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FOREWORD

It is a great pleasure to write the foreword to the Special Progress
Report for Theoretical Physics Division in commemoration of the Atomic Energy
Authority's 25th Anniversary. An anniversary like this inevitably creates a
great deal of nostalgia and I look back at the history of the Division and my
own personal career with total astonishment because events which are still
very real to me, in reality occurred so long ago.

I was recruited to Harwell by Brian Flowers, who was then the Division
Head, just 25 years ago and I can remember being given two mathematical tasks
on my very first day. The first was to check Bill Thompson's algebra on some
complicated calculation of plasma instability: I never did succeed in that
because Bill had, and probably still has, a unique ability to use c.g.s. and
m.kes. units randomly and still arrive at (approximately) the right answer.
The second problem was to decide whether I wished to retire on the old
pension system or the new one. I was such a young man then, it had never
occurred to me until then that anyone ever thought about pensionse.

The following ten years were my happy ones. I even enjoyed being
Division Head and I took a pride in gathering into the Division as many
bright people as I could find. I left the Division on a sad day in 1966 and
I have watched its progress and evolution with great interest ever since.
This list of special reviews is fascinating to me and I hope it will be of
interest for ©both nostalgic and scientific reasons to many other
theoreticians.

I regularly threaten to return to scientific research and the
Theoretical Physics Division but the present Division Head tells me that my
publication record in recent years is not aceptable to him. I can understand
that because reading these special reviews brings home to me the impact the
Division has had on science and the nuclear programme. I wish it the best of
luck for the future.

Walter Marshall.

(iii)






Chapter 1

INTRODUCTION

A. B. Lidiard

The natural view to take of the world is that there
are things which change; for example there is an arrow
which is now here, now there. By bisection of this view,
philosophers have developed two paradoxes. The Eleatics
said that there were things but no changes; Heraclitus
and Bergson said there were changes but no thingse...

Bertrand Russell, History of Western Philosophy.

As one of the founder Divisions at Harwell, Theoretical Pﬁysics Division
has seen many changes and has itself.changed often and quite substantially.
Only three present members of the Division were here at the beginning of our 25
year period; they are John Tait (1947-), Tony Lane (1953-) and myself (1954-7
and 1961-). The attached Table provides a brief chronology of the Division.
This shows that the technical nature of its work has altered greatly over the
years. The articles which follow review the changes and developments in many
of the fields which the Division has contributed to. Each is a brief
scientific review made from a personal or local point of view (which is why we
call this a special progress report). The Division has not, of course, been
involved with all these fields throughout the 25 years of the Atomic Energy
Authority's existence. My purpose in this Introduction is to describe briefly
the background to these changing programmes. We can usefully consider the
three decades separately, although we refer first of all to the early,

pre—Authority years because what happened then sets the scene in 1954.

Pre—Authority Years(l). Harwell was the first atomic energy

laboratory in the U.K., set up in 1947 with Dr. (later Sir) John Cockcroft as



Director. The first work on reactor design, weapons design, chemical
processing and fuel fabrication was done here and the earliest low power
graphife piles (GLEEP and BEPO) were -built' here. These practical tasks
nevertheless required a lot of physics and mathematical support and this
largely determined the initial role of Theoretical Physics Division. But other
establishments at Springfie;ds. Risley, Windscale, Capenhurst and Aldermaston
were soon set up to bring theee developments to fruition on -an industrial
scale. Therefore, as HarWellﬁ entered the 1950's much of the demand for
immediate calculational suﬁportf was ‘moving away ' to these other centres.
Nevertheless, it was recognized that the scientific understanding of many of
the underlying physical processes was poor and it was therefore considered
essential to have gfoups of theoreticians to develop models of nuclear
reactions, to evaluate the experimen;al results and to design new accelerators.
Computational techniqges had also to be developed to serve these theoretical
and other programmes. Shortly afterwards, two other topics were introduced
into the Division, namely plasma physics, as part of the -project to produce
controlled thermonuclear reactions (fusion reactions as they are now called),
and solid state physics, with the aim of giving theoretical support to the

metallurgists.

The 1950'3. Thus When the Authority was formed in 1954 the Division
contained six groups: (i) Nuclear Theory (Tony Skyrme), (ii) Neutron Transport
Theory (John Tait), (iii) Plasma Physics (Bill Thompson), (iv) Accelerator
Design (Bill Walkinshaw), (v) Solid State Physics (Mick Lomer) and (vi)
Computing (Jack Howlett). The 1950's as a whole were a period of optimism and
growth in scientific laboratories almost everywhere — for the wartime successes
of engineering guided by scientific research (e.g. radar and tha etomic\bomb)

had convinced people that continued technical success depended upon a strong



scientific base. One consequence of this growth was that by the beginning of
the 1960's Theoretical ‘Physics Division had donated more than half of the six
groups which it contained in 1954 to new laboratories. In 1956 the Atomic
Energy Establishment was founded at Winfrith and the Neutron Transport Theory
Group of T.P. Division subsequently evaporated. In 1957 the Rutherford High
Energy Laboratory was established next door at Chilton and the Accelerator
Group under Bill Walkinshaw joined it. The Culham Laboratory was set up in
1960 and the Plasma Theorv Group under Bill Thompson moved there in 1961. In
the same year the Atlas Computing Laboratory was established alongside the
Rutherford Laboratory with Jack Howlett as Director. Many of his Computing

Group moved over with him.

The 1960's. This outward movement of the more directly applied work
called for new activities and new Groups to take the place of those which had
gone. In 1961 I returned to Harwell from academic lifg to set up the Crystal
Defects and Radiation Damage Group and in 1962 the Division established an
Atomic Theory Group under John Tait and a Neutron Group under Peter
Schofield. We can point to two main influences in the 1960's, an
organisational one, i.e. the need for a new role for Harwell, and a technical
one, namely computers. In seeking a new role Harwell at first moved in an
academic direction, both in its research programmes and in its proposals for
new facilities, e.g. the High Magnetic Field Laboratory and the High Flux

Beam Reactor (neither of which came off)*. T.P. Division's basic work

*Although it should be noted that the Variable Energy Cyclotron, which had a
more applied function, namely the simulation of the behaviour of materials in
reactors, did.



expanded rather quickly and its reputation in nuclear theory, neutron
scatFeging, atomic cross—sections, magnetism, many-body theory, dislocations
and dgfects climbed rapidly. The expansion in basic science at Harwell was
halted by changes in national policy (and fortunes) in the mid-60's.
Instead, Harwell now moved towards industry and sought to develop non-nuclear
applications of nuclear techniques and know-how and to 'diversify' its
programme; which is the course it is still following. By this time, however,
it had acquired its own major computer, an IBM 360-65, and it was the
Division's task to operate, maintain and develop the Harwell computing
system. This acquisition meant a steady growth of Alan Curtis's Mathematics
Group - as it was initially and Mathematics Branch as it became - and also
that our own diversification was initially into computing applications
(optimization methods and operations research, real-time systems, etc.).
Individuals moved into these appl%cations from nuclear physics, atomic
physics and solid state physics. By 1970 these activities had grown so
substantially and become so diverse that it was necessary to subdivide the
Mathematics Branch into no less than four groups, (1) Numerical Analysis
(Mike Powell), (2) Operations Research (Ian Cheshire), (3) Real-Time

Computing (Ian Pyle) and (4) the Central Computer (Don Sadler).

