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I. INTRODUCTION

This is the final report on the research on "The Foundations of Scattering
Theory and Applications to Physical Problems® carried out under contract
AF 49(638)-24,

Section II contains a review of work done since the last report. In Section III
a complete list of publications and technical reports supported in whole or in part
by this contract, since its inception in November, 1556, is given. Also included is
a 1list of students who have received degrees wholly or partlally supported by this

contract, Concluding remarks are made in Section IV,



II. REVIEW OF RECENT WCRK

The work done since the inception of this contract (on November 1, 1956)

to the present has been reported in quarterly status reports, technical reports,

a year-end summary, and published articles. In addition, a general review of the

work done up to May, 1961, was given in the renewal propcsal submitted at that

time. We give below a brief resumé of the work done in the period May, 1961, to

the end of the contract period. A list of all publications related to the contract

program is given in Section III and references to this list will be indicated by

superscripts.

Following is an outline of the work done during the final period. This is

foliowed by a series of abstracts giving further detail.

A. Foundations of Scattering Theory.

1.

u.

S.
6.

?.

Normalization Condition for the Bethe-Salpeter Wave Function and

a Formal Solution to the Bethe-Salpeter Equation.

Relativistic Invariance and the Square-root Klein-Gordon Equation.
Rotational Invariance and the S-matrix in Non-relativistic Quantum
Mechanics,

Asymptotic Behavior of the S-matrix for High Angular Momentum.
Regularity of the T-matrix in the Case of Dirac Potential Scattering.
Heisenberg Fields which Vanish on Domains of Momentum Space.

Completeness Identity in Field Theory.

B. Aprplications to Fhysical Problems.

ll‘

A Field Theoretical Calculation of the Cne-pion Exchange and Two-pion
Exchange Contributions to the Phase Shifts with Higher Angular

Momenta for Nucleon-Nucleon Scattering.




2, [Dispersion Theory Methods for Pion-deuteron Scattering.
3. Scattering of the K-meson from the Deuteron.
4, Calculationmsof the Energies of the Higher Resonances in Pion-
nucleon Scattering.
5. A model of the Pionic Lecays of the Hyperons.
C. In addition, lecture notes on the following topics appeared:
1. Scattering Theory.
2. Quantum Electrodynamics.

3. Multipole Expansions in Elementary Particle Physics.

e ® o o - ©o o v e & e »

A, Foundations of Scattering Theory.

1. Normaligation Condition for the Bethe-Salpeter Wave Function
and a Formal Solution to the Bethe-Salpeter Equation.

By the use of an inhomogeneous Bethe-Salpeter equation, a normalization
condition for the Bethe-Salpeter wave function is obtained. This condition re-
quires the normalization integral to be positive. A formal solution is obtained in
the ladder approximation, and convergence of the normalization integral is proved
by the use of this solution. This solution is also used to prove a dispersion re-
lation for the vertex function of the compound particle, and to give an approximate
solution. The positiveness of the normalization integral is proved in the non-
relativistic limit. The bound state of nucleon and anti-nucleon is studied in the
iaider-chain approximation, and it is found that the normalization condition gives

finite wave function in spite of divergency of the normalization integral.

Thas work, done by Dr. I. Sato, has appeared as FDTR #262, and has been

submitted for publiacation.
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It is stressed that the usual operator invariance requirements and

corresponding commutation condition encountered ir. the study of the invariance of,
for example, relativistic wave equations are only sufficient conditions for in-
variance and are by no means necessary. More general conditions are given and
11lustrated with the so-called square-root Klein-Gordon equation. A new proof
is thereby given of the Lorentz invariance of this equation. The methods
developed are extended to cover the pressnce of external fields and it is proved
that the usual gauge invariant modification of the relativistic Hamiltonian of
a spinless particle which takes into account the presence of an external electro-
magnetic field leads in the quantum mechanical case, to an equation which does
nct admt the proper Lorentz group. This theorem and its generalization is dis-
cussed 1n connection with a statement of Dirac, to the effect that the square-
root equation cannot be extended to include interaction without losing Lorentz
invariance,

This work, by Dr. J. Sucher, appeared as PDIR #246, and has been pub-

lished in the Journal of Mathematvical Fhysics.

