
AD—A072 12U IBM RESEARCH LAB SAN JOSE CALIF Ffl 20/10
ATOMIC AND M04.EC(A.AR INTERACTION THEORY.(U)
~AL 79 R K NEWT N0001’+—7B C—0fl7

UNCLASSIFIED ‘+0 NL

I
E N D

79



10 
~~~~~

I2~01•1 ~~~~

‘ l! ! I~~~
_.



- ~- • . —..--. —-~~~~~~ 
—V.. — •

P. ~ ~~~~~~~~ 
g 

~~

. 
—

e

Unclassif led
SICUNITY CLAUIFICATION or iuis r*G( ( l~ i, Da. Eneir~~~

~~~~n~ i ~~ Iug~j 1 iif~II D & ~~~ READ !NSTRUCTZON S
I~~~~~I ~~~~~~i ~~‘J’ MI~~~~~I~ , ~ i u~~u u 

~~ YBEPORE COMPL.ET!NG FORM
I. R(PO~~1 MUM 2. GOVT ACCUSIC J~CCIPI~~N7 S  CATALOG NUMSSm

40
~ 

.-.— ~~. TYPI or ~cpo~t s ~t~ioO GOvI*ED
tonic and molecular interaction eorval Muti

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ I.L— ~~~~~~~~~~~~~~~~ 
Final report 6/ 78— 5/ 79

~~~~~ I. PUrO~ MING ORG. *I~ 0RT NUM•CR

TNO~ (.) S. CONTRACT OR GRANT NUMS(~~.)

a. i7i4esb~~j  ~~ l4 78 C~~ Z~~
S. .SRrORMING 0AGANIZ4~TIQN J4~ M( AND AOORIU ~~ -ISOGL *ILEMtMT.aaOJ*c?. TAS4(

— L~I Research -D4,v4~~.c~ K34 /2 81 AREA 1 !9asa1~uNI!.liIJM •Es!..

San Jose , California 95193 ( j
~~ 

.~*p . (
II. CONTROLLING OP~ ICI NAME AND A OOREU 2. ~ X

Office of Naval. Research j i Jei1~ j~ T79J
Arlington, Virginia 22217 ‘3. NUMSER O~ PAGES

25
J 4. MONITORING AGING? NAME S AOORESS(lI ~~ft...nt fr~~ C.nh,SIUI’j OWe.) IS. SECURITY CLASS. (.4 hI• rsp . f )

. 1ç~ ~~ 
• . — 

~~~~ Unclassified
-. — - .. ~Sd. DCCLASIIFI CATION/OOWNGRAOING

SCM £OULC

I$. 01$TRISuTIQN STATEMENT (.4 ~ l. Rap.rt)

Approved for public release ; distribution ~m1imited

17. Ø~g I R I S u T , o N  STATEMSNT (.1 SR. ~~e.as5 Si~~d h’ 1Ie.h 20. II ~~tf i v i t  fre

IS. $UPP~.EM(NTANY NOTES

. c-, -

• IL REV WORDS (C_- Mw .... adds St .see..sy I~~~ ld~~ 2, W.s* . R.r)

