement of the attenuation ;

and it is interesting to observe that the measured total “destruction ” cross
* 1  2 * 3section for He (2 5) is 3-6 ~ larger than for He (2 5) over t’ie entire energy

rang I from 75-1100 eV.
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Ab initio calculations of these 2s — 2p excitations give large cross sections

at low energies. Rotational coup ling of the ~~ + incoming channel with the
8state was predicted to be the cause of significant perturbations observed in low

* 3energy He (2 S) + He elastic scattering da ta . The excitation cross section was

estimated
58 to be 4 ~2 at 100 eV and to be > 1 ~2 at a collision energy of 9 ev ,

where the calculations were verified by tof measurements of the inelastic differ-
29 3 +  3 +

ential cross sections. Radial coupling of the incoming ~ curve to the Z

ç * 3  
g S

curve which dissociates to He (2 1’) + He is negligible at low energies , but is
I’ 3L predicted to make a significant contribution to 2 P excitation at energies above

57 1
— 100 cv. The analogous radial coupling mechanism for excitation of Re(2 P) has

not been calculated , but may be more important at low energies because the two

relevant ¼ + curves are closer in energy (a t least asymptotically) than the 3t +
S 8 1 icurves. The 2 S — 2 P transition associated with rotational coupling of the

and ‘Ti states has been calculated at low energies by Shipsey et al .” At

100 eV collision energy the excitation cross section is — 6 ~2 , which coinci-
* 1  * 3dentally agrees with the difference between measured Re (2 S) and He (2 S) total

destruction cross sections.’7 This suggests the importance of radiative cascade

processes to the measured differences in destruction.

Detailed double differential cross section measurements32 
of the collisional

ionization process exist in the c.m. energy range 50-200 eV. Fig. 3 shows a few
* +typical energy loss spectra for Re + Be — He + He + e for a beam energy of

197 cv. Pour features are labelled A , B, C, and D and their properties and

probable causes are summarized below.

Feature A is the major one at all measured scattering ang les and is the

dominant contribution to the tota l ionization cross section from threshold into

the key energy range . The c.m. energy loss ~E of 5 eV for feature A implies

ground state He’ 
+ He products and a low energy emitted electron . The angular

distribution peaks very sharply at 0
0 

and the threshold angle in a p vs. ‘T plot

is much smaller than values found for ground state Be-He inelastic processes .
* 1 1 +The ionization (for He (2 S)) was explained by considering a diabatic •L

g
potential as the primary incoming channel for the ionization process (see Fig. 4);

at small distances this channel is strongly repulsive hawing character equivalent

to the lea 2pC
22sC MO configuration and matches the Frozen Orbita l state cal-

culated by Guberznan and Goddard.
56 The diabatic state enters the continuum near

the minimum of the Be
2
’1’(¼’~

’) potential ; and ionization is postulated to occur

• . with significant probability at this crossing. Althoug h no justification was
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— F ~ - given for that postulate , the cal-
i i’ .
i • \ 2 ,.~s- culated deflection functions indicated

2 5 . 1
tha t the proposed mechanism adequately

\ Hc’~ -He (f~c - matched the most important features

- 

He,+ F1~*(2
3S) 