The proximity of the computer itself, of computer experts and of
numerical analysts had its iﬁfluence on the more traditional physics
activities. 1In particular the modelling of solids and liquids was becoming
established quite firmly by the end of the decade. But the initial effects
of the diversification programme were somewhat depressing to the morale of
the physicists; nuclear, atomic and solid state theory were all obliged to

contract, although the effects were made less severe by the continued



presence of visitors and other attachm?nts who still came as a consequence of
the reputation established in the early 1960's. This side of the Division
therefore turned towards the major experimental projects - reactor materials,
reactor safety, heat transfer and fluid flow - and became increasingly
involved in a way which was more akin to the style in the 1950's than to that
of the early 1960's. The aim was to ensure that these projects obtained the
best possible assistance from theory by way of understanding, interpretation
of experiments and the construction of theoretical models. This meant that
we often had to wrestle with poorly characterized systems and to make our own
decisions on the important features of these systems; this is' where the
theoretician's understanding of fundamental principles and his (her)
particular 'Weltanschauung' may differ from the experimentalist's and make an
especial contéibution to the success of a project. The end of the decade saw
a growing self-confidence in the Division in its ability to ,tackle these
complex and applied problems succegsfully, a confidence which steadily grew

during the next ten years.

The 1970's. The Division thus entered the '70's broadly balanced
between applied mathematics and computing activities, on the one hand, and
theoretical physics activities on the other. Growth in these computing
activities had not, of course, occurred in Theoretical Physics Division in
isolation - as. the articles by Roger Fletcher, Mike Powell and Ian Pyle
clearly show. One consequence was that in 1973 the major computer activities
at Harwell were brought together to form Computer Sciences and Systems
Division and that Mathematics Branch became part of it. Further departures
were to come. In 1975 Phil Hutchinson's section of the Physics of Fluids

Group (under Peter Schofield) left to help found the new Thermodynamics



Division, while Peter Schofield himself transferred to Materials Physics
Division soon afterwards to take.respQ;sibility for all neutrontbeam work.
In the same year John Hubbard left us for the sunshine of California. The
rest of the 70's saw the Division taking up new tgs?s} (e.g. problems iﬁ
radioactive waste disposal, the theory  of ultrasonic methods of
non-destructive examination and the modelling of oil wells) and expanding its

effort on some existing ones. It enters the 80's with a very wide programme

indeed.

After these many changes. of personnel and programme one could reasonably
ask 'What is Theoretical Physics Division?'. Of il many replies one could
give I think it is correct. to emphasize the talent, professionalism and
loyalty of the inidividuals within it, the coherence and confidence of the
whole and its style of working, fundamental and powerful but with its feet on
the ground. These characteristics are well illustrated in the detailed

articles which follow.

I am very grateful to those past and present members of the Division who
have taken time to write this valuable collection of reviews of fields which
either are or have been its province in the past 25 years. I would also like
to ackrnowledge the essential part played by my secretary, Mrs. Marjorie Owen,

in producing this volume.

(1) Margaret Gowing (assisted by Lorna Arnold), Independence and Deterrence,
Britain and Atomic Energy 1945-1952 (Macmillan, London, 1974) 2 vols.



Table

1954 - Atomic Energy Authority created.
- Sir John Cockcroft is Director of Harwell.
- Head of Theoretical Physics Division®
Dr. B.H. Flowers (now Lord Flowers)
Groups: Nuclear Theory (T.H.R. Skyrme)
: -Neutron Transport (J.H. Tait)
: Plasma Physics “(W.B. Thompson)
: Accelerator Design (W. Walkinshaw)
Solid State Physics (W.M. Lomer)
Computing (J. Howlett)

1955 - T.P. Division moves from Building 329 to the new 8.9.

1956 -  Neutron Transport Theory Group moves to A.E.E., Winfrith.
1957 -  Accelerator Group moves to Rutherford High Energy Laboratory.
1958 - Dr. B. Schonland becomes Director of Harwell.

1958 - Dr. W.M. Lomer becomes Head of T.P. Division.

1960 - Dr. W. Marshall becomes Head of T.P. Division.

1961 - Dr. F.A. Vick becomes Director of Harwell.

- Plasma Physics Group moves to the Culham Laboratory.

- Dr. J. Howlett becomes Director of the Atlas Laboratory.

- Applied Mathematics Group re-formed (A.R. Curtis).

- Crystal Defects and Radiation Damage Group formed (A.B. Lidiard).

1962 - Atomic Theory Group formed (J.H. Tait).
- Neutron Physics Group formed (P. Schofield).
1963 - Dr. R. Spence becomes Director -{ “arwell,
1965 - Science and Technology Act empowers the Authority to do
non-nuclear work ('Section 4').
1966 - Dr. W. Marshall becomes Deputy Director of Harwell.

- Dr. A.B. Lidiard becomes Head of T.P. Division.
- Applied Mathematics Group redesignated Mathematics Branch.

1967 -~  The IBM 360/65 is commissioned.
1968 - Dr. W. Marshall becomes Director of Harwell.

- Dr. R.J.N. Phillips' High Energy Physics Section of the
Nuclear Theory Group joins R.H.E.L.



1970

1973

1975

1976

1979

Four new groups' formed in the Mathematics Branch:
(i) Numerical Analysis (M.J.D. Powell)

(ii) Operations Research (I.M. Cheshire)

(iii) Computer Systems (I.C. Pyle)

(iv) Central Computer (D. ‘Sadler)

Mathematics Branch joined the new Computer Sciences and Systems
Division.

Dr. P. Hutchinson's Heat Transfer Section of the Neutron and
Liquid Physics Group joins the new Thermodynamics Division.

Dr. L.E.J. Roberts becomes Director of Harwell.

T.P. Division moves from Building 8.9 to the new 424.4.



Chapter II

TWENTY FIVE YEARS OF FUNDAMENTAL THEORY

J. S. Bell

This period has brought no revolution in fundamental physical theory.
In the absence of gravitation, Lorentz invariance remains a requirement on
fundamental laws. Einstein's theory of gravitation inspires increasing
conviction on the astronomical scale. Quantum theory remains the framework
for all serious effort in microphysics, and quantum electrodynamics remains
the model of a fully articulated microphysical theory, completely successful
in its domain. However, a numper of ideas have appeared, of great
theoretical interest and some phenomenological success, which may well

contribute to the next decisive step.

As regafds Lorentz invariance, early in this period(l) there emerged
a new consequence which came to be known as the 'PCT theorem'. In
conventional 1local field theories Lorentz invariance, by an analytic
continuation(é), automatically implies a certain discrete  symmetry
involving inversion in space (P), reversal of charges (C) and reversal in
time (T). This result came into prominence a little later when P was found
experimentally to be disrespected at the weak intera;tion level, and into
further prominence later still, in the mid-sixties, when CP and T symmetfies
were found to be disrespected at a somewhat 1ower level. The violation of
parity was rather quickly and very fruitfully incorporated into weak
interaction phenomenology. The violation of CP and T remains even now
something of an undigested marginal curiosity, but is easily accommodated in
conventional theories(3). Any experimental violation of PCT would be

much more embarrassing. None has appeared yet.



As regards gravitation, Einstein's theory has passed a series of
increasingly sophisticated experimental .tests(4). But its prediction of
gravitational radiéﬁionwremains'ﬁnverifiedf'~éﬁchwradiétion seemed to have
been detected in one experiment, but did not show up subsequently .in
others(3), The observed damping of a certain binary- star seemed to
require the existence of such radiatibn, but at the time of wfiting it is not

clear that other damping ‘mechanisms have been sufficiéﬁtly allowed

for(6).

