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ABSTRACT
(Fallieros). Energies of giant isoscalar monopole and quadrupole'ekcita-

tions, energy-weighted sum rules, the random-phase approximation Hartree-

~Fock calculations, spreading widths, physical consequences of the locality

i

of current-density commutators and current-current sum rules.

(Levin). Electron-hydrogen scatteting using the inhomogenous equation
method; variationai calculation of e +H scattering uaing the symmetriaed
channel coupling array equation; K operators and unitary approximations for
the 3-body problem; approximate calculation of model (d-p) and (dd) ampli;
tudes and cross sections; multi—step processes in direct reactions; bound

state calculations using the channel coupling array theory.

(Friar). Methods for determining nuclear chatge distributions, relativistic:
effects in nuclei, dispersion corrections and recoii corrections to elastic
electron scattering; nnitarity of elastic scattering amplitudes;'low energy
theorems for two-photon processes; pion-exchange conttibutions to the charge
density; recoil effects and energy-dependent Hamiltonians; pion-exchange
contributions to two-photon processes; hypervirial theorems for the Dirac

equation; Coulomb energies of nuclei.. .

(Hirata). Pion—nuclens scattering, diagonalization of the A-(nucleon-hole)
configurations, doorway states and doorway dominance,'calculationa for 4He,

discussion of experimental results.




"This report was prepared as an account of Government-sponsored work.
Neither the United States, nor the Energy Research and Development Ad-
ministration, nor any person acting on behalf of the Administration:

A. Makes any warranty or representation, expressed or implied,
with respect to the accuracy, completeness, or usefulness of
the information contained in this report, or that the use of
any information, apparatus, method or process disclosed in
this report may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for
damages resulting from the use of, any information, appara-
tus, method, or process disclosed in this report.

As used in the above, 'person acting on behalf of the Administration'

includes any employee or contractor of the Administration, or employee
of such contractor, to the extent that such employee or contractor of

the Administration, or employee of such contractor prepares, dissemi-

nates, or provides access to, any information pursuant to his employ-

ment or contract with the Administration, or his employment with such

contractor." '




SCOPE

The Nuclear ?hysiés group at BrownAis currently the same as last year.
It includes six physicists, .two faculty ﬁembers in experimental physics,
three faculty members in theoretical physics and a research associate, also
'a theorist. The collaboration Between the members of thevtheoretical gfoup
which is supported by this contract and the experimentalists still continues.
This progress report contains in fdur'parts, A, B, C and D, the’work of
Professors Fallieros, Levin and Friar aﬁd of Dr. Hirata. Professors Fallieros
and Levin have returned from theif sabbatical leaves at the University of
Paris af Ofsay, F;anée and the University of Surrey at Guildfor&, England res-
pectively. The work is carried out in the Barus and Holley Physics-Engineering

Building while numerical analyses have been done at Brown on the IBM System

360/67 and at MIT.
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CURRENT RESEARCH

2A. (FALLIEROS)

Energies and moments of giant resonances"

This is work carried out mainly at the University‘of Paris ln'COllab-
oration with Drs. J.‘Martorell'and 0. ﬁohigas of the Instltute of Nuclear
Physics at Orsay and A. M. Lane‘of the Atomic Energy Establishment at Harwell.
It includes both coiocidence of individual investiggtioos and studies carried out
jointly. A preprint summarizing some of‘the main results has just been complet-
ed while a more elaborate manuscript is in preparation. The work has been con-
fined for the time being to the two modes of excitation that are of current
.experimental 1nterest namely the isoscalar monopole and quadrupole giant res-
onances. The basic approach atarts from a consideration of various energy
mohents describing the dietribution of the multipole strength among the excited
nuclear states. These moments are defined as sums over the nuclear spectrom
of squares of transition matrix elements multiplied by a power of the excita-
tion energy. Several powers have been considered. Those of special interest
" turn out to’ be the first, the third and the inverse powers. The reason was-
'shown to be the following. for any pooer, one can rewrite the‘energy moﬁept
Tas a ground—state expectation value of an operator or more generally of a
vproduct of operators. For the three powers mentioned above, however, one finds
that an evaluation of this expectation value within a Hartree-Fock scheme is
equivalent to evaluating the sum in the random-phase approximation (RPA).

The proof involves essentially a generalization of what is known as Thouless'
theorem provided one includes constrained Hartree-Fock calculations in addition
to the regular ones.

The way to proceed with a detailed evaluation of the moments_is then 9e11

defined: perform first a Hartree-Fock calculation (including contraints when
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neceséary) of the ground state of sgveral nuclgi.v Identify the éppropriate :
operators and evalﬁate fhei:'expectation valueé. The result then, according
to the above arguments, gives the valqe of one of the-energy moments in the
RPA approximation. We note that no RPA calculation as>sucﬁ, ﬁeeds to be per—.
formed explicitly Qnd thaf the results so 6btained are betéér than thoséiof
any practically possible kPA work. Taking ratios of the various moments ob-
viously gives 1nformatioﬁ aboﬁt the excitation energy of the collective modes
under consideration.