of the data. The probabilities of

22 - 

D 
following the diabatic curve were

related to the radial couplings be-

L 
~~~~ 

tween successively higher adiabatic

is 
+ 

curves starting with the 21S —
He’(23S)4He~’(2

3S) 57- 2 P radial coupling. A transfer to

I the Re’1’ + lie (15225) asymptote with

B ionization at large r was considered32

treatment postulates (or at least
o ‘E He~~S)4He assumes) no ionization at small r

ADIARATIC
(which does exist as evidenced by

0 2 4 5
other ionization features) and noR(~z0) 

+interaction of the excited He +
Fi8. 4. A schematic representation - 2
of various potential curves of possi- He (Is 2a) state with the series of

ble importance to collisional Rydberg states of the same symmetry .
ionization, He + states are dashed ;
He 2 states soIL3. 

The truth may lie somewhere between
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the two viewpoints , but clearly this is a key interpretive problem to be resolved .

The transition probability into the continuum for a incoming state

would be somewhat smaller than for the ¼ + case in the model involving a series
8

of transitions between adiabatic states, since the first 2s — 2p transition is

expected
32 

to be less probable for ~~ ‘1’
S In the two-configuration MO framework,

54 S + +
Ga~~acq predic ts no difference between the ¼ and transition probabili-

ties. The other incoming states ¼
U

” and ~t ’~
’ would be expected qualitatively to

behave more adiabatically from either viewpoint and should contribute less to

the important ionization channels; but there exists no quantitative evaluation of

the differences.

The three other major ionization features can be exp lained by interactions

involving the repulsive lsc7
5

2p0 22sC diabat ic state at smaller r than the cross-

ing into the continuum at 2.8 a -0
Process 8, whose energy loss value depend s on the scattering angle , is

consistent with a mechanism in which the incoming particles follow the diabatic

channel into the continuum , reach the classical turning point , and ionize with

probability peaked at the turning point. Collisions with different impact para-

meter VIII reach different tutuing points; hence the increase in energy loss with

scattering angle (see Pig. 4). At higher angles than shown in 7i8. 3 oscillatory

structure appears between features A and B. This may be associated with ioniza-

tion between the continuum crossing and the classical turning point, with inter-

fer ence developing between collisions ionizing on the incoming and outgoing

portions of the trajectory.
6
~

Process D, visible only at small ang les, possibly because it is masked at

the larger angles by contributions from feature B, was explained in terms of a

coupling of the lsa
g
2pC

u
22sO

~ 
incoming channel with the 15O

g
2
25~g

2 state. As im

He-Re scattering, the lso
g
2zsa

g
2 state separates into two He*(2 3S) atoms and

molecular autoionizatiom at large r yields a 15 eV electron and He’~ + He. The

shape of the differential cross section and the measured energy loss values are
• 33 * 1consistent with a suggestion that the He (2 S) component of the beam produces

this fea ture by interactions ~~lloving the diabatic incoming channel.

Gauyacq ’s calculations54 indicate that this process has a very small cross sec-

tion ; and h. hypothesizes tha t the He*(23S) component of the beam nay analogously

contribute to this feature through a coup ling of ¼- 1’ potentials.

Features A, B and D all involve scattering at small angies ,since in each

cas, there are significant attractive interactions along the outgoLng trajectory
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to at least partially compensate for the initial repulsive encounter along the

diabatic potential. Feature C has threshold and angular dependence more typical

of inelastic transitions in other systems. The energy loss of 25-27 cv suggests

formation of an excited product atom and low energy electrons

* + *He + H e — He + H e  + e

and the angular threshold is consistent with ionization occurring at the crossing

into the first excited continuum (see Fig. 4). However, contributions from tran-