Atom — molecule reactive collisions
C.u~ CoLlisional entropy production
~~~~ E1.ctrou sc.*tt ering , Low energy

20. A~ S1AACT (C.adR. s’~~e. adds St e . e . 7  ~~d S MSp b~ Sftu* Sat)

New methods were used in theo retical studies of the dynamical dev.lo~~ent of
f inal state populations in atom—molecul e reactive collisions . Quantitative
calculations of the ~~~2 exchange reaction showed that information theory pre-
dicts rotational distributi ons far from equilibrium. A new theory of vibtati
excitation in .~.ectron—molecule scatterin g was devi sed . Accurate ( 12) cross
sections for e He scattering bslow 19 eV were computed variationally.

4~C7 J~i
DO F ORM 1473 £01 i,uw or t Nov ii ii OI O 4 f T E  Unclassified

SIN 0I03~ I.?. 014. 6601 gg~~i~~~~~~~~~ Cl.AUl~~CA?ION OP twiS 0*4* (~~~ 
be.. b~’—-5



AT~}tIC AND MOLECULAR INTERACTION THEORY : FINAL REPORT
ON CONTRACT N00014—78—C—0447 (1978—1979)

R. K. Nesbet

IBM Research Laboratory
San Jose , California 95l9~)

I. Introduction and Background

II. Research Accomplished: Theory
Theory of Collisional Entropy Production
Fourier Transform Method for Atom—Molecule Collisions
Variational Methods for Multichannel Scattering
Energy—Modified Adiabatic Approximation

III. Research Accomplished: Calculations
Quantum Dynamical Studies of Surprisal Theory
Variational Calculations of Accurate a —He Cross Sections

IV. Publications
Current Year
Previous Publications from this Contract

References

L~ ?cesslon For
NTIS GF.A&I
DDC TAB
tInannoux~c ed

• Ju3 t t f iCatj o f l__________

By___________________
Di~~r~~ tto. ’L________

Avni 1~ b1 yj~r d s
A ’iailaiid /or

Dist apecial



r ~~~~~~~~~~~~~~~~~ 
P-’-—- 

~~~~~~~~~~~~~~~
—

~
•
~~~~~

- • -- —
~~~~~~~~~~~~~~

—--—-
~~

- - • - - •- -•-• --~~~~~~~~•• • - • - - -

1

I. INTRODUCTION AND BACKGROUND

This is the f inal report on research supported under

Contract N00014—78—C—0447 , which terminated May 31, 1979. The general subject

matter is atomic and molecular interaction theory. The work reported is

continuous with that supported under Contract N00014—72—C—0051, which

terminated in March 1978.

A principal emphasis during the contract period was on the theoretical

study of atom-molecule reactive collisions. A particular focus of this

work was to study the production of entropy in elementary collision

processes. This work is intended to elucidate the mechanisms leading to

final state population inversions, of Importance in chemical laser systems.

• Quantum dynamical studies of entropy production in the R+R2 exchange

reaction have been carried out in collinear, coplanar and three-dimensional

dynamics. These studies have examined implications of quantum dynamics

• relevant to “surprisal” theory, which applies concepts of information

theory to molecular collision processes. A classical dynamical method

for the study of collisional entropy production has been formulated, in

analogy to the quantum fornalian. A new method has been developed for

• solving the classical collision problem In terms of action—angle variables.

This method, which exploits recent developments in the theory of

semiclassical quantization of bound states of nons.parable dynamical

systems, has besn applied to an inelastic collision model (collinear

Hell2), and has been f ormulated for reactive collisions . This method
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provides a simple definition of ssmiclass~cal quantum states , required

for studies of entropy production.

Another major area of emphasis is the quantitative theory of electron

scattering and attachment by complex atoms and molecules. A new

approximate method for the treatment of nuclear motion in e].ectron—molecule

scattering has been formulated. This energy-modified adiabatic

approximation (EMA) treats the nuclear motion as a perturbation, exploiting

the relative simplicity of electron scattering calculations carried out

for fixed nuclei. EMA calculations reproduce the complex vibrational

excitation structures observed in e— N 2 scattering. Qualitative

Implication, of the EMA, theory have been used to explain recent

experimental observations of vibrational threshold excitation peaks and
- ‘  corresponding dissociative attachment structures in electron scattering

by polar molecules.

If it were known with sufficient accuracy as a function of energy and

scattering angle, the e —Re cross settion could serve as a calibration

standard for low energy electron scattering experiments. The matrix

variational method, developed in the present proj ect , was applied to new

• calculations of e —He a— and p—wave phase shifts , designed to give the

differential cross section below 19 *V to better than 1% accuracy when

higher—order phase shifts ar e comput .d f rom the Born formula. Data from

these calculations were published as tables that allow simple interpolation

of the e —Re differential cross section to within indicated 12 accuracy

for all angles over th. energy range up to 19 eV.
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II. RESEARCH ACCOMPLISHED: THEORY