Detailed calculaﬁions of the type described above were performed for
several nuélei both light énd heavy. The nuclear interactions used in the
computation were of the Skyrme type with several sets of parameters, all of
which are known to give satisfactory descriptions of the ground-state proper-
ties. Since these are effectivélinteractions, it is not obvious'that the
results they provide in a study of excitations should be of the same quality
-as those referring to the ground states: in atudying excitations one probes
the effgctiyeness_of the interactions off the stability point wherg they have
not yet been tested completély. ‘In addition to cémparing tﬁe resulis QitﬁA

. experiments, it is important to present the theor& in such a way és to provide
a relatively easy evaluation of its content. A significant effort has been
concentrated in this direction investigating the consistency of the overall
scheme and comparing the results with other models and intuitive pictures.

As a byproduct of this study it has become possible to interpret and obtain

as limiting cases the results obtained for the quadrupole case by Bohr and
Mottelson and by Suzuki. For the monopole mode, Suzuki's arguments were shown
to be inoperative.

We note also that the approach outlined above does not presuppose the

existence of a pure collective state concentrated in a narrow energy region but,



on the contrary, provideg a test for such a picture: since more. than two
moments are computed, more than one ratio is obtained. If the récios so ob-
tained are identical then the puré collective picture is valid. If not, then
their difference is interpreted as a manifestation of the spreadingywidth of

the appropriate strength function.

Transition densities and nuclear currents.

Some of the results presented in this section are related to problems
considéred in last year's. proposal under the title "Electron Scéttering and
Nuclear Currents'. They include the study of equal-time commutation relations
_betweén a nuclear-current density and its time derivative and an anglysis of
the significance of the locality tha£ appears often (but not alway;) on the
right-hand side of current-density commutators. The latter are of course
directly related to various linearly energy-weighted sum rules investigations
of which were also presented in previouslwork. The calculation of the current-
current commutators was completed for the isoscalar case (applicable also to
. atomic or solid state physics). We may distinguish the case of transverse
'cﬁrrents where the résults of the present study are directly applicable-to,
.e;g;, the calculation of retardation contributions.to the isoscélar photo-
absorption cross section anﬂ that of longitudinal currenis. The resuits of
the latter case are equivalent (through current consgrvation) to those in-
volving time derivatives of the current densities (e.g., one first and one
second time derivative) and are therefore related to triple energy-weighted
sum rules of isoscalar densities and transition moments. The rather formal
general expressions obtained in this wbrk found useful applications béth in
the computation and in the physical analysis of work on the quadrupole and

- monopole excitations presented in a different section of this report.
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' Convergeiy, it has been found 1nstructive_to relate the results of a relativg-
ly heavy computation to the general properties of the operatéfs’whoge action }'
is the main element of the excitation mechanism. | o
'Thetquestion of the locality‘of the current-density commutatoré is
related to a simple example discussed in last year's propoéaiQ This Qaﬁ.the 
V‘obsefvation'of cancellations (between e.g. E2 and retarded El terms) ip.a
fixed-mﬁmentum‘aum rulg for isoscalar or atomic forﬁ factors, It was fbund
that‘this bghavior wa§ a direct result of the locality of a current-density
commutator and was independent of ;ny other details of the problem. Other
examples that might have useful applicétions were then looked for. We mention
- 'here only'one case, that of isovector form factors. . The density operators,
in this case, do not commute withlthe nuclear interactions with the resulting
additional terms being related, as is well known, to the exchange currents in
a nucleus. The commutator is in general non local and no cancellation effects
appear. If, however, we consider the particular case where the interactiomns
are of the Skyrme type, we>find that although currents of the exchange type do
abpear, the locality of ﬁhe commutator is not destroyed and the cancellations
found in the isoscalaf case still occur. Although one cannot claim that the
fundamental nuclear interactions are appropriately represented by Skyrme forées,
this result is useful to keep in mind at least in order to test the consistency
of theoretical results that are very often based on such farces. It might alo
be tempting to consider the possibility that this case, where locality is pre-
served, may at the end turn out to be more realistic even though it appears
at present as a special example. The non locality may simply result from a
limited phenomenology where physical effect; are only partially taken into
account. More work on this point is anticipated and will be discussed in the

research proposal,.