The connection between an observable invariance property of the scattering-
matrix and the interaction, V, generating the scattering is studied for a particular
case: rotational invariance in non-relativistic "potential® scattering. It is
shown that a determination that the scattering cross section depends only on the
angle between the incident and outgoing beams by no means implies that V is in-
variant under rotation. This is true even if coherent incident beams are used

to rrobe the target. OSome aspects of these results and their relevance for the
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construction of physical theories are briefly discussed.
This work, by R. Fong and J. Sucher, has appeared as PDTR #265,

snd has been submitted for pruvtlication in the Ihysical Review.

4, A otic Behav f the S.matrix for H Y M .

The behavior of the pariial wave transition matrix is discussed for
large values of the angular momentum. For physical values of the angular
rorentum, it is shown that the N.chanrel T.matrix vanishes in the high angular
torentum livit, The validaty of the cntical model is discussed. In the Gelfand.
Levitan formalism, it is shown that the two Jost functions coincide as the
aspllar nomentur | ce8 to iafinity clorg the real axis. For the Yukawa.type roten-
t ls, 1t is suown that fie trrasiticn matrix reduces to its Born term as the
o-u1 port ef the comnlex angulor rcmentun varictle gees to anfimty.

This wor.i, by Y. S. Kim 2nd A, Jaffe, has appeared as FUTR #267, and has

Leca ateanted fur prblicition wn the chysical keview.

fhe functional-theoretic metheds of Murnziker have been aprlied to tlre
cise of Dirac potential scattering to prove analyticity of the T-matrix in energy
and momentum transfer. The conditions on the potential are somewhat weaker than
those used by Khurt and Treiman and the domains of analyticity contain the known ones
*3 speclial cases.

This work, by A. Pagnamenta, has appeared as PUIR #274, and has been sub.

ritted for publication in the Journal of Mathematical Fhysies.




6. B nberg Fields wl V. on ns of Mom o

If a local Heisenberg field vanishes, or, where appropriate, has an

e R X
infinite zero, on one of the momentum space domains: A J ,0 =-Aa ,

B' at.faﬁm"and p=0; or C‘, P* > H‘ , then the field is a generalized
free field. Counter examples show that this conclusion cannot be drawn if the
field vanishes on the momentum space domains: D , 04 Mt < Pa < /7.1‘ /
,7¢ (o) ; or E, p = 0. It follows that if two fields in the same Borchers class
are equal on one of the domains A, B , or C' then tre fields differ at most by
a generalized free field in their Borchers class.

This work, by C. W. Greenberg, has appeared as PDTR #251, and has been

published in the Journal of Mathemataical Physics.

7. Completeness Identity in Field Theory.

We discuss briefly three notions which are related to the completeness
identity for Heisenberg fields: first, Gram.Schmidt orthogonalization of the
states | 0), A*(k) lo),A‘(kl)At(kz) o), etc. to construct an "1deal” or “improper ”
complete orthogonal basis for the Hilbert space generated by polynomials in the
smeared (momentum space) Heisenterg field A(k) acting on the lassumed cyclic)
unique vacuum state lO) ; secondly, the use of this orthogonal basis to construct
an expression for the unit operator 1. which we call the completeness identity;
and finally, the use of alternative completeness identities to test the mutual con-
si1stency of different completeness assumptions; for example, the compatibility
of a given kind of space-tlime completeness with asymptotic completeness.

This work, by O. W, Greenberg in collaboration with H. J. Schnitger and

E. C. G. Sudarshan, has been published in I1 Nuovo Cimento,
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B.  Applications to Physical Problems.