Theory of Collisional Entropy Production

Internal state populations of reactive collision products can often

be fitted by a simple “surpriaal” formula, obtained by applying concepts

derived from information theory.1 2 ’3 The original proposal by Jaynes,4

to apply information theory to statistical mechanics, provided a formalism

for considering entropy production in an irreversible process • If similar

ideas could be applied to an elementary molecular collision, the essential

postulate would be that the entropy of the internal state population

distribution is maximized not just for separated collision products but

throughout th. collision process. When a “prior” Internal state population

distribution,1’2 def ined as an unbiased distribution with no informat ion

content, is relevant to the dynamics, the appropriate postulate for entropy

production is that the information content, or entropy deficiency relative

to the prior distribution , should be minimized.

In order to access the validity of this postulate , it was proposed 5

that quantum dyna—fcgl calculations could be reformulated to provide

• consistent definitions of internal state populations as evolving functions

of a reaction coordinate. Results of this approach, appli.d to

calculations of the 
~‘~ 2 exchange reaction, are described in publications

to be discussed in Section III. This work was m sriz.d in a review

lecture (Section IV, Publications, No. 4). In these calculations, it was

found that surpr isal theory, with the postulate of .ini Information

content , provide s a semarkably accurate description of computed Internal
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state populations throughout the exit channel region of a reactive

collision.

Surpr isal. analysis depend s crucially on the definition of the prior

distribution function {P~~}, where index i refers to an Internal state of

the collid ing syst . Levine, Bernstein and collaborators2 ’2 have

consistently used the aicrocanonical prior distribution func t ion , for

which all points in classical phase space at given energy are equally

weighted . Quack and Troe6 have questioned the use of the microcanonical
• 
~• prior distribution. Pollak7 has shown that several alternative

distribution functions would be compatible with the usual postulates of

statistical theory. In collinear classical dynamical calculations, Pollak

f ound that the f inal vibrational sta te populat ion distribution was

approximately independent of the internal translational energy, in

disagreement with the microcanonical distribution.

Th. present quantum dynamical studies have led to some tenta tive
• conclusions about th. correct choic. of prior distribution function. Since