Excitation functions of atomic systems.-

Some calculations of atomic excitations haQe been performed in the
direction outlined in last year's p:oposgl. The simplest picture.of‘an atom,
viz. the centrai-field approximation,was adopted in most cases. The main -
interest in these studies was iﬁ illustrating of verifying general considera-
tions and expectations developed in comnection té nuclear proglems. No attempt
was made toward a more realistic description éf the atoms in tefms of e.g. a
more appropriate Hartree-Fock theory. Quan;ities such as sum-rule OScilla;of—
strength distributions were studied in addition to atomic compressibilities or,
more‘generally properties of atomic respomnse fuﬁctions. These examples weré
more useful than, e.g., a simple oscillator model simply because some of the
quantities of interest (e.g. mean excitation energies, peak energies, ete.)
tend to coincide in the oscillator model but they are clearly different for
the atomic models. This is hardly surprising, since atoms are not known to
exhibit sharply defined collective oscillatioms, but the understanding of
more specific features of such quantities as the spreading widths turned out

to be quite profitable.
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Current Research (Levin)

The work summarized below covers the period of my sabbatical in ﬁngland

as well as the ERDA-sponsored research done since June, 1975.

e +H scattering via the 1nhdmogeneous equation method. All work on this

topic has been completed, a paper on it has been submitted to Physical

Review for publication, and Paul Dahlgren's Ph.D. thesis, based entirely
on the numerical calculations using the method, has been written and sub-
mitted to the Brown University Graduate Scﬁool. No further work using the
method is anticipated, as its inappropriateness as a basis for approximate

calculations has now been established.

e +H scattering via the channel coupling array method. The programming

of the equations of this method for e + H scattering, begun last year but

~ delayed during my sabbatical, will be resumed aftér Paul Dahlgren passes

his Ph.D. exam. Work on this topic has been carried out mainly by Dahlgren,
who, because of his other commitments, is only able to do research paftftimg..
A brief description of the method, etc., is given in 1aéf‘yéar's prbgréss’f

report and renewal proposal.

Variational calculations of e + H scattering. The symmetrized form of the

channel coupling array iﬁtegral equation for the transition operator for

e + H scattering has been solved previoﬁsly in the approximation in which
only the ground state of hydrogen occurs in the spectral expansion of the
Green's function. It is straightforward to obtain the differential equation

whose solution leads to the same result as solving the integral equation.




A variational procedure has been formulated for solving e_ + H scattering

this way, and calcuiations of singlet and triplet pﬁase shifts;’bégun in
England, have recently been completed. At low energies, the ?esultévagree
reasonably well with those of the exact (integ;él equation) aolutioné, the
variational calculations of Massey and Moiseiurtsch whose trial wave functionl
was employed, and the more standard close coupling calculationé-of'Burke

and collaborators. An article on this work is in preparation.

K operators and unitary approximations for the 3-body problem. The channel
coupling array method has been used to develop K operators and.uniéary
apptoximatioas for the three-body problem. It has been shown in de;ail that .
the transition (T) operators of the channel coupling theory obey the correct '
discpntinuity equation, and K operators (for arbitrary channel coupling
.arrays) have been defined such‘that they have zero discontinuity. These

. operators are related to.the T operators by a damping equation which mani-
festly displays tﬁe correct cut structure, and whiéh guarantees tﬁat any
approximate_K operators will automatically yield T operators oBeying‘the
discontinuity relation. From this, it is trivial to introduce unitary
approximations in an extremely simple way: unlike other approaches to this
problem, it is unnecessary'to solve a hierarchy of equations to obtain unitary
approximations to the T operators. A paper on fﬁis topic, co—autﬁored by

D. J. Kouri and W. Sandhas, has been submitted to Physical Review.

Approximate calculations of (d,p) and (d,d) processes in the Mitra model.

Preliminary calculations of (d,p) and (d,d) amplitudes and cross sections

have been made for the 3-body, separable S-wave potential (Mitra)‘modellof



stripping using approximations based on the K operator approach developed
with Kouri and Sandhas, noted above. A Faddeev-Lovelace choice for W waav
made; this leads to 3—bod§ equations which are phase equivalent to those-

of Alt, GraSsberggr, and Sandhas. The K operators were approximated b&

the leading terms (the "Born" terms) in the relevant integral equation.
These approximate K's were then used in the damping equation to proddce
approximate transifion operators under the further approximation that the
contribution from the breakup cut could be iénored. The T's produce& were
thus equal to the solutioﬁ of the purely "on-shell" T opera#or equation,
ie., the iﬁtegral equation.of tﬁe channel coupling theory obtaiﬁed by re-
placing ali outgoing wave Creen's functions by their delta-function portions,
With these assumptions, ohly algebraic equations occur. They were solved
using the same mddel parameters as in the exact numerical solutipns obtained
by Bouldin and Levin seversl years ago, to which the approximate fesults were
compared. Fof the low deuteron energies (E = 1.78 and 6.7 MeV), the
approximate (d,p) cross séctions were poor, while at the high energies (E =
'11.2 and 15.1 MeV), the angular distributions were very good in shape and

in magnitude. On the other hand, the magnitudes of all the (d,d) cross
sections were poor, and only the shape at the lowe;t'enérgy bore any re-
semblance to the exact results. Improved calculations, based on inclusion
of both higher order corrections to K and the effects of the breakup con-
tinuum, are underway. The method will also be applied to n + d scaﬁtering

and breakup.