1. Nucleon-Nycleon Scattering.

The one-pion-exchange and two-pion-exchange parts of the S-matrix for
nucleon-nucleon scattering are calculated field-theoretically. The rescattering
of virtual pions by nucleons and the pion-pion interaction between virtual pions
are taken into account. The S-matrix is then decomposed into the partial.wave
amplitudes, and the phase shifts are calculated., Numerical evaluations are carried
out for the 310-Mev prbton-proton scattering, and the results are compared with
the phase shifts obtained by analyzing the experimental data., It is found that,
without contribution of the pion-pion interaction, the results are far from agree-
ment with experiment because of too strong attraction arising from the contribu-
tions of the two-pion-exchange part, but the contribution of the pion-pion
resonance in the I = J = 1 state improves the results considerably by largely cancel-
ing the attraction. It is, however, also found that definite discrepancies still
remain between the theory and the experiments, and this suggests that some un-
known effects must play lmportant roles in determining the nuclear force in the
cegion of the internucleon distance around the Compton wave length of the pion.

This work, by Dr. I, Sato, has appeared as FDIR #238 and has been
published in the Physical Review,

The problem of low energy pion-deuteron elastic scattering is undertaken
using the methods of dispersion theory. Complex singularities do not occur if the
momentum transfer is used as the varlable in a dispersion relation with the energy
taken to be fixed and real. Anomalous discontinuities are developed by analytic
centinuation in the deuteron mass. Subsequent analytic continuation in the energy

rrovides the representation of the physical amplitude.
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A samrle calculation 18 nvde i "oring spin. The contributicns of
plon-mucleon scattering are estimated by assuming the dominance of the T3/ 2
resonance in the energy channel and of the ABC resonance in the momentum transfer
channel, The angular distribution is computed at 85 Mev and some agreement with
experimental data is obtained.

This work by J.J. Brehm and J. Sucher has been submitted for publica-
tion in Annals of Physics.

3. 8 g of the K- rom teron.

The reliability of calculations =f low-energy meson.dsuteron elastic
scatiering in which the nucleons are treated adiabatically is studied. A simple
madel is considered in which nucleon recoil and binding effects are taken into
account and which permuits mumerical evaluation of the double scattering terms in
the multiple scattering expansion of *the scattering operator, I% is found that tne
offects in question are quite significant numerically for K -d scattering up to
200 Mev/é K~ lab. momentum. A crude attempt to distinguish the Dalitz solutions
rur the K - |, scattering lengths 1s made; the results are in agreement with recent
work of Chand ard Dalitz.

This work constitutes the thesis of Dr. A. K. Bhatia (PDTR #265),6 and in

abbreviated form, will shortly be submitted to Il Nuove Cimento for publication.
4, .Calculatjon of *he Energies of the Higher Resonances in
Pion-Mucleon Scatterine.
The model of Cook and Lee for the coupled processes
TeNDT+N, TN TeT+N and
ﬂfﬂ*N"’ﬂfﬂ'*N is used to

calculate the positions of the D3/2 and F s/2 resonances. The three-body state

is considered as a nucleon plus a two pion system at the T=1, J=1 pion-pion
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resonance energy. For the left hand cuts, only the one pion exchange contri-
butio:: to the producticon amplitude 1s retained. The branch cut in the lLeliicity
amplitudes for this diagram i1s found by requiraing that the exchanged pion be on
the mass shell, The one pole approximation is made and resonance energies in fair

agreement. with the observed energies are found. No T=3/2, resonance is pre-

F_,
5/ 2

dicted at any energy, while for T=3/2, D3/2 state, the result is ambiguous.

The neglect of the T=3/2, P3/ 2 final state pion.rucleon interaction
ir. the production amplitude is considerea: and it is showr that, although this in.
teraction 1s essential for understanding the production crcss section at the
resonances, it has negligible effect on the location of the resonance energies.

This work, which constituies Dr. V. Teplitz's thesis, has appeared as

FDTR #270, and 1s being prepared for pubiacation.