th is work indicates that surpriaal theory is a direct consequence of

• collision dynimic., not requiring separate statistical postulates, the

prior distribution function must be compatible with th , kinematic s of

scatter ing. This point was m~fned in a study of threshold laws relevan t

to reac t ive collisions (Section IV, Publicat ions, No. 3). Th. threshold

laws, which are kinematic in nature, determine the dependence of final

state popu lat ions on product stats r elat ive translational energy when the

latter is small .

- ~~~~~~~~~~~~ — ~~~~ -. - —•- —_
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For three—dimensional coUision dynamics, the microcanonical prior

distribution function is f ound to be compatible with the threshold law,

which excludes alternatives considered by Quack and Troe For the

exchange reaction in three dimensions, the rotational population

distribution function implied by the simple surprisal formula, using the

microcanonical. prior distribution function, was found to be in remarkable

agreement throughout the product region of the reaction with that computed

quantum dynamically (Section IV, Publications, No. 5). In contrast, In

collinear dymtinf s, the nicrocanonical prior distribution is incompatible

with the threshold law. Collinear quantum dynamical calculations of

vibrational state populations show clear disagre ement with the surpr isal

formula, if the microcanonical prior distribution is used (Section IV ,

Publications, No. 6). Tb. threshold law implies an alternative prior

distribution that gives consistently better results. In coplanar dynamics,

• the microcanonjeal prior distribution is independent of relative

translational energy, while the threshold law varies slowly (logarithaic

energy depend ence) . Hence, the coplanar microcanonical function is

qualitativel y reasonable, but not strictl y compatible with the threshold

law. These stud ies have helped to elucidate the problems involved in

• attempt ing to use collinear or coplanar calculations to predict

three—dimensional results , but indicate a formal dif f iculty that does not

yet have a practical solution.

• Although rapid progre ss is being made toward the implementation of

• I quantum dynii~ t’al method s for reactiv e collisions, full 3—D calculations

have as yet been carried out only for the H+R2 exchange reaction .

— 
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Quantitative calculations for systems of more than three atoms are unlikely

in the foreseeabl e future. In order to make prog ress with more complex

systems, an analogous classical theory of dy~’~(cal entropy prod uctiom is

needed . The conceptual basis of such a theory has been developed

(Section IV, Publications, No. 2).

The proposed formalism is intended to provide a classical analog of

dynamical entropy as defined through the quantum dynamical S-matrix • m.

formalism is closely related to semiclassical S—matrix theory.8’9 An

essential concept required for the classical dynamical theory is the

definition of a statistical ensemble of trajectories at a coemon value of

a reaction coordinate u rather than at a coemon time t , as in the classical

Liouville equation. Another essential concept is the allocation of these

• traj ectories to quantum states of internal motion defined for f ixed u. A

striking distinction between this approach and the classical tiouville

theory is that dynamical entropy is def ined here for a single collision

process, treated as a stationary flow problem, in analogy to quantum

dynamical solution of the time-Independent Schr odinger equation . Although

the dynamical equations are t ime—reversible , a collision process is viewed

in this formalism as creating entropy in the form of a nonequilibriua

product internal state distribution. Once the collision products separate ,

so that quantum phase relationships would be lost, the process becomes

physically irreversible.

The d.velopaent of dyna~(cal entropy during a collision process is

• monitored on each surface of constant collision coordinate u by counting

H

1 
_ _ _ _ _ _ _  _ _ _ _  _ _
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trajectorie s that lead to each energetically accessible interna l state.

The probability flux densities define a normalized internal state

population distribution function, from which statistical entropy and

inf ormation content can be computed as in the quantum dynamical theory .

The internal Bamiltonj an on surface u—u1 is

• Hint * H _ T~ (1)

where H is the full Hamiltonian and T is the translational kinetic energy.

The def inition of approximate eigenstates of H
1~~ requires semiclassical

quantization of a nonseparable dynamical system. Considerable recent

progress has been made on this longstanding problem.~~’
11 In th. present

method, it is necessary to assign internal quantum numbers to a given

point in th. phas. space of internal variables, omitting u and its

• coaj~tgate momentum 1,~ Such a point is defined by the Intersection of a
• given traj ectory with the surfac e ti—u1. The Fourier transf orm method of

Percival1° can be adapted to this problem.

Fourier Transform Meth od for Atom—Molecule Collisions

It was originally intended to use Percival ‘5 method 1° only to ssf ins

bound states of in conjunction with standard classical traj ectory

calculatio ns . Subsequently , it was realized that this method, with

suitable modif icati ons , could be used for the full collision pro blem. The

resulting new theoreti cal method has been formula ted and applied to a
• model inelastic collision problem (Section IV , Publication, Nos. 8 and 13).

In Percival’s method, a Four ier transform procedure is used to compute

-‘ 
• 
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semiclassically quantized energy levels of a bound nonseparable dynamical

system . In the proposed new method, collision dynamics is converted to

effective bound state dynamics by introducipg an impulse potential barrier

or reflecting the scattering potential to create a mirror image potential

outside the collision region. Exploratory calculations of collinear He—H2

inelastic collisions have been carried out successfully.

An iterative Fourier transform method is used to solve partial

differential equations for the hypersurface (invariant toroid) in phase

space that contains an indef initely extended classical trajectory. Such

a surface is characterized by a complete set of action integrals, which

are constants of motion. The invariant toroid is the classical analog of

a quantum mechanical wavefunction. On the toroid , all coordinates and

momenta are periodic functions of the true angle var iables . The extended

traj ectory appears as a bundle of parallel stra ight lines , uniformly dense

in the primitive hypercube of the angle variable s.

• These propertie s reduce the computation of scattering cross sections

to simple geometry, the calculation of proj ected are as, for each invar iant

toroid with quantized values of the action integrals. When fast Fourier

• transform and iterative ref inement methods are fully exploited , the new

method may be able to obtain the ensemble of trajectories that correspond

to a semiclassical wave function with less computational effort than

present methods.