Multistep processes in direct nuclear reactions. The DWBA amplitude, plus

multi-step corrections to it, have been studied within the framework of
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approximations to the eqdations of the Kouri-Levin channel couﬁlingvarray
approach to many-body scattering. Two major conclusions have been teeched.
First, the eomplete cancellation arising between DWBA and the loweet order
multistep correction, first found by Kunz and Rost, has been shown eo occur
only if certain not obvious approximations are made. When these approxima-
tions are not introduced, the .cancelled DWBA amplitude is replaced by a

new amplitude containing a non—orthogonality'overlap. Second, the use of
bound state approximations to help solve the coupled equations of the Kouri-
‘Levin‘approach leads to approximate amplitudes which include effects of
multistep processes but in which the DWBA terms are altered. The altered
DWBA amplitudes are similar to those found in the analysis of the Kunz-Post
cancellation., This work comprises’an extension of previous analyses of

“Kouri and Levin and of Tobocman; an article on it is in preparation.

Bound-state calculations using the channel coupling array method. H. KrUger,

a collaborator from Kaiserslautern, ‘Germany, has applied the equations
'lderived by Hahn Kouri .and Levin from the channel coupling array method

' to calculations of H2 bound states. This calculation was repeated for,the
ground state. The basic idea is to rewrite the Schrddinger equation as a
set of coupled equations corresponding to the various (two-body) channels
.and solve them either via a shell-model (Tamm—Daneoff) or a variational
(Rayleigh-Ritz) procedure. 1In the H; cese, a Born-Oppenheimer approach
gives an equation for the electron which can be solved on a computer (for
any given inter-proton separation R) to provide an energy surface E(R).

Minimizing E(R) with respect to R gives both the equilibrium separation Re
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and the lowest energy Ee. The most accurate numerical values are Re =

2.00 a, and Ee = -16.398 eV. A variational approach using a two centered

trial function consisting of the ls hydrogenic ground state gives Rehn 2;50-a0
and Ee = -15.39 eV (this is by now a standard textbook result). The same

wave function, but now used with the channel coupling array equations, gives.

|

|

|

i

v ' ‘ Re = 2,07 a, and Ee = -i6.69 eV, a considerable'improvement over the varia-

;ional result for both Ee'and Re' Furthermore, just as with the earlier
low energy e + H scattering calculaﬁions, these are results based on ex-
tremely simple (and thus "crude') approximations that nevertheless are in

| very good agreément with the best numerical results availablé, based on
much more complicated and sophisticated methods. A fgrther application
has been to calculating the affinity of the H atom. Use of the preceding
method, for simple basis functions, did not lead to binding (the affinity
is 0.7 eV, the small value being due to thé screening of the proton by the
electron normally forming the H-atom). On the other hand, simple trial
functions used in a Rayleigh-Ritz variational procedure also do not lead
to binding. In a further attempt to apply the channel coupling method,
a variational procedure was applied to the equation used to calculate e + H
scattering lengths and phase shifts. This led to overbinding: A2 eV. A
more accurate evaluation, based on a numerical solution via computer, is
being programmed. To estimate the expected order of magnitude of the
result, a scattering length approximation was used, employing the e + H
scattering length already calculated. This estimate gave 0.34 eV, in very
good agreement with 0.7 eV.. The use of the channel coupling method for

bound state problems thus appears very promising, and a number of applica-

tions are planned for the future.
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Multichannel effective range theory. Work in this area has begun with an

exahinatién of threshold behavior of the three-body amplitudes as formulated
using the cﬁannel coupling array theory. AIt is being done partly in connection
w#th work on symmetry properties of the KAmatrix used in'the three-body |
method of Kéuri, Levin and Sandhas, and par;ly in connection with attempts

to understand the nature of the straight line Phillips plot, relating triton

binding-energy and n + d doublet scattering length.
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2C. (Friar)

Theoretical and experimental determination of nuclear charge distributions.

(1

The wide-spread suécess of techniques developéd earlier for deter-
mining the nuclear charge distribution from experimental data obtained from
elastic electron scattering and muonic x~rays has prompted us to review the
entire field. An exhaustive analysis was made of techniques for determining
densitieg from data, the‘constraintg placed on the density by various pieces_of
da?a, techniques for calculating densitieg and cross—sections from ﬁuclear wave
functions, the corrections needed to supplement the usual 'static" analysis,
and semi-phenomenological Hartree-Fock techniques which currently provide'usb
with the "best" nuclear wave functions. The 1a£ter is particularly important,
since electron scattering is currently the best tool for investigating the fine

details of nuclear structure (with J. W. Negele). (Advances in Nuclear Physics

(in press)).

Relativistic effects on the wave function of a moving system.