5 A Mzdel of the Piopic Decays of éu»ﬂmeron_s,.

i -Lyperens are assumed to decay via the ANT .vertex. Calculations
+re made on boin even and ~dd ( £ , A ) relative parity., The resuits of even
rority canndt fit the experimental data. For the cdd parity we get o( ‘o~ 0(4 )
o(i ~ O fr fAgey “’Jé,nand o(o”'d,' , dt"’u') for QAbggn “OWNT o

This work.by S. Y. Shieh has appeared as FDTR #252,
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III, LIST OF PUBLICATIONS UNDER CONTRACT AF 49(638)-24

®*Causalaity and the Dispersion Relation: Logical Foundations®, by John S, Toll;
FPhys. Rev. 104, 1760 (1956), Paysics Departmen® Technical Report No, 27,

*Dispersion Relations for the S.matrix", by John S. Toll, David Y. Wong, and
James M. Kmight: Bulletin of the American Physical Sccietvy (BAPS)
Series II, 2, 13 (19%7).

%Causality and the Dispersion Relation: S.matrix for the Maxwell Field”,
by David Y. Worg and John S. Toll, Amnals of Physics I, 91 (1957).

"Dispevsion Relatrons for Non.relativistic Particles”, oy Davaa Y. Wong:
Puys. Rev, 207, 32 ‘1257)- PDIR 62, ASTIA 117 073, AFOSR TN 57.33.

"Bound State funtributicn T2 Dispersion Relations for the S-attering Matrix”,
by James M. Knight and John S, Toll; BAPS Series II, 2, 177 (1957).

" spersion Relations for Nor-relativistic Particles®™, by David Y. Wong:
BAPS, Serizes II, 2, 177 (1937,

" A Survey »f Literature Perta-nning =o the Analytical. Propeviies, Physical
Real:zability, and the Kromig.Kramers Relavions of the Syswem Functions
in Electriz Netwerk Theory®, by Alfrzd Chi.Tal Wu: PDIR 57,

" Applicetaun of Dispersior Relaticn and Unitarity Conditaon to Non-coherent
Forward Scattering of Laight by Light®™, by Davad Y. Weng: PDTR 81, ASTIA AD 132,487,
AFOSR TN 57 535%A.

"Remarks on vre Implication of "Causalaty Condivicn in Non.interaction Region'
atd the Uratariwy »f the S.matrix®, by Lavid Y. Wong: PDIR 82, ASTIA AD 132 424,
AFCSR TN 57_33%.,

"\ Possible Proof 5f Dispersion Relations®™, by H. J. Bremermann, R. Oehme, and
J. G. Tayior, PDTR #84, ASTIA AD 136, 458, AFOSR TN 57_-467. (This paper was
delivered by J. G, Tay_or before the International Conference on Mathematical
Problems of Guantum Field Theory at Lille in June, 1957.)

"Uniqueness of Solutaons tc Dispersion Relations and an Iterative Scheme", by
David Y. Wong: PDTR #85, ASTIA AD 136 459, AFOSR TN 57.468.

"Causality and the Dispersion Relation: S.matrix for Kiein-Gordon and Dirac
Fields®, bty James M. Kmight and John S, Toll: PDIR #87 (64), ASTIA AD 136 536,
LFOSR TN 57.550: Annals of Physics 3, 49 (1958).

"Jonnectizn of Phase Shaft and Potential for the Dirac Equation”, by
Frin-isc~ Prats and John S, Toli: BAPS, Seriss II 3, 36 (1958).

#Xste on the Radiative Csirestions to the Scattering >f Mesons in an External
Hectromagnetic Fieid", by Anand K. Bhatia and Joseph Sucher:; PDIR $#103,
ASTIA 158 251, AFOSR TN 58.446; Prog. Theoret. Phys. 20, 397 (1938).

‘
L3
N
%
¥
H
M




RS

15,

16,

17.

18‘

19.

20,

*Disperson Relations and Schwar:z' Distributions®, by John G, Taylor;
PDIR $#109, AFOSR TN 58.630, ASTIA 162.160.

"Note on the Fo:'nmia‘.ion 2f the Causality Requirement®, by John G, Taylor ana
John S, Teoll: PDIR 110, AFOSR TN 58.631, ASTIA 162.161,

"The Formation of Discontinuities in Classical Nor.linear Electrodynamics®,
by Morton Lutsky; PDTR #111, AFOSR TN 58.633, ASTIA 162 163; Phys. Rav., 113,
1649 (1959).