~~~~- ~~
- -

~~~
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The bound state method of Percival was used as an iterative procedure

to determine parametrized potential energy functions for polyatomic

molecules from given vibrational excitation energies (Section IV,

I Publications, N~. 12). Such potential functions were derived for the

I triatomic molecules NO2, SO2 and C102, fitted to the first nine vibration s].

levels in each case. Twenty—two highs’ vibrational excitation energies

predicted by the model were found to di f fer  from experimental values by

at most 3 cin~~. The parametrized potential funct ion determined by

vibrational levels alone is not unique. The method must be extended to

include rotational perturbations if it is to provide a polyatomic

I generalization of the well—known RKR method for diatomic molecules .

Variational Methods for Mu ltichannel Scatter ing .

Most recent quantitative variational calculations of elect, ,n

scatter ing by atoms and molecules have used some form of the method of

Kohn, introduc ed in 1948 . This metho d is subj ect to computationa l

anomalies that cannot easily be removed • Previous versions of the Kahn

method for multichannel scatte r ing have either failed to r emove all

anomalies or have done so at the cost of introducing art ificial

discontimiities in computed r esults. Such anoma lies or discontin tiities
• 

- make it very difficult to achieve or to verify the convergence of

• variational calculations when accura te results are required . A new method ,

RIAF for the “restricted interpolated anomaly—free” method, has been
• devised (Section IV, Publications, No. 1, 9 and 10). It eliminates both

anomalies and discontjnuj tj es, and is found otherwise to be as accurate

—~~~~~~ ••L~~ . 
_ _ _ _ _ _ _ _ _
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as the best previous methods. A canonical form f or transformation matrices

occuring in modified versions of the Kahn theo ry has been established.

This canonical form was used in the new variational method.

Energy—Modified Adiabatic Approximation

The large number of internal states (rotation and vibration) of a

typical molecule has been a formidable obstacle to the development of

quantitative methods in electron—molecule scattering theory. For fixed

molecular nuclear geometry, meaningful electron scattering calculations

have recently become possible. Additional theoretical analysis is needed

to deduce rotational and vibrational transition cross sections from

fixed—nuclei calculations. An adiabatic approximation is known to be

valid for pure rotational excitation, but not for vibrational excitation,

especially when electronic resonances occur. An energy—modified adiabatic

approximation (alA) has been prop osed (Section IV , Pub lications , No. 11).

The ~ fA approximation uses fixed—nuclei electron scattering data , but

differs from earlier adiabatic theory by treating the molecular internal

kinetic energy as an operator rather than neglecting it In a trial

calculation of e— N 2 scattering, the EMA method obtained vibrational

excitation structure in good agreement with experiment. This structure

is due to coupling between an electronic resonance and molecular

vibrational motion.

• -•-tfl - -~~~
___c. a -rn- -a- -



III. RESEARCH ACCOMPLISHED: CALCULATIONS

Quantum Dynamical Studies of Surprisal Theory

In a quantum dynamical S—matrix formalism ,5 population distributions

for internal States can be computed as a function of a reaction coordinate

for a reactive atom—molecule collision. Quantum dynamical programs of
12 13Light and collaborators, using an R—matrix propagator method , were

adapted for this purpose and wer e applied to calculation s of the E+R2
exchange reaction (Section IV, Publications, No. 4).

It has been found in many cases,~~’
2’3 that final internal state

populations of molecular collision products are approximated by

— P~ exp (c*—8f~) (2)

where a and 8 are constants and f~ is the fraction of available energy

assigned to internal state i. A distribution function of this form is

obtained if the inf ormation content , defined by

-

, 

I LP J P °) — EjPj  Ln(P1/P~) (3)

is minimized subject to the constraint that the mean value

<f> — Z~P~f1 (4)

should have a specif ied value. The “prior” distribution function 1P~} is

postulated to have no informat ion content . I(P(P0]~ is the negative mean
• value of the “sur prisal” —Ln (P~/P~), which is a linear function of f~ if

Equation (2) holds.

t I 
~~~ --- - - -— —•— •-  — ----- -
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Calculations of the coplanar 
~~~ 

exchange reaction5 indicated that

the quantum dynamical entropy remained close to its maximum value,

corresponding to a linear surpr isal plot, throughout the product region

of the reaction coordinate u. The microcanonical prior distribution

function, constant for coplanar dynamics, was used in this work. In

collinear dynamics, the microcanonical distribution function contains a

factor k~~, which is singular at vibrational thresholds.7

Calculations of the collinear 
~~~2 