The kinematical analysis of Krajcik and Foldy(z)

was repeated with a dif-
ferent point of view. Instead of determining the relativistic center-of-ﬁass
variables which allow the wave fﬁnction for a moving system to be written as

an intrinsic (internal) wave fuﬁction.multiplied by a plane wave, ordinary
non-relativistic variables were used and thé application of the boost.operator

to the wave function produces the wave function of the moving system. The latter
wave function 1is related to the wave function in the nuclear rest frame in a
simple way and the.effect of relativity on the wave function of the moving sys-

tem is isolated and can be used to define motional corrections to the usual

non-relativistic charge form factor. (Phys. Rev. Cl2, 695 (1975)).
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Dispersion corrections to elastic electron scattering and the closure approx-
imation. ’

The validity of the closure appfoximation for calculations of dispersion
corrections to elastic electron scattering has been tested for the special
case of a fixed 160 nucleus described by the Harmonic Oscillator Shell Model.

(3)

Using this model deForest ™’ calculated '"exact' dispersion correctidns in the

second-Born approiimation. These resulﬁs were compared to the closure approxi-

(4)

‘mation results and the corrected closure approximation of Friar and Rosen .

The former approximation was shown to be quite poor, while the latter approxi-

mation gives results which are substantially the same as the exact results and
thus points the way to improved dispersion corrections using more realistic

nuclear models. (With T. deForest) (Phys. Lett. (in press)).

Unitarity, Breitlike amplitudes, and low-energy approximations to dispersion

connections.

The unitarity of the Breit approximation to dispersion corrections was

investigated and found to be deficient. A correction to the Breit amplitude

for dispersion correqtions; which was found previously, corrects this defi- .

ciency. The pioblem was -shown to be a manifestation of “Brownfs Disgasé", a

(5)

geheral'defect of Breit equatioms o . The correction term was showﬁ to con- .
tribute to the low energy approximation to dispersion corrections. (Nuclear
Physics, to be published)

: + +
Low-energy theorems for nuclear Compton and Raman scattering and 0. > 0
two-photon decays in nuclei.

Low energy theorems for elastic photon scattering (nuclear Compton
scattering) from a nucleus of arbitrary spin were derived in the non-relativ-

istic approximation through terms quadratic in the photon frequency.
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The same derivation was also made for ths special case of 0+ -+ 0+ nuclear
excitation by inelastic photon scattering (nuclear Raman scattering) Use was
msds sf ;se general prinsﬁp%s of g?uge invaripnciw whicb bypasses the need, to
expliiitly speci}ymths form'of the nuclear curt;nggsperator; A general dis-
cussion of the cqn;;}bution of mesonic exchanges was made and their effect was
isolated. The csnter—of-mass correction.to the nuclear diamagnetic suscept-
ibility was also calculated. The 0+ -+ 0+ two-photon decay amplitude was ob-

tained from the nuclear Raman amplitude and the transition rate calculated.

(Annals of Physics, in press).

Pion-exchange contributions to the isoscalar change operator.

Isoscalar contributions to the change density which arise from pion ex-—
change were examined using unitary transformations and time-dependent pertur-

(6)

bation theory. By performing a Foldy-Wouthuysen (FW) transformation on the
equations of motion of a nucleon interacting with an external pion field and
an external electramagnetic field, vertices for pion absorption and emission
from a nucleus can be constructed, as well as the ordinary change and current
operators (electromagnetic vertices). Using perturbation theory, the pion
lines can te tied together to produce pion-exchange amplitudes and ultimately
pion-exchange contributions to charge and current operators. It is found
necessary to perform both mass (potential) and wave function renormalization
on certain diagrams, which results in cancellation. ﬁecause of a well;known
ambiguity(7) in performing the FW transformation, the resslting operators do
not have a definite "form". This is compensated for by a corresponding

ambiguity in the form of the pion-exchange potential. Both the ambiguities

were shown to be the result of a particular unitary equivalence, the same
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unitary equivalence which leads to the "equivalence theorem" for pion-nucleon
couplings. Thus, before specifying the form of the change operator, one must

specify the representation one chooses to work in or equivalently the form of

(8)

the potentiél. Previous numerical calculations of pion-exchange: contribu-

i

tions do not work consistently within a single representation and are therefore

unconvincing. (Phys. Lett. B, in press).

Energy-dependent Hamiltonians, charge densities, and recoil effects.

The effect of an energy-dependent potential or Hamiltonian is investigated.
fn particular the effect on the orthonormality of the wave functions and the
charge density is studied in order to understand recent results for the pion-
exchange part of the nuclear charge density. A model problem, a relativistic
Dirac particle interacting with a potential is reduced to semi-relativistic

(6)

form by two methodé: the FW tfansformation and a two-channel reduction
scheme (upper and lower components of spinors). Unless care is taken, the two
do not lead to the same results to order (1/mass)3. The two-component method
leads to an enefgy-dependent Hamiltonian, which can be transformed into an’
enérgy independent one. The latter form is the same as the FW result, while
the former is different and has unconventional orthonormality relations. The
relationship between the model problem and the '"recoil" and "normalization"
graphs of perturbation theory is pointed out. (Phys. Review, in press).