S

"The Constructior. of the Dirac Equaticn Central Potential from Phass Shifts )
and Bound States”, by Francisco Prats; PDIR #112, AFOSR TN 58.632, ASTIA 162.152;
Phys. Rev. 1.7, 363 (1959)

"Lecturss on Dispersion Relations in Quantum Field Thaory and Relatad Topics®,
by J. G. Taylor; PDTR #i.5, Vol, 1= AFOSR TN 58..8164, ASTIA 202.639,

Voo, 2= AFOSR TN 58-616B, ASTIA 202.640,

Val. 3= AFOSR TN 58..816C, ASTIA 202-6M1.

*The V.A Four-ferm.on Interaztiun and the Intermediate Charged Vector Meson®,
by S, Onads and J. Faus: PDIR #1202, APOSR TN 59.44, ASTIA 209-417; Phys. Rev,
Lett. 2, %25 {i959).

*Irregra: Eguation fov Praduction Proceszses™, by J. Sucher and T. B. Day:
PDTR #.3C, AFOSR TN 59 153, ASTTA 2.1-113+ T Nusvo Cimernts 13, 1111 (1959)

"K™, K° Relative Pasity f”cm “he X'.D Cnarges Ex-hange Reaction®, by T. B. Day, ;
G, A, Sn>w and J, Suche-: PDIR #1372, AFOSR TN £59.u35: ASTIA AD 21“ 797 :
Il Nuovo Cimento 12, 614 11959), '

0 _—
A" and 2 7 Production from in (& °,D) System®, by T. B. 0. A. Snow,
and J. Sucner: PDIR #1437, hFODR TN 9.606, ASTIA AD 2i 6:272 o Rev.
Lett, 2, 468 (1932).

"On the Suppressior. of P-state Capture in { ) Aroms®, by T, B. Day, G. A, Snow ;
o 5 SucrEr *PDTR §137, AFOSR TH 35606, ASTEA AD 237.373: Prys. Rov. 3
Lett. 3, 61 (195%) ;

"An Asymptotic Causality Requirement for Systems with Constrained Inputs®, by
J. Sucher; FDITR 141, AFOSR TN 55.773: Nuclear Physics 14 263 (1959).

"An Attempt at Universal Four-Farmian Interaction™, by J. C, Pati, and
S. Oneda; PDTR #139, AFOSR TN 55.630: Il Nuove Cimento 16, 365 (1960).

"K”".Nucleon Scattering Lengths and the K'.d Sca‘tering Reactions®, by T. B. Day,
Go A, ‘Snow and J. Sucher; PUTR #14LZ, AFOSR TN 29.772; Il Nuovo Cimto

10, 637 (1959).

"Collisaonal Auger Process for Mu.Mesic Atems®, by T. B, Day and J, Sucher; B
PUTR 143, AFOSR TN 59 771, B

“K” .Nuclecn Scattering Lengihs and the K'-d Inelastxc Cross Section",
by T. B, Day and J. Sucher: PDTR 146, AFOSR TN 5981
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30. *On the Leptonis Decay Mo&es of K-meson®, by K, Chadan and S. Oneda;
PDTR 151, AFOSR TN 59.877: Pays. Rev, Lett, 3, 292 (1959),

31. "Hyperfragmen® Formati:r from +he K Deutsrar Interaction in Flign'® by
T. B. Day, G. A, Snow and 1, Sacher: PDTR 154, AFOSR TN 35¢.1072.

32. "High Orbi<ai S-sta%e Caprure »f " _mesons by Pretors®, by T. B. Day,
G. A. Saow, and J, Sucker: PDIR 159, AFOSR TN 59.1295; Phys. Rev. 118,
864 {1960).

32, "’ L I I =% .Ruls and ths Weak Four.fermion Interaction", oy S. Onada and
J. C, Pat. FDTR #1260, APOSR TN 50.12; Phys. Rev. 119, 482 (196C).

34,  "On the Decay Interaction of Strange Particles®, by B. Sakita and S. Cneda;
FDIR #1485, AFO3R TN &0.304; Nurizar Physics 16, 72 {h9¢0).