sitions lsa 2pC lsa 22sa na, which could produce He’1’ + He (ls2 snL) , can-
g U g g g

not be excluded.

At larger scattering angles and higher collision energies, more violent

encounters at smaller r should yield rotational coupling processes in the united

atom limit that are analogous to those observed in He-He collisions. The recent

work of Morgenstern et al.
30 at collision energies from 500 to 2500 cv clearly

shows effects due to coupling of the 2pa and 2p orbitals at small r, Nonethe-

less, the ionization channels mentioned above, especially feature A, are still

probably the most important ionization channels at these higher energies. The

electron energy distribution, which peaks very strongly at an energy near 0 eV

and drops monotonically at higher energies, agrees qualitatively with the distri-

bution anticipated to be associated with the major low energy ionization features;

yet an unknown fraction of these electrons could be produced by electron ejection

from surfaces following an excitation transfer of netastable energy to a slow

target Re atom. This experimental probten is peculiar to electron energy measure-

ments in collisions of metastable beams with large internal energy, and precludes

a definitive conclusion based on the electron energy distributions.
30

The only discrete structure observed in the electron spectra are a set of

peaks near 35 eV due to autoionization of doubly excited He~~ and a couple of

peaks at 19.3 and 19.7 eV thought associated with production of H&’(l s2s2) and

Re ’(ls2s2p)4P states respectively. The energies of the peaks from Me indicate

that the 2s2p(3P) and 2p2(1D) states give the major contributions. Generally, for

each peak in the electron energy distribution at the proper energy, there is a

companion peak at a shifted energy. This companion peak is due to decays of

excited projectiles, whose electrons are Doppler shifted in energy relative to
62

those produced by decay of the same state of the excited target atom . Interest-

ingly, the peak at 19.7 cv has no companion peak and the result is consistent with

the authors ’ ob~ervation 30 that the long (
~~ 

10 ~sec) lifetime of the ~P He state
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k allows excited projectile ions to leave the observa tion zon e before emitting an

electron. Similarly a fraction of the slow He target may escape detection .

The inelastic scattering result s 3° using tof techniques indicate a strong

— 20 eV excitation, a smaller 60 eV excitation, and an even smaller — 40 eV

excitation . The resolution was not sufficient to identify any states, but c lear ly

inelastic channels yielding two excited atoms are quite important and it is also
**evident that the He autoionizing states are more often formed paired with an

excited Re* partner (AE — 60) than with a ground state Ke(~ E —  40)

The primary inelastic channel can be explained by rotational coupling be-

tween a and 2p1T orbital , for example,

lsa
g~~~u

22sa
g~~~~

t
g
’1’ — lsa

g
2pa

u2p
TT
U

2sa
g 
-. He (ls2s) + He*(ls 2p)

C 
or 

lsa
g
22PCu

2sa
g
(
1’3t

u~
) — lsC

g
2

2Pnu2sag 
— He*(ls2s) + He*(1s2p) -

This excitation can also produce the Re (ls2s2p) 
4
P observed in electron energy

measurements. The potential coupling mechanism

Isa 2p0 2250 (1t 
~~)  — isa 2250 2(¼ +

)
5 U 5 5  S S g

-
• 

can likewise yield two excited atoms, but the absence of 15 eV electrons corres-

ponding to the long range molecular autoionization process33 observed at lower

energies suggests that this process may not be very important at these energies.

Two step rotational coupling in the united atom limit , ~ .g.

150 2pc 2250 150 2p17 2250
5 U g g U g

is probably the main mechanism responsible for the 60 eV excitation and the

production of the observed He(2s2p) 3P and He(2p 2) ‘D autoionizing levels.

Morgenstern et al.3° point out that  the mechanisms they have examined all

involve no active participation by the 2s electron . Like the lea electron , it

is a spectator to the collision until the outgoing channel when it must choose a