The theory of gravitational collapse, arid black hole formation, has been
much developed. Theorems on tﬁe inevitability of singulérities raise hopes
for a natural and neat beginning and end to things(7). But these are
theorems in classical theory, and there are indications that the
singularities will not survive quantization(8). A definite decision
requires first an agreed synthesis of general relativity and quantum theory -
not yet available despite much effort(9). 'One remarkable quantum effect
has, however, been established by convincing semi-classical reasoning - the
energy of a black hole leaks away in the form of black body

radiation(lo). Black holes are less permanent than had been thought.

In microphysics, quantum electrodynamics appears now, even more than at
the beginning of this period, a miracle of precisioﬁ(ll). In the 1light
of new experiments it seems valid, for electrons and muons, right down to the
level at which strong'interactions’inevitably intrude - by way of virtual
hadrons in vacuum polarization; Early in this period strong interactions
were themselves envisaged as governed by anélogous quantum field theories.
But the experimental multiplication of 'elementary' hadroné, and despair of

doing reliable calculations with large coupling constants, led to a movement

10.



of many theorists away from field theory. Setting aside electromagnetism (as
'part of the equipment of the observer') they theorized separately about
strong interactions and massive particles in terms of S-matrix concepts only,
invoking analyticity assumptions and 'bootstrap' hypotheses — i.e. that all
hadrons are on the same level and each is somehow made up of the others.
This phase seems over, and quantum field theory is again the centre of
attention. One pointer back to field theory was the phenomenological success
of a simple composite model of hadrons, in terms of hitherto not directly
observed, and perhaps not directly observable, elementary 'quarks'. Another
was the success of certain sum rules and low energy theorems (collectively
'current algebra') of field theoretic inspiration. Finally, and most
decisively, was the successful enlargment of quantum electrodynamics to cover
als; weak interactions(12) - in a way holding out hope for the further

incorporation of strong interactions on similar lines(13).

In this last development the ideas of 'gauge' symmetry and of 'hidden'
symmetry were vital(l4). Quantum electrodynamics permits certain
symmetry operations to be performed independently at different space—time
points, the resultant mismatch being taken wup by a corresponding
transformation of electromagnetic potentials. This is the meaning of 'gauge'
symmetry; quantum electrodynamics exemplifies the simplest 'Abelian' case.
Gauging non—-Abelian symmetry groups involves replacing the photon by more
than one massless 'gauge boson' - and the extra bosons mediate interactions
other than the electromagnetic. However, there is not, in fact, any great
symmetry'abparent between eiectromagnetic and other interactions in nature.
Therefore the hiding (or, less appropriately, 'spontaneous breaking') of the

symmetry is vital indeed. In fact the ground state of a system (the vacuum

11.



here) need not exhibit all the symmetry of the fundamental ‘equations. The
Heisenberg ferromagnet, with magnetisation pointing in some one of infinitely
many equally suitable difections, is the traditional example. It has been
found possible to contrive such a disymmetry of the vacuum so that the extra
bosons become effectively massive, thus distinguishing in range and effective

strength between the various interactions.

While these ideas were attractive in themselves, and permitted an
elegant marriage of electromagnetic and weak interaction theory, what really
attracted attention was the demonstration(15) that such theories are
"renormalizable'. That is to say that Fhe infinities which plague all local
quantum field theories are under control in the same sense as in quantum
electrodynamics. It has to be noted, however, that the phenomenological
success, in weak interactions, so far involves only ;he lowest order and low
energies. The characteristic features of renormalizable theories will appear
only in higher orders or at higher energies. Even the (rather massive)

bosons supposedly mediating the weak interactions remain to be seen.

As a result of these developments an immense and continuing effort has
been devoted to non-Abelian gauge theories. A number of striking results
have been obtained, some of which may or may not be relevant for the
'confinement" of quarks in composite systems, i.e. for their non-appearance
as free particles. Among the most beautiful and surprising of these results
was the discovery in some such theories of magnetic monoﬁoles(16) - as

perfectly regular solutions of the classical differential equations.



Magnetic monopoles are the most striking gxamples (in elementary
particle theory) of 'solitons' = permanently compact solutions of the
classical equations. Even before quantization they represent 'particles' of
some kind. Such mathematical objects and their possible relevance to
elementary particle physics were considered only by a couple of pioneers at
the beginning of this period(17). Only much later have they been more
widely studied. It has been conjectured that the 'bag' confining quarks may
be a related objecte. And the early conjecture that certain solitons, in
certain model boson field theories, are effectively fermions, has since been
brilliantly demonstrated(ls). The old confidence no longer holds that

the fundamental fields must include a fermion field.

Among symmetries, available for gauging or not gauging, a quite new
species(lg) has appeared in this period - so-called 'supersymmetry'.
Bose and Fermi fields, or particles of integer and half-integer spin, appear
here together in a given symmetry multiplet. Since these fields have
different Lorentz transformations, and respect commutation and
anticommutation relations respectively, this is no trivial addition to the
previous list of 'all possible symmetries'. Its appearance should perhaps be
used as a cautionary tale, illustrating the limited human ability to list all
possibilities - as also indeed could the final appearance of a renormalizable
theory of weak interactions. Supersymmetry has not yet heen found relevant
in phenomenology, but is of very great theoretical interest. The
supersymmetry transformations, mixing with different Lorentz transformations,
necessarily involve space and time in a non-trivial way. Related to this,
the gauging of supersymmetry can generate, among others, a gauge boson of

spin 2 that can be used as the 'graviton'.

13.



In this way certain 'extended supergravity' theories have been
constructed(19) which exhibit - if suitable spontahééﬁéavbreakdbwn is
anticipated - something like a unification of gravitatibhal With weak,
electromagnetic, and strong interactions. At ﬁhis time the most elaborate
version is not quite rich'enOugh for phéﬁomenology. But it has remarkable
properties as regards divergences. In genéfai, field theories inVolving
spins other than 0O, % and 1 have much worse infinitiés and: the
renormalization philosophy does not work. 'In 'extended supergravity'
theories there are miraculous cancellations at the one and two loop levels,
such that renormalization'gggg workf What happens in higher orders is not

known.

It may be that from such considerations will emerge a theory of
gravitation which is as satisfactory ‘as could be with pérturbation theory
about flat space-time. However, for E&smological applications something more
than that will be required. It may also be that quantum cosmology will
require a solution of the infamous ;interprétation problem' of quantum
mechanics. Quantum mechanics is still taught as giving oniy probabilities
for 'results of measurements' on the given 'system'. When the 'system' is
the universe, where is 'measuring' equipment to be found? And where is the
'measurer'? There has been 1little progress with this 'interpretation
problem' - whose very existence is denied by many. Among those who see it,
some (including Einstein) have considered addihg extra variables (to the
quantum mechani. sl description of the system) for the probabilities (given by
the wave-function) to be about. Einstein hoped that such variablies wight
restore not only objectivity, but also iocal causality, and perhaps
determinism. At the beginning of this period Von Neumann's famous

'impossibility proof', as regards the restoration of determinism, was

14.



still generally considered to be important. One small progress is that the
axiomatic basis of this theorem is now generally seen as. arbitrarily and
unreasonably narrow. This would have been seen sooner if the provers of
theorems had paid more attention to the builders of models. At the same
time, however, the non-locality of quantum mechanics has been more explicitly
and quantitatively demonstrated. Any extra (or so-called 'hidden') variables
can only bring this non-locality into greater prominence. It seems therefore
that Einstein's hope, of embedding quantum theory in a locally causal theory
defined by partial differential equations in ordinary space-time, is no
longer tenable. The situations which are critical in this matter do not
involve extremes of energy, distance or time. But they are experimentally
delicate, and even the new experiments of the last decade are far from the
critical ideal. As far as they go they support quantum mechanics :ather\than

locality(zo).
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Chapter III

25 YEARS OF HIGH ENERGY PHYSICS

R.J.N. Phillips

High energy physics is about sub-nuclear particles, and the first thing
to notice is how their numbers have multiplied. In 1954 a few dozen were
known, including strange meson and baryon states, but during the sixties
partial-wave analyses of scattering data uncovered a huge spectrum of excited
states. These had the additive quantum numbers that were already known
(charge, baryon number, strangeness) and decayed rapidly to a few long-lived
or stable components. Since 1974, however, new quantum numbers have appeared
too (charm, beauty, ...) in new, heavy and relatively long-lived particles.
There is also a new lepton tau with its own neutrino, similar to the electron
and muon but apparently quite independent. The popuiation has thus exploded
both in the number of sub-nuclear épecies (labelled by quantum numbers) and

in the number of energy levels within each species(l).