35, *Determiraiion of K*.r. P.Wave Phase Shifts from K .a Reactions®, by T. B. Day,
L. 8. Rodberg, G. A. 3paw and J. Sucker+ PDIR #.66, AFOSR TN £0.7306; !
I Buovs Cimeatr 16, ™ (1660).

36, K .-Deuteros Stattering arnd *he ¥ Nacleon Stattering Lengthns®, by T. B, Day
G. A. Snow and J. Sucner, PDIR 4267, AFOSR TN 60 354; Phys. Rev. 119, 1100 {1960).

37.  *Final Stats Inverazticas and 'O 'é’ =} Rule® by K, Cradan and S. Oneda;
PDIR $#.68, AFOSR TN 62.3C3: Prys. Rev. 113, 3.26 (1960). i
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32, "Multiple 3Szattering Corrections an K .d Reawtions®, by T, B. Day, G. A. Snow
and J, Sacher, FDTR #167,

3. "On the Lepterar and Nos.legptonis Detay Medes of K mesen®, W J, ¢, Pati and
5. Onsaa PDTR #.7., AFOSE T &0 L35 Kuslas- Physice 18, 2 (19&)),

%0y "Abgorpmion Mechanisms (T Nega®.o: Konesors ard Fion. iz Liquid Hydrogen®,
by T. B. Ecs}'?. m #:..7;. AFOSR TN "'C"‘C'-a

41, ~Capture of K™ .Mesons from High S-.orbitals in Heliun*, by T. B, Day and
G. A, Snow; FDIR #181, AFOSR TN 60.76i: Phys. Rev. Lett. 5, 113 (1960).

"Regularization and Renormalization through Finite.part Integrals®, by
E., R. Caianielln, A, Campoiattarc (Institute of Theoretizai Physics,
University of Napies), and B, Prezicsi (Institute of Theoretical Physics,
‘Uraversity of Napies): PDTR #182, AFCSR TN €0.762.

"K * Meson Capture by Helium®, T. B, Day- PDIR $.83, AFOSR TR &0-819.

0n +he Analysse Propertiss ~f the 4.Poi% Function in Perturbation Theory”,
vy Aifred Chi-Tai Wo: PDTR #1826, AFOSR TN 6C.804

"Lie Equaricns for a Les Madel®, by E. R, Cazantelle and 8. Okuhc (Institute
+f Thecreticax Fhysi s, Universaty of Napiee): PDTR L83%a, AFOSR TN 60.898.
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*Strict Localization in Quantum Field Theo -y, by James M. Knight:
PDTR #187, APOSR TN 60.818,

o
" o. /7Y Relative Parity and the Lalitz Deway 2f the e O Hyperon®, by
J. Sucher and G, A, Snow, PUTR #188, AFOSR TN &0. 8:; I Nuove Cimento 38,195

"Relatavistac Quantum Mechanic: and Q antum Field Taeory™, Vel. 1, Lectures by
Jo SUCher, PDTR :QZ. AFCSR TM f{l GLR

*A New Reducta-n Tecarique in Quanium Frelid Thenry?, by John 8, Tolig
PDTR #3194, AFOSR TN #0.1089,

"Strange Par~i.ls Decays and the Nature of Weak Interactions®, by
Jo Co Pati- Vol. I TN 6G.105ka, Vei. I - TR £0-1051b- PDTR #193,

®Analyticity of the Couplliag ossian. ane Boand 3¢ ALl i: Potential Theory®,
by B, Bosca ard 7. Suche, Fom #.33, AFOSR TN =5- 2434 I1 Nuovo Cimento
ser..ea XIX -L“-F? (:,LQé;).

"The Possib.oiiy @ . Span W - Mo
J. Sucher, FIIR 201, Jdrurpar 1. App

weh. s Momean et C“r'.q 3"? T. Ba my and
Piad Puysise 32, L7288 (1961),

‘D
re

PCasp Pher-woad 37 tne [l o000 Tw Nolgnborityg Taresioilds®, by Je Sucher,
G. A. Stow arc T, Be Lsy IR #0.7, AFCSR TN ¢ 174; Frys. Rev. 122, 1645 (1361).