Pion-exchange contributions to two-photon amplitudes and the nuclear magnetic
susceptibility.

Pion-e#change contributions to general two-photon processes are calcu-
lated and the gauge -invariance and crossihg symmetry of the entire off-shell

Compton amplitude is demonstrated., The low-energy theorem for such a process
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involving real ﬁho;ons is derived and pionic conttibutions explicitly exhibited,
in particular, the plon-exchange magneﬁic suscéptibility. This quantity is
shown to be small for n-p two-photon radiative capture. (Submitted to Physical

Review Letters).

Hypervirial theorems for the Dirac equafion.

Diagonal hypervirial theorems (generalization of the virial the&rem) are
derived for a‘Dirac particlé interacting with a static potential. Those theorems .
are idgntities which follow from considering.the commutators or anticommutator;
of selected oper#tors with the Dirac Hamiltonian. Applications of these relations
- to the Coulomb problem are discﬁsqed. (with J. W. Negele) (submitted tb'Physical

" Review).

Relativistic corrections to electron scattering. II. Inelastic scattering.

Relativistic corrections to Coulomb inelastic electron scattering have

9)Aon elastic

been investigated using the results of a previous calculation(
scattering. A detailed discussion is made of the kinematics of inelastig scatter-
ing. Excitation of discrete states is treated in detail by two different methods,
with particular attention paid to kinématical factors. -Deuteron breakup is dis-
cussed and treated in a very simiiar manner to the discrete excitations. Com-

parison is made with analyses using plane wave final states and with previous

work. (Submitted to Nuclear Physics).

Electromagnetic energies of nuclei and the nuclear Compton amplitude.

The electromagnetic energy of a nucleus is derived in perturbation theory,
which relates this quantity to the amplitude for the forward scattering of
virtual photohs on a nucleus (Nuclear Compton amplitude). Using the gauge in-

variance of this amplitude, the energy is separated into Coulomb and transverse
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components. Our form;lism, although basically noh-relativis;ic, admits correc-
tions of order (v/c)2 to the nuciear charge operator. This energy is further
sgparated into one-body terms, related to the n-p mass difference, and two-body
terms which lead to the Breit‘interaction and the nuclear Lamb shift. These
results are then related to electron scattering sum rules in the manner of

(10)

Cottingham . Mesonic contributions to the electromagnetic energy are also

" discussed. (Annals of Physics, to be published).

Recoil corrections to elastic electron scattering in the Breit approximation.

Recoil corrections to the cross-sections for elastic electron scattering:
from spin-0 nuclei are investigated in the Breit approximation. The form of
the scattering amplitude in firét; and second-Born approximation is investi-
gated in detail using time-dependent perturbation theory, and it is found that
the center-of-mass (CM) frame is particularly convenient to work in. Trans-
formation equétions relating the lab and CM frames are develqped. Those parts
of the second-Born amplitude which correspond to the Breit amélitude'are iso-

(11)

lated, and the Breit equation with the electromagnetic Breit interaction

is 1nveétigated in detail. Corrections to the scattering cross-sections which
.are inversely proportional to the nucleus mass (recoil corrections) are cal-

160

culated. Numerical results are presented for the particular case of

(Submitted to Annals of Physics).
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(Hirata)

The prominent feature of m-N scattering at intermediate energies is the

- strong variation of n-N amplitude at -200 MeV pion kinetic energy. . The descrip-

tion of pion-nucleus scattering by the static optical potential whiéh is oBtain- _
ed by adopting the fixed scatterer approximation (FSA) and usiﬁg theZvalue of
the n-N amplitude at one given energy seems to be inappropriate in‘tﬂis energy
region. We have relaxed the FSA and'have taken into'account the prbp;gation of
the w-N systém and its interaction with the residual nucleus. This provides a
description of the scattering process in terms of multiple excitations of the A-h
states. (h refers to nucleon-hole states). The contributions in the n-N ampli-
tudes are aivided into to two parts, one smoothly and one strongiy energy depen-
dent. The former (background term) is treated by the usual optical potential
method. |

' In solving the equation of motion of the A-h states, we take into account

the Fermi motion of the nucleons, fhe binding corrections, and the Pauli-quench-

ing effect which is shown to be equivalent to the Fock term in this equation.

'1 The non-static correction and the form factor of the w-N-A vertex are included.

The A-h doérway‘sta;es are different from tﬁe usual ones which are obsefved'
in low-energy nucleon-nucleus scattering since the A-h doorways héve large widths
resulting from the A decays into N+w. As a result, the various resonances over-
lap with each other.