reaction were carried out, using

the program of Walker,14 adapted f  or entropy production studies (Section IV

Publications, No. 6). Several different prior distributions were used in

surpr isal. analysis of the internal vibrational state population

distribution. If the linearity of the surp risai. func t ion is used as a

criterion, the quantum dynamical results were incompatible with the

microcanonical prior distribution, proportional to k~~, where k is the

translational wave number, or momentum in atomic units.

Several choices of the prior function were considered , suggested by

quantum dynamical threshold laws.’5 Func t ions proportional to k or to

k/ (k~+k2) gave reasonable results. At collision energies where resonance

effects appeared, no choice of prior function was successful. This is

compatible with interpretation of the surprisal theory in terms of the

motion of wave packets, if mean values of dynamical variables are

consistent with surprisal analysis but detailed phase relationships are

not.

~~~~~~~~~~~~~~ : .~~
:
~~~

- 
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Calculations of the 3—D ~+U2 exchange reaction were carried out , to

study rotational excitation (Section IV, Publications, Nos. 3, 7 and 14).

In a pure quantum state, with definite total angular momentum 3.0, f or

energies below the first vibrational excitation threshold , the internal

rotational state population distribution function, computed using the

Porter—Karplus potential surf ace,16 was found to be in close agreement

with that determined by surprisal synt hesis. The latter distribution

function is governed by a single parameter . This agreement holds

throughout the exit channel region, as it had in previous coplanar

calculations.5

The microcanonical prior distribution function, proportional in 3—D

dynamics to (2j +1)k, where j  is a rotational quantum number, was assumed

in this work. Signif icantly less satisfactory results were obtained if

the rotational factor 2j+1. was omitted, but results were Less sensitive

to the power of k assumed . In contrast to collinear dynamics, the 3—D

microcanonical distribution function is compatible with the quantum

dynamical threshold law, and appears to be the correct prior distribut ion

function for use in surprisal theory.

Calculations were also carried out in 3—D dynamics with an Improved

• ~~~2 potential derived by Truhiar and Borowitz11 from the accurate ~b init io

CI study of Siegbabn and LIU.18 Although the surprisal formula for the

internal rotational state population di’itribution obtained with this THSL

potential surface was accurate f o r  .~L values of the reaction coordinate

u, it did not give a good fit for large values of u . The distinct ive

•L  _ _ _ _ _ _  _ _ _ _ _ _ _ _ _
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dif f erence between the THSL and PIL (Porter—Karp lus) potentials is that ,

for the former , the H3 conf ormation of minimum energy is nonlinear for

large u.

The present dynamical S-matrix method was useful in calling attention

to this qualitative distinction between the two potential surfaces. It

was f ound subsequently that the published THSL potential was in error ,

due to a misprint In Reference 17, and that calculations with the corrected

THSL potential gave linear surpriaal plots for the f inal product rotational

states CR. B. Walker, private comeunication). This implies that the

uncorrected and corrected THSL potentials provide a model problem that

• may be extremely valuable for tests of surprisal theory, since surprisal

synthesis apparently succeeds or fails in this case depending on the value

of one parameter.