"W Note wn Refemeasn O viias M, e wE, 1~,. L. S. R:dherg, G. A, Snow
ard T, Sacners FIOTR o0 2, T o0 Ry Lo, 1000 43

e oand Geroriloras Fear Pield:®, A, L. .,cbt and Jo 3, Toll"

1N e Comon , Bern o T, Flle 21, sre 3WG0SE,

1™

“noa Meikoes in Duoresrsizn Theoryt, by

ih Fiead Tre.reracal Calioulaoou °f the Cne piot Exthange and Two-plon

Exchange Contribu*ions +0 the Fhase.Shafts wz‘,n Higner Anguiar Momenta for
Nucleon-Nucleon Stattering”, %y Iwac Sato. PDIR #238, Phys. Rev, 127, 1352 (1962).
*Introductery Notes on Scattering Theory®, by O. W, Greenberg; PDIR #243,

®Relativistisz o "aviance and *he Square.rocy Kmm Gardorn Bquation®, by J. Sucher;
PDTR $2L6- (Jcurpal o 1 Macumiwtical Poyoans, Jamuary 1962 tssue).

#Relativistn: Quantum Field Theory 1I%, =y J. Sucher: FOIR $259.
sMult:poie Exparsicns .n Wemen®a=y Particie Fhysics®, by R, Stora, PDTR #250.

*Het senberg Fuelds whah Vau
POTR #2351, Jowrnas = Matremivos

s Domatns of Momentum Space®, by O. W. Greenberg:
v oo, 833 (1962),

#4 Mager -f Sne Foionc Dera.s D HopercLa®t, by Snien, S. W,
FUIR #2354,

"Nermalization Cordstics for the Betne.Salpeter Wavs Functaon and a Formal Solu~
tion to the Beihe. Sas.pe oy Byaarioaa®, by Iwa» Satn: PDIR #2672 (has 1 submitted
for publication).
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65. “Scattering of the K Meson from the Deuteron”, by A. K. Bhatia; PDTR 265,
(will be submitted to I1 Nuovo Cimento for publication)

66. "Some Asymptotic Behaviors of the S.matrix for High Angular Momentum®, by
A, M. Jaffe and Y. S. Kim; FDTR 267.(accepted for publication in Phys. Rev.)

67. “Rotational Invariance S-matrix in Non.relativistic Quantum Mechanics", by
R. Fong and J. Sucher: PDTR #269 (accepted for publication in Physical Review).

68, "Calculations of the Energies of the Higher Resonances in Pion.mcieon
Scattering", by V. Teplitz: PDTR 270 (is being prepared for publicatiocn).

69. "Regularity of the T-matrix in the Case of Dirac Potential Scattering", by

A. Pagnamenta; PDTR 274(has been submitted for publication to the Journal of
Mathematical Physics). :

Other publications which, because of their nature, did not have TN numbers but were
revertheless related to the work of this contract are:

1. "Test of Global Symmetry in Pion.baryon Interactions by K-+ P-Reactions®, by
Jogesh C. Pati, Physical Review, Vol,123, 2, 705-710 (1961).

Ze  "Asymmetry Parameter of A Decay and the Intermediate Boson of Weak Inter-
actions®, by S. Oneda, J. C. Pati, and B. Sakita: Phys. Rev. Lett. §, 24 (1961).

3, MEMORIAL VOLUME TO WOLFGANG PAULI, by G, Kallen and John S. Toll; Heivetica
Physica Acta 33, 753-772 (1960); Article on "Integral Representations for the
Vacuum Expectation Value of Three Scalar Local Fields®,

4, QUANTUM FIELD THEORY, edited by Cataniellc: Chapter "Anaiyticity Domain of
Vacuum Expectation Values®, published by Academic Press, 1960.