We may expect, however, that one of these resonances may (at least under
certain circumstﬁnces) still act as a dominant doorway i.e. contain most of the
e#citéﬁipn strengtﬁ. This 1s related to specifié features of the interaction in

particular to the predominance of the annihilation matrix elements of the A-h

potential.
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In our results for 4He the concentration of intensity in one dom;nant door-
way staté is relatively low for all partiaiAwaves_in the off-resonancé-energy
region of the‘ﬂ—N scattering and the intensities are geﬁerally disfribqfed in
two or three states. The intensities, on the other han&, concenﬁ;ate in-one i
state for each partial wave fof energies close to the resonance régiéﬁ.- &he
resonant amplitude may the;efore be approximated by a single resonancé'te;m for
gach partia; wave. The resonance parametefs howevgr are in generai?enetgf de~
pendeht. | |

The .corrections due éo the form factor and the nucleon recoil inf; the a-N-
A vertex are of the order of about 20% and 10% respectively. If the form facfor'
is not included the zero point of the real part of scattering amplitude shifts |
toward the low energy direction too much. The effect of the correlation between
A and N can be neglected when the form factor is included.

We have chosen a Gaussian shape for the isobar-residual nucleus interaction
potential which is gritten as VA(r) = (V+1w)e—ur2, and treated V and W as the
free parameters in fitting the total cross-section and the angular distribution.
The energy dependence of the total cross-section and the real part of the scat-
‘tering amplitude can be reproduced quite well. The agreement with the exéeri—

mental data is also fairiy good with regard to the éngular distributibn.
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3. OTHER ACTIVITIES

BNS

The following invited lectures were given by members of the grbup:ﬂ'

i

"Scattering and Absorption of Photons from Bound Systems"
(S. Fallieros, Saclay, France, January 1975)

"Scattering and Absorption of Photons from Atoms and Nuclei'
(S. Fallieros, University of Grenoble, France, February‘1975)

"Electromagnetic Interactions and Nuclear Excitations"
(S. Fallieros, University of Paris at Orsay, lecture series, spring 1975)

"The Forward Compton Amplitude and Dispersion Relations"
(S. Fallieros, University of Heidelberg, Germany and Max Planck Insti-
tute for Nuclear Physics in Heidelberg, April 1975)

"Scattering and Absorption of Photons from Bound Systems"
(S. Fallieros, University of Oxford, England and AERE Harwell, May 1975)

"Nuclear Excitation Mechanisms and Nuclear Structure"
(S. Fallieros, Greek Atomic Energy Center "Demokritos', lecture series,
June 1975)

"Deforming and Expanding the Atomic Nucleus"
(S. Fallieros, University of Rhode Island, October 1975)

"A New Method in the Théory of Many-Body Scattering, I and II"
(F. S. Levin, University of Surrey, England, November 1974)"

"A New Method in the Theory of Many-Body Scattering"
(F. S. Levin, Bonn University, Germany, November 1974)

"A New Method in the Theory of Many-Body Scattering"
(F. S. Levin, University of Kaiserslautern, Germany, November 1974)

"A New Method in the Theory of Many-Body Scattering"
(F. S. Levin, Oxford University, England, December 1974)

"A New Method in the Theory of Many-Body Scattering" .
(F. S. Levin, Invited Paper, Institute of Physics Meeting on Polarization
Effects and Mechanisms of Nuclear Reactions, Birmingham University, England
December 1974)

"A New Method in the Theory of Many-Body Scattering':
(F. S. Levin, University of Sussex, England, January 1975)

"Non-Orthogonality Effects, Multistep Processes, and Coupled Equations for
Nuclear Rearrangement Processes"
(F. S. Levin, University of Surrey, England, February 1975)
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Other activities -- continued

"A New Method in the Theory of Many-Body Scattering"
(F. S. Levin, Daresbury Nuclear Laboratory, England, May 1975)

"Low Energy e +H Scattering. Application of a New Theory of Many-Body
Scattering"

(F. S. Levin, Royal Holloway College of the University of London, England,
May 1975)

"Applications of a New Approach to the Three-Body Problem: e~ + H Scatter-
ing and Model (d,p) and (d,d) Processes"
(F. S. Levin, Institut de Physique Nucleaire, France, May 1975)

"Some Aspects of the Three-Body Problem with Application to Model (d,d)
and (d,p) Processes"
(F. S. Levin, University of Kaiserslautern, Germany , May 1975)

"A New Method in the Theory of Many-Body Scattering, I and II"
(F. S. Levin, Free University of Amsterdam, The Netherlands, May 1975)

. "Unitary Approximations for Three-Body Scattering Using the Method of

Channel Coupling Arrays'
(F. S. Levin, Free University of Amsterdam, The Netherlands, May 1975)

"The Three-Body Problem and its Application to (d,p) and (d,d) Processes"
(F. S. Levin, University of Birmingham, England, June 1974)

"Application of the Channel Coupling Array Theory to Some Simple Many-
Body Systems"
(F. S. Levin, University of Maryland, September 1975)