This abundance of particles has been remarkably well explained by the
quark model(z), which was evolved in the sixties. A few basic spin-3
entities called quarks are postulated and the known strongly interacting
particles (hadrons) are interpreted as quark-antiquark or as three-quark
states. Strong interactions conserve all quarks, so with n types (flavours)
of quark we get n additive quantum numbers. If interquark forces do not
depend on flavour we get an SU(n) symmetry for the strong interactions. The
spectroscopy of the fifties and sixties can all be explained by three
flavours of quark (labelled u,d,s with electric charges 2/3, -1/3, -1/3) that

provide three additive quantum numbers plus an approximate SU(3) symmetry -
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broken by ascribing unequal masses to the quarks. There is, however, a small
but significant complication; the observed spectrum calls for a three—quark
ground state that is totally symmetric in spin and spacé co-ordinates,
apparently violating the spin-statistics theorem. The solution 1is to
postulate a new internal degree of freedom (colour). Each quark belongs to a
triplet representation of-an SU(3) colour symmetry, whereas the observed
hadrons are supposed to be colour singlets; the resulting three-quark ground
states are antisymmetric -in their colour indices and overall antisymmetry is

restored.

In sub-nuclear spectroscopy quarks never appear in isolation, and indeed
they might seem to be purely a mathematical convenience. The first
indications of a possible deeper significance came with the identification of
orbitally excited states: quarks began to look much more like real particles.
Since 1968 a series of scattering expériments involving big momentum transfer
have pointed even more strongly to a particle-like identification. The
proton is a rather soft and extended object in sub—nuclear terms: it cannot
absorb big momentum transfer - it disintegrates - and the elastic ep ep
scattering cross section therefore falls dramatically at large Q2
(invariant momentum—-transfer squared). Measurements show, however, that
inelastic scattering ep eX does not fall in the same way; somewhere among the
disintegrated proton's constituents there seem to be hard, pointlike objects
that can absorb big Qz. ‘May they, in fact, be quarks? Detailed analyses
indicate that these objects have spin of %, and their electromagnetic and
weak interactions correspond closely to what we expect for quarks. They seem
to collide like particles, recoil like particles, but in the final stages

nevertheless conspire to group themselves into qq and qdq systems so that
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bare quarks are never seen. Apparently there is a selection rule allowing
only colour-singlet isolated systems. However, the energy and momentum of a
fast recoiling quark are transmuted into a jet of hadrons that can be

identified. Quarks give a meaning and a dynamics to jets.

Weak interaction theory too has changed radically. The discovery of
parity and charge-conjugation violation for weak interactions in 1956 1led
quickly not to confusion but rather to the universal V-A current-current
interaction. This form suggests a gauge ‘theory analogous to quantum
electrodynamics (Q.E.D.), where the weak interactions are transmitted by
charged and neutron bosons analogous to photons, and these neutral bosons
predict new "neutral current” transitions. Neutral currents were duly
observed in 1973, but a theory based on u,d and s quarks alone also predicted
s d transitions that were not observed. The most economical solution was a
more symmetrical theory containing one more charge 2/3 quark, c. When this
quark too was discovered in 1974 it seemed a clear vindication of
gauge—theoretical principles, and most of the present thinking is now in this
direction. The present standard SU(2) x U(l) gauge model with spontaneous
symmetry breaking unites weak and electromagnetic interactions in a single
formalism: it successfully predicts ten independent neutral current matrix

elements in terms of a single parameter(3).

Since gauging works for these electro-weak processes, what about strong
interactions? Colour SU(3) could be a gauge symmetry: if so, there are
coloured gauge bosons (gluons) analogous to photons, transmitting forces that
could be the basic strong interactions. This quantum chromodynamics (Q.C.D.)

is being studied intensively and seems the most promising present approach to

s
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strong interactions. There are important differences from quantum
électrodynamics (Q.E.D.) since gluqns not only couple to colour sources but
are themselves <coloured, and couple to each other. The theory is
asymptotically free; the renormalized coupling constant depends on the
relevant momentum scale, and for very high momenta it tends logarithmically
to zero. This offers a new area of application for perturbative field
theory, successful in Q.E.D. but previously ineffectual for strong
interactions. Conversely, at lqw momenta (or large distances) the theory has
unfamiliar divergences that may conceivably explain colour confinement - the
apparent requirement that isolated systems be colour singlets(4).

There is even hope of combining strong and electro-weak forces in a
single Grand Unified Gauge Theory with spontaneous symmetry breaking. Such a
theory would explain the quantization of charge. It would also treat leptons
and quarks on the same footing, putting them in the same super-multiplets;
hence some of the new gauge bosons would necessarily transmute quarks into
leptons and allow nuclear matter itself to decay. For example, the proton
might decay via p*Yyé+. Candidate theories of this kind put the proton
lifetime near 1030 years, close to the present experimental limits on

this quantity(s).

We talk mostly of quarks and gluons nowadays, but they are not the only
possible language for hadron physics. In the framework of S-matrix theory
there is a symbiosis of particles and forces. Forces can generate particles,
as bound or resonant states of other particles; on the other hand, the
exchange of particles generates forces. So particles generate forces which

generate particles, and in principle there might be a "bootstrap” solution in
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which all particles generate each other. The sixties saw determined attempts
to construct dynamical bootstrap solutions, with increasingly sophisticated
treatments of particle exchange (fixed poles, Regge poles) and methods of
relating exchange forces to the particles they create (N/D approximation,
duality). This approach implies sub-nuclear democracy - all particles’ are
equally basic - and is the antithesis of the quark model. However, no
complete workable dynamics was found, although there was ‘quite extensive

success in correlating many previously disconnected areas(6).

These paragraphs have sketched just a few of the new ideas, arbitrarily
omitting many others, but they illustrate astonishing changes. Twenty-five
years ago who would have guessed at parity violation, or an invisible
quark-gluon infrastructure, or proton instability? What will the next

quarter—-century astonish us with?

1. Review of Particle Properties, Phys. Lett. 75B (1978).

2. F.E. Close, "An Introduction to Quarks and Partons", Academic Press,
1979.

3. See talks by C. Baltay and S. Weinberg in Proceedings of the 19th
International Conference on High Energy Physics, Tokyo, 1978 (Physical
Society of Japan, 1979).
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Conference on High Energy Physics, Geneva, 1979.
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Chapter IV

NUCLEAR REACTIONS

A. M. Lane

1. Relevance of Nuclear Reaction Studies to Atomic Enefgy

Nuclear energy is réleased by reactions that occur between colliding
nuclei. Part of the internal energy of the colliding nuclei is converted by
the reaction into kingtic energy of the finél nucléi, and therefore into
usable heat energy. This is trué both for fission reactions (typically
resulting from neutron—-uranium collisions) and fusion reactions (arising from
collisions of certain light nuclei). Each reactién at each célliding energy
has a characteristic cross-section which describes the probability that the
reaction process occurs. Of all the:physical parameters that enter into the
design of a reactor, ﬁhe most directly relevant and crucial are the reaction
cross—-sections that determine the energy-releasing processes. If
cross—sections are small, no net energy release occurs; if they are large,
reactor controls must be designed to restrict the energy release to

manageable amounts.