5. "On the Commutator of a Free Klein.Gordon Field Operator with an 'Arbitrary'
Heisenberg Field Operator®, abstract of a paper presented at the New York
meetings of the American Physical Society (February, 1961) and written by

2. Fried, A. L. Licht and J. S, Toll: Bulletin of the American Physical Society.

&, “"Completeness Identity in Quantum Field Theory®, by O, W. Greenberg, H. J.
Schnitzer and E, €. G, Sudarshan, I1 Muovo Cimento X, 25, 461 (1962).

7. "Dispersion Theory Methods for Pion-Devteron Scattering”, by J.J.Brehm,
and J. Sucher (submitted for publication in Annals of Physics).
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Students who have received degrees whoily or partially supported by this contract,
since 1ts inception are:

D. Wong Ph, D., 1957

F, Prats Ph, D., 1958

M. Lutzky M. S., 1958

J. Knight Pn. D., 1960

A, C. Wu Ph. D., 1960

J. C. Pata Pa. D., 1960

A. K. Bhatia Fh., D., 1962 ;
V. Teplitz Pn. D., 1962 | i
R, Foug Ph, D., 2962 {expectad)

S, Aks FPh. D., 1963 (expected)

A. Liche Ph. D., 1963 {expec:ed)

Alse J. J. Brehm Pa, D., 19362

Abttoegh Ir. Breuam was n2t suppuirad vy this contract, his thesis work resulted in

suilt publicataon wivh kis advisor, Dr. Sacher
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IV, CONCLUDING REMARKS

We believe that the support given this research has been more than Justified
by the quantity and quality of the work done, as well as by the number and caliber
of the Ph. D."s in physics it has produced.

During the 5.year perisd »f the contract work arcund 75 “ecnnizal repor<s
wers produced, most of which led o publications in leading physics Jouraals.

Work of this contract has been the subject of invited and contributed papers ai
meotings of the American Physical Socieyw,at the Inferna‘ional High Energy Physics
Conferences, e*.,ALso :, another messure ¢f the itimeliness and frontier nature of
scme 2 the work done, there have beeni 5 Physizal Review Letter publications during
tois pericd 1959.1902 by members ¢f this group.

Nine studern’s hawse sbtained tne Ph. D. degree partially supported by the con-
srart, Many +f them ave now distirguishing tnemseives by *their post-doctoral work,
The three students winr zained theair dsgres this year are currently, Research Associate
<t the Lawrenze Radiation Laboratory {V, L, Tepiitz); post.doctoral N,S.F. Fellow at
Frinceton Umiversity (7. J, Brehm) énd Assistant Professor at Weslevaa University
‘n, K, Bhatia), Among =arlier catstardirg student:z are D. Y, Wong, new Assistant
Professor at the Usaversity of Califorrda ar La Joila; and J. C, Pati, Richard C.
Tolman fellow at Cal. Tech, for two years and currently at the Institute for
Advanced Study; A. C. Wu, currenily Assistant Professor at the University of Michigan;

§. Prats, permanent staff member of the National Bureau of Standards, and J. Knight,

mrrently on military duty at Ft, Monmouth Signal Laboratories. Three more students

«ho have been assistants on this contract will probably gain the Ph, D. in 1963,

We have also been particularly fortunate in the caliber of the work of the
Resezrch Associates we have been able to attract to this program. As an example

wa apaie veras the comments of the referes on a paper on Nucleon-Nucleon Scattering
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submitted to the Physical Review by Dr. I, Sato in 1961:

"This is an important as well as a morumental paper. The latter

adjective can be used in several ways, one =f them being that the paper

is a monument to the skill and perseverance of one man's calculational

ability. The method used is novel in as much as it combines converi ional

field theory and dispersion relations in a useful way, and calculates the

phase shifts directly instead of the potential - a welcome innovation

after the many years of potential “heoretrcal morass . . <%

In conclusion, we would like to express cur appreciation to the Alr Porce Office

of Scientific Research and Development Command for the support :;t:hga given this

work. We hope to continue the production of sigrmificant research on the basis of

the grant-ferm rather than the contract-form of support.

John 8. Toll
Princapal Investigator

Je Suche:
Co-princapal Inveastigator