"Probing the Nuclear Charge Distribution with Leptons"
(J. L. Friar, Pennsylvania State University, November 1974)

"Probing the Nuclear Charge Distribution with Leptons",
(J. L. Friar, University of Rhode Island, November 1974)

"Pion-Exchange Contributions to Nuclear Charge and Current Operators"
(J. L. Friar, Mass. Inst. of Tech., December 1974)

. "Pion~Exchange Contributions to Nuclear Charge and Current Operators"

(J. L., Friar, SUNY at Stony Brook, February 20, 1975)

"Pion-Exchange Contributions to Nuclear Charge and Current Operators"
(J. L. Friar, Los Alamos, April 1975)

Round Table Discussion on '"Model Independent Analysis' at conference
"Electron Scattering at Intermediate Energy' held at Saclay, September
1975. (J. L. Friar, Chairman).
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D. J. Kouri‘and F. S. Levin, A Resolution of Some Orthogonaiity and Ex-
pangion Set Problems in Many-Body Scattering Theory, Physics Letters 53B
521 (1974)

D. J. Kouri and F. S. Levin, On Channel T and K Operators and the Heitler
Damping Equation for Identical Particle Scattering, Phys. Rev. AlO 1616
(1974) ,

Y. Hahn, D. J. Kouri, and F. S. Levin, Channel Coupling Arrays and The Re-
duction Method in Many-Body Scattering, Physical Review C10, 1615 (1974) ‘

Y. Hahn, D. J. Kouri, and F. S. Levin, Lack of Spurious Solutions in the
Coupled Channel T Operator Formalism, Phys. Rev. C10, 1620 (1974)‘

D. J. Kouri and F, S, Levin, The K-Matrix and Unitarity Constraints on
Off-Shell T-Matrix Elements, Phys. Rev. ClO 2096 (1974) :

D. J. Kouri and F. S. Levin, General Many-Channel Variational Principles
for Multiparticle Scattering, Phys. Rev. Cll, 352 (1975)

D. J. Kouri and F. S. Levin, Coupled Channel T and K Operator Equetions
with Connected Kernels. I. Three-Body Problem with Pairwise Interactions,
Nuclear Physics A250, 127 (1975)

J. L. Friar and S. Fallieros, Relativistic and Retardation Effects in the
Thomas-Reiche-Kuhn Sum Rule for a Bound Particle, Phys. Rev. Cll, 274 (1975)

J. L. Friar and S. Fallieros, Non-Relativistic Compton Amplitude, Phys.
Rev Ccl1, 277 (1975) .

S. Fallieros, Energies and Moments ‘'of Giant Resonances for Isoscalar )
Monopole and Quadrupole Excitations: ‘A Sum-Rule Approach, (with J Martorell

0. Bohigas and A, M. Lane) Submitted to Phys. Letters

11.

12.

13.

14,

S. Fallieros, Electromagnetic Interactions and Nuclear Excitations, Part I
Institut de Physique Nucleaire, Orsay. (Technical Report, 1975)
Part II, in preparation. :

S. Fallieros, Giant Resonances (with J. Martorell, O. ﬁohigas and A. M. Lane),
in preparation.

J. Friar, The Determination of the Nuclear Charge Distribution of 12C from .
Elastic Electron Scattering (with J. W. Negele) Nuclear Physics A240, 301
(1975)

J. L. Friar and J. W. Negele, Theoretical and Experimental Determination
of Nuclear Charge Distributions, Adv. in Nucl. Phys. (in press).
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Year's Publications -- continued
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22,
23.
24,

25,

J. L. Friar, Relativistic Effects on the Wave Function of a Moving
System, Phys. Rev. Cl2, 695 (1975)

T. deForest, Jr. and J. L. Friar, Dispersion Corrections to Elastic
Electron Scattering and the Closure Approximation, Phys. Lett. (in.press)'

J. L. Ftiai Low—Energy Theorems for Nuclear Compton and Raman Scattering
and 0t + 07 Two-Photon Decays in Nuclei, Annals of Physics (in press).
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J. L. Friar, Energy-Dependent Hamiltonians, Charge Densities, and Recoil
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J. L. Friar, Electromagnetic Energies of Nuclei and the Nuclear Compton
Amplitude, Annals of Physics (to be published)

J. L. Friar, Relativistic Corrections to Electron Scattering II. Inelastic
Scattering, submitted to Nucl. Phys.

J. L. Friar, Pion-Exchange Contributions to Two-Photon Amplitudes and the .
Nuclear Magnetic Susceptibility, submitted to Phys. Rev. Lett.

J. L. Friar and J. W. Negele, Hypervirial Theorems for the Dirac Equation,
submitted to Phys. Rev. C. : .

J. L. Friar, Recoil Corrections to Elastic Electron Scattering,in the
Breit Approximation, submitted to Annals of Physics. :