This essential role of nuclear cross—sections in reactor design accounts
for the extensive theoretical and experimental studies in these quantities at
nuclear energy research stations. Wﬁen possible, cross—sections are measured
by experiment using focussed beams of charged particles from accelerators or
collimated beams of neutrons from various kinds of sourcese. Sometimes
experimental measurement is not feasible; suitable target materials may not
be available, or beam resolution may be inadequate. In such cases,

theoretical studies are needed to give a guide to the magnitude of the

22.



required cross-sections. Even if such direct support were not needed, theory
.still has a role in a healthy research prograume by providing physical inter-

pretation of the results of the experimentalists.

At Harwell over the last twenty-five years, both experiment and theory
have struck a balance between work on cross-sections of direct practical
relevance to reactors and on those relevant to an overall understanding of

reaction processes.

2. Pre-1954 Background
There are two kinds of reaction process that dominate nuclear reactions,

the so-called "compound nucleus” and "direct” processes.

2.1 Compound nucleus process

In this case, the two colliding nuclei fuse completely to form an
intermediate state which subsequently decays. This two=-step process was
first proposed by Bohr in 1936, and was believed for many years to be the
dominant mechanism for nuclear reactionse. This belief was founded partly on
the cxperimental observation in neutron capture of very intense narrow
resonances in the excitation curves. . Such resonances are direct evidence for
the existence of long-lived intermediate states. Another source of the
belief was the fact of very strong, short-range nuclear forces. This made it
appear quite natural that- any interaction between two colliding nuclei should
lead to a complete merging of the two bodies. A key concept here is that of
the mean free path of a nucleon against a collision with other nucleons. The
nature of nuclear forces suggests a very short mean free path, with the

implication that colliding nuclei fuse quickly into each other.
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At low bombarding energies, the resonances (which correspond to unbound
levels of the combined nuclear system) are widely spaced and narrow, so that
at most one ie excited at a given energy. In 1938, a detailed theory was
given of this kind of resonance excitation, and the resulting‘cross—section

expression was called the Kapur-Peierls dispersion formula.

At higher bombarding energies, resonances become wider and more closely
spaced, so they begin to overlap and eventually the cross—-section becomes
smooth. Nevertheless, it is composed of a dense set of resonances. In 1938,
Bethe gave a theory for such situations in which he assumed that the
amplitudes with which different states are excited are random. This
assumption was in the spirit of the Bohr theory and resulted in an expression
for the cross-section which was the product of two factors, one for each of
the entrance and exit channels. This product form enshrined the independence
of the formation and decay processes imﬁlied in the Bohr theory. (In fact,
Bethe's theory was only semi-quantitative. It was not explicitly consistent
with formal requirements like the unitarity of the scattering matrix. It is
only in the  period 1964-76 that rigorous derivations have been given of the

product formula).

2.2 Direct processes

About 1950, in (d,p) reaction studies, features were observed that were
in violation of expectations from compound nucleus theory. The angular
distribution was found to be strongly peaked in the forward direction, in
sharp conflict with the near-isotropy expected. (This isotropy is an
expression of the compound nucleus. concept that the decay process has 'no

memory' of the formation process). The observed facts were quickly described
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by a new theory, that of "direct" processes (or "stripping” in the particular
case of (d,p) reactions). In this description there is a single interaction
between the colliding nuclei that directly causes a transition to the final

nuclei, without the intervention of an intermediate state.

Since the establishment of this "direct” process in (d,p) studies,
counterparts have been found in almost all kinds of reaction. Depending on
the reaction and on the energy, one process or the other may dominate, but in

general both are present.

In the simplest descriptions, one pretends that the processes are
independent and that the cross-sec;ions are calculated separately, then
added. 1In fact, provided that cross—-sections are averaged over resonances,
it is formally correct to add them. However, this does not mean that they
can be calculated independently; indeed they affect each other in a
complicated way which has only recently received adequate theoretical

treatment.
This brief survey gives the background to the contributions to nuclear
reaction theory that have occurred at Harwell over the last twenty-five

years.

3. Nuclear Reaction Theory at Harwell 1954-79

During this period, almost all developments in nuclear reactions were
assisted by contributions from Harwell. These contributions include:
Optical Model for Nucleon Reactions (A.M.L.)

Nucleon-Nucleon Scattering (J.K.P.)
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Alpha—-Alpha Scattering (J.K.P.)

Theory of (d?p) Reactions with Coulomb-Effects (C.F.C.)

Neutron Capture Reactions (A.M.L., C.F.C,J:J.E.L.)

Calculation of Individual Resonance Widths (A.M.L.)

‘R—Matrix Theory of Resonange Reactionsv(A.M?L.)

Coulomb Scattering by Deformed Nuclei (C.F.C.)

Calculable Theory of Reaction§‘(A.M.L.)

Reactions with Doorway States (A.M.L., J.E.L.)

Isospin—-dependent Optical Potential for (p,n) Reactions (A.M.L.,
JeM.S.).

Reactions with Analogue States containing Fine Structure (A.M.L.)

Correlations between Partial Width Amplitudes of Resonances
(AM.L.)

Sum Rules for Spectroscqpic Factors (C.F.C.)

Time-Reversal Violation in Reactions (C.F.C.)

Sum-Rules for Photonuclear Reactions (A.M.L.)

Threshold Anomalies (A.M.L.)

Theoretical Analysis of Protop Scattering at the Analogue of
208py, (C.W.)

Optical Model Analysis of Scattering Data (D.W.)

Hauser-Feshbach Analysis of Compound Nucleus Data (D.W.)

The initials are those of the relevant authors, i.e. C.F.C. = C.F. Clement,
J.K.P. = J.K. Perring, A.M.L. = A.M. Lane, J.E.L. = J.E. Lynn, D.W. = D. Wilmore,

JeM.S.

(the late) J.M. Soper.
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4, Representative Selection of Harwell Work

Rather than trying to give an account of all the above items, a few

items of central importance will be chosen and egpanded upon.

4.1 The optical model

In describing reactions initiated in a nuclear collision process, the
most basic features are the cross-sections for elastic scattering and for
absorption. The absorppion is composed of all reaction cross—-sections, and,
with the elastic cross-section, it forms the total cross—section. The Bohr
model, with its very short mean freeApath{_impligs that the wave-function of
relative motion of the colliding nuclei has only in-going components at the
point where the nuclei meet, thereby enshrining the idea of strong
absorption. However, the discovery of direct reactions in 1950 meant that
the mean free path was not as short as that implied by this pictu}e. Rather,
one should relax théuin—géing—wave assumption to allow for the fact that
sometimes the incident particle can return to the entrance channel. This
means that the nucleus presents to the incident particle a potential which is
not entirely absorptive, and therefore can refract as well as absorb, i.e. it

is an optical potential.

The notion of a mean free path long enough to enable the particle to
survive a transit across the nucleus caused some consternation in the face of
the strength of nuclear forces. However, this feature was also implied by a
concurrent development in nuclear structure, viz. the rise of the independent
particle model, and therefore had to be. accepted as fact. The key to the
paradox is the Pauli Principle which effectively dilutes the collision power

of nuclear forces by forbidding many transitions. For an incident nucleon,
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this effect is very strong at low énergies where nearly all states allowed by
energy and momentum conservation aré_ forbidden. This means that the
absorption part of the optical. poteritial is strﬁngly‘reduced. In 1955, a
simple quantitative theory of this effect was given, and this fitted the data

on absorption.