The dynamical S-matrix method provided an explanation of an approximate

reactive flux rule for H+H2: the sum of unnormalized reaction

probabilities into product states with even rotational quantum numbers is

approximately equal to the sum of reaction probabilities into odd product

states. On the PK potential surface, at the low total energy considered,

0.7 22 eV, and ‘with total angular momentum 3.0, only two internal state s

are open f  or small u. These states , described by only even and by only
• odd basis functions, corr elate with the two degenerate bending modes

obtained by a normal coord inate expansion near the col • These two bending

modes move in identical potential fields and thus contain the sue reactiv e

- 5-

.
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• probability f lux . Because even and odd states are decoupled for purely

inelastic scattering, the separation of probability flux is preserved

throughout the exit channel region.

An Important general conclusion of these quantum dynamical studies is

that the success of surprisal theory must be understood from a detailed

examination of collision dynamics, rather than from logically distinct

statistical considerations.

Variational Calculations of Accurate c —Be Cross Sections

Calculations were undertaken for the purpose of establishing reliable

values of the electron—helium scattering cross section in the elastic

scattering range, 0—19 eV (Section IV, Publications, Nos. 15 and 16). To

ensure smooth variation with energy, the recently developed RIAP

variational method was used (Section IV, Publications, No. 1). Because He

can be used universally as a test target , standard cross sections will

make it possible to calibrate angular and energy resolution in electron

scattering experiments.

The best recant experimental data has a residual error of several

percent, with some inconsistency between experiments. The present study

was undertaken to verify and ref ine recent theoretical calculations by

other methods, to examine convergence and residual error by systematic

use of variational methods developed in the present project, and

specif ically to provide the needed standard differential elastic cross

section to 12 accuracy or better .
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It has been shown experimentally, and verif ied by previous theoretical

calculations, that for e —Be scattering below 19 eV the phase shifts

for t�2, are closely approximated by the partial wave Born formula, which

depends only on the electric dipole polarizability of He. To compute the

differential cross section to within 12, this formula can be used for L�2

if the polarisability itself has the rsquired accuracy . Within this

approximation , the scattering amplitud e and total elastic cross section

can be st~~ed over all, i—values and expressed in closed form. The s— and

p—wave phase shifts must be obtained from the analysis of experimental

data or computed theoretically. These phase shifts are used to correct

the Born approximation sumi. 
-

Phase shifts and r~, were computed by the matrix variational method

(RIA! version) for electron wave number k up to 1.1 a~~
’ (17 eV). Sequences

of variational calculations were carried out in order to examine

convergence independently with respect to extension of the orbital basis

set, to the level of natural orbital representation of the target atom,

and to quadrupol. and short—range monopole polarizability effects. The

directly computed phase shifts Ti0 and were corrected for systematic

errors, s-valuated by these convergence studies , which indicate that the

scattering plicude obtained from the corrected pha se shifts (estimated

values) is accurate to within 1% for O�E�l9 tV

The final estimated phase shifts were fitted to smooth functions of

energy, ~~~fr4n g use of analytic effective range formulas to define auxiliary

functions that vary slowly over the full energy range considered. These
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auxiliary functions were fitted by cubic splint functions, with assigned

values at the input wave number s used for variational calculations. Values

at k—O were determined by iterative extrapolation, to mak. third

derivatives of the auxiliary functions continuous at k—0.l ar’. For Ti0,

this procedure gives the scattering length 1.183511 a0, in agreement with

the experimental value 1.18 a0, obtained by applying the effective range

formula to the experimental momentum transfer cross section for energies

0.008 to 0.1 eV. 1’9

• The coefficients of these cubic splint fits were published (Section IV,

Publications, Nos. 15 and 16) so that and could easily be evaluated

f or any energy value below 19 eV. The partial wave Born formula gives Ti2
with sufficient accuracy , and d oted formulas can be used for the

contribution of all higher partial waves to the scattering amplitude and

various cross sections.2° A simple program has been written that combines

these data to give differential, total elastic , and momentum transfer

cross sections at any specified energy value up to 19 eV.

Comparison of these results with the best available experimental data

indicates general agreement within published error estimates. The

indicated level of accuracy of the computed data is compatible with the

estimated accuracy (12 or better) , which is better than any available

experimental data.
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Previous Publications from this Contract

1—45. See previous annual report (1979).
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