nucleu s to follow. Their measurements were not, of course, sensitive to other

excitation and ionization channels (e.g., 2s — mA excitations or process B des—

cribed at lover energies) where the 2s electron participates actively in the

inelastic process.
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He(2
35) DEEXC ITAT ION IN COLLI SIONS WITH He( I 1S)

THOMA S M . MI LLE I~

Molecular  Physics Center , S tn n f or d  Research In st i tu t e
Menlo Park , CA 94025

3
The deexcitation of metastable He(2 5) atoms in collisions with ground-state-

helium has been studied using a beam-gas technique over a cen te r—of-mass  (.M) energy

range of 11—86 eV . Essentially all of the deexcitation is due to excitation Irans—
1

fer from projectile atoms to target gas atoms:

He(23S) + Ile( 1
1
S) -. He( 1

1
S) + He(2

3
S)

This experiment is an extension to low energies of the  work in thi s laborut .rv by

Holistein , Sheridan , Peterson, and Lorents ,~ who covered the CM energy range

75-1100 eV .

One mot iva t ion  for  the present work is provided b the c n h u l~~t 1ous of ~ v.’it s

and Lane
2 

whose excitation—transfer cross sections for lIc ’(2
3

6) are shown in t’ ig .  )

Also shown are the present data and the low—energy dnta vi Ho11sti-~~n et al. It ~~~

hoped t N at  c a l c u l a t i o n s  wi th  better He
2 

P o t e n t ia l s  whi ~-~ t a :  e now iivaj lab)e w i l l

imp~~~vc- t h c -  comparison be t ween exper iment  and thec cv .
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F i g .  1. H e ( 2 3S) o xc i t at i o n  t ran sie r  cross s ec t io n .  So l id curve-: I.~ an -: ,ii’d

Lane , d i a b a t i c .  Dashed curve: Evans  and l ane , adiabat ic  Trj ang ia ’ : h a l  ~‘ of

Hol iste in et al . C ircle~ : present data .
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A s .i consis tency check on the low-cner~ y da t a , ov’ mea:~urvd chargc-t r a ns f e r
+ ±cross sections for He + He — He’ + Ho and found agreement w i t h  previous da ta  and

the Ra pp and Francis
3 

resu l t s.
1 4

In the experiment of Holistein (?t al. an o p t i c a l  t ec hn i q ue  was used to

determine the a t t e n u a t i o n  of the me tast ab le  beam in a h e l iu m  gas ccl]. Their tech-

nique allowed definite Identification of singlet and t r ip le t  events. In the present
- 3experiment the r esu lt s  are a t t r ibuted to He(2 S) on the basis of exper imenta l

evidence
4 

and recent calculations.
5 

The metastable beam is produced by chaige

transfer in a cesium vapor cell. Attenuation of the metastable beam in a helium

gas cell is determined from measurements of the beam intensity using a Particle

mult ipl ier. Both the target gas pressure and the interaction path length are

varied in order to minimize uncertainties. A correction is applied to the data to

account f o r  the p a r t i a l  detect ion of ground—state atoms in the beam . The correction
4

is based on data obtained by Morgenste rn et a l. in this laboratory, and amounts to

3% at 25 cv (CM), 30’~- at 61 eV , and 50~ at 80 eV. The rietast ible atom energy in the

; laboratory Is assume d to be 2 eV lower than the i u  ener( .: due 1o contact poten-

tials in the cesium cell and to the energy dc- feet  in t i e ’  chargc- t r a i i~~fc r .
4

*
Supported by the O f f i c e  of Naval  flc-~~car c h  unde: 1-mt ract No , N00 014—76-C—0 118 .

M , Hollstein , 3. II . Sher Idan , J. 11. Peterson , and hJ~ ( . Lorents, Phys .  Rev . 187 ,

118 (1969). Se’r a lso J . T. Moseley,  J. Il . Peter son , D , C. Lo roi it s , and

M. L al ist e in , Phv s ,  I~ev.  A 6 , 1025 (1972).

S. A . Evans  an d N . F , Lane , Phys . Rev . 188 , 268 ( 1969) .
3

D . Rapp and W . E .  F r an c i s , Proc. Rev . Soc. (l~and-m) , A268 , 23-19 (3964)
- :  4

R , Morgenstern , P . C . Lorents , J. H . Peterson , and R . E .  Olson , ~‘hys . Rev . A 8 ,

t 

2372 (1973) .

R . E.  Olson , E . -I . Sitipsoy , and .1. C. l3 rowne , p r i v a te  communica t ion .

S

2

— — -,-.- - 
~
- 1 — —:::-:_~:_~ -~-.-_~~-~ ________________II... - ~~~~~~~~~~~ ~~~~~~~~ . t~. ~~~A~~ - ’ - ~~~~ ~~~~~~~~ C . —.-.—- --‘---- - -