This. discussion of the optical potential has been a semi-classical one,
and has not mentioned the underlying quantum aspects embodied in resonances.
In 1955, a theory was given which built the bridge between the
phenomenological model, and the full microscopic description involving the

.

fine-scale resonances.

4,2 Neutron capture theory

In a series of papers between 1957 and 1976, the theories of reaction
mechanisms were applied to neutron ;apture. .Because of the striking
resonances at low energies, it had been assumed that neutron capture was
exclusively a'caméound nucleus process. This is almost true at low energies,
but less so at higher energies where the compound nucleus cross—section is
sharply reduced by other competing decay channels. Even at low energies,.

between resonances, there is a small direct cross—section.

It was shown in 1957 that 14 MeV capture cross-sections could not be
understood in compound nucleus terms, but that they required a direct
mechanism. Later studies showed that the direct mechanism was not simply a
matter of the incident particle making a radiative transition to a bound
orbit, but was modified by collective effects that redistribute the radiative

strength in energy. The result was the "semi-direct mechanism” in which the
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incident particle excites the giant dipole resonance while being scattered
into a bound orbit, with the subsequent radiative decay of the giant
resonance. This picture continues to be the standard one for discussion of

fast nucleon capture.

In the low-energy region, direct capture rarely shows itself in the
cross—section, being drowned by the compound nucleus cross-section. However,
it shows itself dramatically in another form. As we saw in our introductory
remarks, the two mechanisms cannot operate independently, but must affect
each other. The most striking effect is that the presence of direct capture
implies that there are correlations between the neutron and radiative widths
of resonances. Over the years an impressive list of experimental cases of

correlations has been accumulated, and these have been explained(S), at

least semi-quantitatively, as a consequence of direct capture.

4.3 Reactions at doorway states with fine structure

If the compound nucleus process dpminated reactions, then all aspects of
reactions would be statistical, and the absorption cross—section in any !
channel would be a smooth function of energy. An early indication that other
processes could occur was the discovery that broad,resonances occurred in
neutron absorption cross-sections, and these were fitted with the optical
model. Since then, much more concentrated and dramatic peaks have been found
in certain situations; prime examples are in fission channels (arising from
so—called Class II doorway states) and in proton channels (arising from
analogue states). In both cases, high resolution studies often show that the
peak is composed of a large number of fine-structure resonances, whose

parameters vary systematically with energy in order to give the peak observed
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with normal resolution. ' The interplay between the fine- and gross—structure
has been a fastinating 'and "profitable area'yof"study(6), espeéially when
there is a background’ with which the doorway state interferes (giving the

so—called Robson Asymmetry).

In heavier niclei, ‘the fine-structure is not resolvable, and one has
only the gross-structure, although this may pfteh be oBéerved in several
channels. A good example  is '207Pb(p;p')' where the analogue of 208py,
appears in several inelasti¢ cross~sections. The theoretical"description of
this . situation has ©been given with an elaborate coupled-channels
calculation(7), in which Coulomb effects give rise to the iine—broadening

of the analogue.

4.4 Sum-rules for spectroscopic factors"

When (d,p) and (p.d) data on a given target are analysed with direct
reaction theory, the result is 'a collection of ‘a large number of
spectroscopic factors for adding a neutron or a neutron-hole to the target.
In certain cases, these may be fitted individually by appropriate theory, but
often this is not possible because the theory (shéll—ﬁodel with configuration
mixing) is prohibitively complicated. Then it is extremely useful to analyse
the data with sum-rules(®), -When the target has non-zero spin, there are
many of these rules, with less parameters than rules. (This applies to
energy-weighted, and nbn—energy—Wéighted rules). ‘Thus there are; in effect,
powerful consistency checks, as well as equations-fof'the parameteré. The
values from this analysis are complementary to those obtained from fitting
energy spectra, and greatly tighten ‘up the whole process of fitting theories

of nuclear structure to the‘available data.
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Chapter V

ELECTRONIC COLLISIONS

P. G. Burke

1. Introduction

The study of the collisions of electrons with atoms, ions and molecules
has seen an enormous increase in activity, both theoretical and experimental,
over the last twenty—-five years. At the beginning of this period, the
sub ject of electronic and ionic impact phenomena, which also includes thermal
energy and high energy ion-atom, atom—atom and atom-molecule collisions, was
comprehensively described within the covers of one book by Massey and
Burhop(l). Twenty years later, in the early 1970's, Massey, Burhop and
Gilbody, in the monumental second edition of this book, needed no less than
five volumes to cover this subject(z). To-day, only five years later, it

is impossible to contemplate ever bringing this subject together in this way

again.

The growth in the subject has been caused by many factors. Perhaps the
most important of these is the continuing and, indeed, ever increasing need
for electron collision cross—sections in many applications. These include
(i) the need for accurate rate coefficients to enable the electron densities
and temperatures to be determined in astrophysical plasmas, such as stellar
atmospheres, (ii) the role these processes play in gas lasers and (iii) the
need for these cross—sections in understanding plasma fusion devices. . On the
experimental side, the development of new techniques and improved electronics
has enabled a new generation of experiment to be carried out. No longer is
it possible to measure only total or perhaps differential cross—sections.

Instead, by using spin-polarized beams and various electron-electron and
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and electron-photon coincidence techniques and laser pumping techniques, it
is now often possible to. measure the complete scattering amplitude, perhaps
involving excited states. These experiments, of course, provide a much more
stringent test of the theory and enable a deeper understanding of the regions
of applicability of different theoretical models tqﬁbe developed. Finally,
on the theoretical side, new approaches have been developed and these,
coupled with the vastly improved computing facilities which are now
available, are enabling accurate cross-sections to be calculated in many

cases of interest.

This review will concentrate on theoretical developments which have been
made in' the last twenty-five.years. From this point of view it is often
convenient to divide the energy range for the incident electron into 1low,
intermediate and high energy regions. 1In the low—energy region the velocity
of the incident electron is of the same order or less than the velocity of
the electrons in the target which are taking an active part in the collision.
In this region only a few target states can be energetically excited. The
intermediate—-energy region extends up to an energy where the velocity of the
incident electron is typically about four tiﬁes the velocity of the active
target electrons. This is the hardest region to treat theoretically, since
an infinite number of target states can be excited and also because ionizing
collisions are possible. Finally, the high-energy region is characterized by
the rapid convergence of perturbation theory and, at sufficiently high
energies, the first Born approximation will wusually, but not always, be

applicable.

2. Low Energies

At low energies, the collision has many of the features of a bound state

problem. The wave-function describing the collision can be accurately
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:epresénted in terms of a sun qf“qqnfigurqtiqns,“similarv;o the configuration
interaction expansions used for bound-state ,qalcdlacions" of atoms and
molecules. This so called close-qoupling expgnsion, iﬁtrqduced by Ma;sgy aqd
Mohr(3) in the 1930's and developed by Segton(4) and many others

since, can be written for an electron incident on an N-electron targéc as:

W1,2 ee oo N +. 1) .‘-,_\S{,ﬁ_(l_,z coo) Fi(M 4+ 1) + Ixg(1,2,.0,8 +1) a5 (1)

where the ¢; are a finite number of low-lying target states - those which
are important in the collision = while the Fj describe the motion of the
scattered electron and the yj -are' additional functions allowing for
electron-elecffon correlétion,- which vanish unless all tbe electrons are
close togechgr. The total wave-function ‘'is " antisymmetrized by the
operatoé-ééin accordance with the Pauli exclusion principle.. If the
expansion (1) is substituted into the Kohn variational principle then coupled
integro-differential equations' are obtained for the radial parts of the
functions F;, which are coupled' to linear equations for the coefficients
aje Then, from the asymptotic form of the F; the S-matrix and

consequently the cross-sections for transitions between the states ¢; Can

be obtained.

An important development in the 1960's was the realization, particularly
by Spruch and his colleagues<5), that, as for bound-state problems, the
solution of the scattering problem, corresponding to expansion (l), satisfied
certain bound principles. As an example, if the ground state of the taréet
is known accurately, then the phase-shift calculated using expansion (1) is a

lower bdound on the exact ghase-shift at low energies; the calculated phase

will increase monotonically towards the exact thase-shift as the number of
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terms in the expansion is increased. Although the situation is more complex
if the target states are imprecisely known, these bound properties of the
solution are a major reason why reliable results can be obtained in this

energy region.

0f course, in order to obtain these results, .it is necessary to solve
accurately and speedily the coupled equations resulting from expansion (1).
In the case of electron scattering by 1light atoms and ions, where
relativistic effects are unimportant, considerable progress has been made in
this area in the last ten years and numerical methods and general computer
program packages have been developed which now enable accurate cross sections
to be calculated for an arbitary target(6s7). However, for electron
scattering by heavy atoms and by molecules, the situation is less
satisfactory. In the former case, relativistic effects, and, in the latter
case, the multi-centred nature of the electron—molecule interaction,
considerably complicate the form of the equations which must be solved.
However, for both heavy atoms and molecules, recent theoretical developments
in the use of Lz-integrable (square-integrable) wave—functions in
cdllision calculations have opened up the possibility of modifying standard
bound-state program packages to calculate collision cross-sections(8).
These developments are being actively pursued by many groups and recent
results, particularly in the case of electron-molecule collisions, are most

encouraging(g).
It is also important to mention the fundamental role which resonances

play in low-energy collisions. Although it was known in the 1930's that

resonances could occur, it was not until the early 1960's that Fano(10)
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firmly focussed attention on their importance in photo-ionization processes.
Shortly after this, the first detailed calculations and observations showed
that resonances were a common feature of' all low-energy collisions of
electrons with atoms, ions and mglecules(ll). Since then their
importance in such processes as 'di—electronic recombination, vibrational
excitation and dissociative attachment has been clearly established.
Nevertheless, certain basic questions still remain unanswered when the
resonances involve interactions between more than two electrons, as is the
case in the post—collision intéraction &iscovered by Read and

collaborators(lz).

To conclude this discussion of 1low-energy collisions, the decisive
influence which the development of multichannel effective-range or
quantum—-defect theories have had, particularly for electron-ion collisions,
must be mentioned(13'15). Thene theories describe the behaviour of
cross—sections in the neighbourhood of thresholds in the presence of a
long-range, attractine, Coulomb interaction and théy enable the resonance
structure below threshold to be predicted from a knowledge of the scattering
amplitude above threshold. As well as enabling a complicated resonance
cross—-section to be described in terms of a few parameters, the theory also

provides a convenient way of interpreting experimental results.

3. Intermediate Energies

Turning now to intermediate energies, where an infinite number of target
states can be energetically excited, it should first be noted that expansion
(1) now has the wrong asymptotic behaviour. This is because only a finite

number of target states can be included in the expansion and because there is
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no easy way of including the continuum states. Nevertheless, one approach
which has had some success is based on this expansion in which some of the
target states are replaced by suitably chosen 'pseudo-states', i.e. states
which are .not eigenstates of the target Hamilitonian. ~ Instead these
pseudo-states each represent an average in some sense over the complete set
of target eigenstates. For example, Damburg and Karule(16) have - shown
how pseudostates can be constructed for atomic hydrogen, which represent the
first-order distortion of the target in the field of the scattered electron,
and this technique has now been extended to treat any atom or molecule.
Using this approach, cross—sections for the excitation of atomic hydrogen
have recently been calculated which are in good accord with experiment at
intermediate energies. There is no basic reason why the same could not be

done for more complex targets.

A number of other approaches involving some form of analytic
continuation in the complex energy plane have recently been introduced at
intermediate energies(8s17). The essential point about these approaches
is that by a suitable choice of continuation, an L2—integrable trial
wave~function can be used, thus avoiding the difficulty of explicitly having
to construct the asymptotic form. However, such approaches have so far been
limited to elastic scattering from atomic hydrogen, and it remains to be seen
how far it will be possible to extend them to describe inelastic electron
collisions with complex atoms and molecules.

At this stage it is appropriate to mention the developments which have
been made in the theory of ionizationm. It is almost exactly twenty-five

years since Wannier(ls) wrote his paper on the classical theory of
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ionization. 1In this theory he predicted that the ionization cross section

near threshold had the -form

o ~ gL.127

where E -is the excess energy from threshold. For many years there was
considerable controversy. about this .result with arguments made that a linear
threshold law would be obtained using a fully quantal theory. The situation
was clarified in the early. 1970's by Peterkop(l9) and Rau(zo), who
showed that Wannier's result was not inconsistent with quantum mechanics, and
by Cvejanovic and Read§21), who studied the ionization of Thelium
experimentally and obtained results which supported Wannier's law and which
were definitely inconsistent with a linear behaviour at threshold. However,
a completely ab-initio theory, which is capable of predicting the magnitude
and shape of the ionization cross—-section close to threshold, is still

lacking.

4. High Energies

The theoretical understanding of electronic collisions at high energies
has also seen many significant .advances in recent years. Perhaps the most
important of these is the realization that the first Born approximation does
not always give the leading contribution to the cross—-section. For example,
inelastic collisions at large .scattering angles are dominated by the second
term in the Born series, in which the scattered electron interacts once with
the nucleus, to give a large scattering angle, and once with a target
electron to give. excitation. Byron and Joachain(22) in a series of

important papers have also made the point that, in order to obtain consistent
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results as. the energy decreases from a very high value, it.is necesssary to
retain all terms in the Born series having the same energy dependence. In
this way they find that the correction to the first Born approximation must
Jinvolve terms from the real part of the third Born amplitude, as well as the
second Born amplitude. They estimate the third Born contribution using an
eikonal approximation and their results are .in very satisfactory agreement

with experiment.

5. Highly Excited States

The last topic which will be mentioned in this review is electronic
collisions involving transitions. between highly excited states. It is in
this area where classiﬁal theories, which saw an enormous resurgence in
interest following the work of Grysinski(23) some twenty years ago, have
really come into their own. It is clear that quantal theories based upon
expansion (1) are generally only appropriate up to a value of the principal
quanthmvnumber n of about three or perhaps four, after which the number of
states which need to be coupled becomes prohibitively large. However, highly
excited states with an n value up to 105 have been observed in the
laboratory, while radio-frequency observations of interstellar gas clouﬁs
have detected transitions between even highér values of n. For example, in
1965 an emission line at 5.4 GHz was observed coming from the Orion nebula
and attributed to a transition between the levels n = 110 and n = 109 of
atomic hydrogen. In a recent review, Percival and Richards(24) have
examined regions of validity of various approaches which can be used to
calculate transitions between these states.: These range from purely
classical calculations, using Monte Carlo methods, to methods based on Bohr's

or Heisenberg's correspondence principles. The theory is now reasonably
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complete for energy-changing collisions in which the target is in a state
within n greater than 5; however, this ‘leaves a possible gap involving n

about 4 or 5, where new approaches are still required.

6. Conclusion

In conclusion, although the field of electronic collisions has seen very
substantial advances in the last twenty—fivé years, there are still many
problems outstanding, and the field promises to continue to be as active and

exciting in the future as it has been in the past.
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Chapter VI

"INTERATOMIC COLLISIONS

J. S. Briggs

1. Relevance to Harwell Programmes

The study and understanding of interatomic collision processes has been
closely interwoven with ‘the development: of nuclear physics and its
technological applications sincer the early days of this century. However, it
must be said that the relevance ‘of 'such. studies to nuclear power development
has often been to provide insight into ancillary, but nonetheless vital,
processes involved in the fission and fusion reactions. An example from the
very earliest days  of nuclear physics was - the necessity to understand the
stopping power of solids and liquids for fast charged particles (e.g. protons
and a-particles) passing through them. Even to-day, these studies form a
cornerstone of what is known as radiation physics, that is, the physical and
biological effects of ionising radiations. However, stopping power is a
gross measure of the interaction between heavy projectile ions and target
atoms. Increasingly over the last fifteen years, which roughly marks
Theoretical Physics Division's involvement in the problem, has emerged the
need to unravel in much greater detail the inelastic events occurring in the
close collision of two atomic systems. Specifically, the aim has been to
develop the theory of the angular and energy distributions of the fragments
(e.g. free electrons, charged ions and photons) emerging from the collision
as a function of the collision velocity. The development of the detailed
theory and particularly the involvement of Theoretical Physics Division in
this development, has kept in step with the increasing relevance of atomic
collision processes in the broadening of the Authority's interests over the

last ten years or so. Particularly noteworthy are the applications in the
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field of ion-solid interactions, e.g., ion implantation, Augér and X-ray
electron spectroscopy and ion—beam simulation of radiation’damage'processes.
Potentially even more important is ghe incréasing recognitibn of the
importaé£ rdle of atomic coilisioh processés in ;he fusion programme
where a-particle heating, all manner of impurity energy-loss processes and

neutral beam injection depend crucially upon the magnitude of cross—sections

for electron capture and loss in heavy ion-atom collisions.

It is with this background that we come to discuss the steps in the
development of the theory of inelastic atom—atom collisions and the impact of
the particular contributions made by members of T.P. Division. It can be
asked, and often is, just what problems remain in the field of atomic
collisions where the forces are known to be purély”Coulombic, where (apart
from some aspects mentioned below) non-relativistic theory is sufficient and
where the interaction with the radiation field can often. be considered only
in firs;—order perturbation theory. The answer to this lies in three aspects
of the problem. One is the rather obvious fact that one is dealing with a
quantum—mechanical few-body problem; that is to say, the number of particles
(nuclei, electrons and photons) is, in general, neither so few to allow
reduction to an effective one- or two-body problem, nor so great to manifest
either statistical or 'many—body' behaviour, for example by the occurrence of
collective excitations. The second is that the Coulomb force is notoriously
difficult to hLandle both analytically and numerically. Being inversely
proportional to the interaction distance, it is essentially of infinite range
and so gives rise to the Coulomb-wave phase-shift which must be accounted for

even in the 'zero-order' problem, i.e. outside the interaction region. For
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this reason, many of the proofs and manipulations of formal scattering theory
become invalid for the Coulomb potential. Finally, because atomic
cross-sections are often large (10712 - 10724 cmz) by the standards
of nuclear or particle physics and thus are easy to measure, the accuracy of
the measurements imposes a similar accuracy upon the theory which seeks to
explain them. For these reasons the theory of atomic collisions still
presents unsolved problems, particularly in the case of ionisation and

re—arrangement collisions.

2. Historical Development

The theory of atomic collisions concerns the calculation of energy and
momentum transfer between nuclei and electrons interacting via the Coulomb
force. Different energy and momentum transfers lead to different final bound
or unbound states and the aim of the theory is to calculate cross—sections
for such processes. Almost all atom-atom collisions lead to the emission of
photons either during or after the collision and the frequency and angular
dependence of this photon emission provides a sensitive test of collision

theories.

?he earliest theories concerning the scattering of bare charged
particles by atoms were wholly classical and included the theories of
Thomson(l) and Bohr(z) for B - and qg-particle excitation of atoms and
of Thomas(3) for re—arrangement of electron—capture collisions. The
simplest quantum—mechanical descriptions of these processes were given very
soon after the invention of quantum mechanics by Bethe(4),

Oppenheimer(s) and Brinkman and Kramers(6) and were among the first

quantum treatments of scattering processes. All of these theories discussed
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the impact of a bare nucleus and employed first-order perturbation theory in
the interaction of the incident particle with the initially bound atomic
electron. Not long afterwards, Massey and Smith(7’8) presented a
- -~
non-perturbative approach, applicable to slow collisions and called the
"perturbed stationary states” approximation. This approximation adopts the
viewpoint that the collision is almost adiabatic so that electrons occupy
molecular electronic states during the collision; transitions between 'such
states are then effected by the motion itself, i.e. by the slight
'non-adiabaticity' of the collision. Although the original formulation
contained several shortcomings, this simple idea has had far-reaching effects
in the field of atomic and molecula; collisions and, incidentally, has even

found its way lately into descriptions of nuclear inelastic collisions.

After the initial activity of the early 1930's atomic collision research
tended to take a back-seat to its nuclear counterpart in the 1940's and
1950's. The theory too consolidated only slowly. In 1948 Bohr(g)
published his classic monograph on the penetration of charged particles in
matter. Apart from a continuing undercurrent of theoretical work from the
Massey school in the U.K. and a review of inner-shell ionisation by bare
particle impact by Merzbacher and Lewis in 1958€10) little of importance
was published. However, the 1960's saw a quickening of interest in atomic
collisions and, in particular, in new experiments(ll) on heavy atom—atom
collisions where both collision partners carry electrons into the collision,
where there is a deep interpenetration of the inner electron shells and where
many modes of fragmentation of the atom—atom system (final channels) are
available. (A few such experiments had been conducted in the l930's(12)

but had been subsequently forgotten.) This period coincided with the
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interest of T.P. Division in atom—atom collisions.

Although we shall mostly describe the contributions of the members of
the Atomic and Molecular Physics Group under the leadership of Dr. John Tait
in the period 1960—1979, it is not immodest to say that mu;h of this work was
highly innovative apd often parallelled or led similar development of the
theory in other laboratories. Hence the story of the work of T.P. Division
presents us with a reasonably accurate Qverview of the recent development of
interatomic collision theory. The contribution falls into two main parts.
Ub to 1970; interest concentrated on the lighter collision systems involving
protons, a-particles and the hglium and hydrogen atoms at collision energies
in the range 1 keV - 1 MeV. After 1970 interest broadened to include the
collisions of heavy atoms, such as the 0*-Ne collision system which was
used as a prototype for the development of scaling laws for inner—shell
excitation in any heavy-ion collision. At this time a comprehensive theory

of photon emission accompanying a heavy-ion collision was also developed.

3. The Born Expansion and Beyond

It is fortunate that, largely as a result of the small ratio (m/M) of
the electron mass to the nucleon mass, the nuclear motion can often be
described accurately by a given classical trajectory of impact parameter b
and initial collision velocity v. Then the problem reduces to the
calculation of the scattering wavefunction ¥(r,t) of electrons moving in the
time—dependent potential of their mutual interaction and that of the two

nuclei. Hence a solution of the electronic Schrdodinger equation

TH(t) - f 22¥(r,t) = 0 (1)

is sou