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I. T1 T rUCTIOM

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, 1956, is given. Also included is

a list of students who have received degrees wholly or partially supported by this

contract. Concluding remarks are made in Section IV.



II. REVIEW OF RECENT WORK

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

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

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 proposal submitted at that

time. We give below a brief resume 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

followed by a series of abstracts giving further detail.

A. Foundations of Scattering Theory.

1. Normalization Condition for the Bethe-Salpeter Wave Function and

a Formal Solution to the Bethe-Salpeter Equation.

2. Relativistic Invariance and the Square-root Klein-Gordon Equation.

3. Rotational Invariance and the S-matrix in Non-relativistic Quantum

Mechanics.

4. Asymptotic Behavior of the S-matrix for High Angular Momentum.

5. Regularity of the T-matrix in the Case of Dirac Potential Scattering.

6. Heisenberg Fields which Vanish on Domains of Yomentum Space.

7. Completeness Identity in Field Theory.

B. Applications to Physical Problems.

1, A Field Theoretical Calculation of the One-pion Exchange and Two-pion

Exchange Contributions to the Phase Shifts with Higher Angular

homenta for Nucleon-Nucleon Scattering.



2. Dispersion Theory Methods for Pion-deuteron Scattering.

3. Scattering of the K-meson from the Deuteron.

4. Calculationsof the Energies of the Higher Resonances in Pion-

nucleon Scattering.

5. A model of the Picnic Decays of the Hyperons.

C. In addition, lecture notes on the following topics appeared;

1. Scattering Theory.

2. Quantum Electrodynamics.

3. Multpole Expansions in Elementary Particle Physics.

A. Foundations of Scattering Theory.
.. Normalization 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

ladder-chain approximation, and it is found that the normalization condition gives

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

This work, done by Dr. I. Sato, has appeared as PDTR #262, and has been

submitted for publication.
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2* Relativistic Invariance and the Scuare-root flein-.oaron

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

illustrated 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 presence 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 An the quantum mechanical case, to an equation which does

not adm t the proper Lorentz group. This theorem and its generalization is dis-

cuased in connection with a statement of Dtrac, 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 PPM #246, and has been pub-

lished in the Journal of Mathematical Physics.

3. Rotational Invariance and the S-matrix in Non-relativistic

Quantum Mechanics.

The connection between an observable irariance property of the scattering-

rrctrix 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 probe the target. Some aspects of these results and their relevance for the



construction of physi.cal theories are briefly discussed.

This work, by R. FonS and J. Sucher, has appeared as PFM~ #269,

Lnd has been submitted for rxbl2.cation in the Thysical Review.

4.* Asymtotic Behavior cf the S-.atrix for I!igh Anwlar Yomentaa.

The behavior off the parTial wave transition riAtrix is 4iscusted ffor

Iorre valties of the anoular momentum. For physical values off the angular

r,wientuxm, it is shown thpt the 14-channel T-matrix vanishes in the high angular

I~' r,itvr !init, Tivc validit , c4 the ootical model is di-,'ussed. In the Gelfand-

Le-7itan forivtaism, it is shown that the two Jost fvnetions coincide as the

m-jla or .nt-ur *oes to ilinity J orE, the rpal axis. For the Yrkawa-type epten-

t .b, it is si~oi~n thmt t.ij -w ii~n trix raduces to its B3orn term as the

.1 r.,.L't cf' the c~rv.',,x '-,(iienti~ir v'nrite -oes to i.nfinity.

This worz, by Y. 5. Kim and1 A. Jaffe. haa appeired as PVR #26?, and ha.3

ca iic,'*t fu',n lc tk -tL the h evi~ew.

- tvof 1,heP T -Ya.trix inl th C,,se of Dirac lotential

The I vnctional-theoi eT.1c methods, at quz o.kr have ben aprled to t-e

c..se off Dirac fotentil1 scattering to prove analyticity of the T-Matrix in enerj

and momentum transfer. The conditions on the rotential are somewhat weaker than

those used bj Khuri find Treiiian and the domains of analyticity contain this known ones

This work, by A. Pagriamenta, has appearel as PVR #274, and has been sub-

ritted for 1publication in the Journaal of M.1the=Vt~cal PhysiCs.
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6. Heigenbere Fields which Vanish on Domains of Momentum Space.

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

infinite zero, on one of the momentum space domainst A / P ' -o' /,

B, b.pa. J and p = 0- or , > t 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 , 9 A /1f, < C IA A ,

P # 0 ; or r, p = 0. It follows that if two fields in the same Borchers class

ave equal on one of the domains 'A . or then the fields differ at most by

a generalized free field in their Borchers class.

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

published in the Journal of Mathematical Physics.

7. Completeness Identity in Field The_.

We discuss briefly three notions which are related to the completeness

identity for Heisenberg fields, first, Gram-Schmidt orthogonalization of the

states 10>, A*(k)1O>0A*(k,)A(k 2) I0>, etc. to construct an "ideal or "improper to

complete orthogonal basis for the Hilbert space generated by polynomials in the

smeared (momentum space) Heisenberg field A(k) acting on the (assumed cyclic)

unique vacuum state 10> ; 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-

sistency of different completeness assumptions; for example, the compatibility

of a given kind of space-time completeness with asymptotic completeness.

This work, by 0. W. Greenberg in collaboration with H. J. Schnitzer and

EB C. G. Sudarshan, has been published in Il Nuovo Cimento.



B. Aplications to Physical Problems.

1. Nucleon-Nucleon Scatterina.

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 proton-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 important roles in determining the nuclear force in the

.-egion of the internucleon distance around the Compton wave length of the pion.

This work, by Dr. I. Sato, has appeared as PDER #238 and has been

published in the Physical Review.

2. Dispersion Theory Methods for Pion-Deuteron Soatterirn.

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 variable in a dispersion relation with the energy

taken to be fixed and real. Anomalous discontinuities are developed by analytic

(-ntinuation in the deuteron mass. Subsequent analytic continuation in the energy

vrovides the representation of the physical amplitude.



A sa iple ralcUlatlon i_ n:ru g spin. The contributi-ns of

pion-nucleon scattering are estimated by assuming the dominance of the T"3/2

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. ScazterinA of the K-meson from the Deuteron.

The reliability of calculations -f low-energy meson-deuteron elastic

scattering in which the nucleons are treated adiabatically is studied. A simple

model is considered in which nucleon recoil and binding effects are taken into

account and which permits numerical evaluation of the double scattering terms In

the multiple scattering expansion of the scattering operator. It is found that tne

.ffects in question are quite significant numerically for K-d scattering up to

2C0 Mev/4 K- lab. momentum. A crude attempt to distinguish the DAlitz solutions

"_r the K- 1 scattering lengths is made; the results are in agreement with recent

work of Chand and Dalitz.

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

abbreviated form, will shortly be submitted to Il Nuovo Cimento for publication.

4. Calculation of 4he Enerzies of the Higher Resonances in
Pion-Nucleon Scatteriny-

The model of Cook and Lee for the coupled processes

f tW -AyTtN + I )V f-TO, and

71tf~N ~ ir~7~-Wis used to

calculate the positions of the D and F5/2 resonances. The three-body state

is considered as a nucleon plus a two pion system at the T=1, J=1 pion-pion



resonance energy. For the left hand cuts, only the one pion exchange contri-

butior to the production amplitude is retained. The branch cut in the heicity

amplitudes for this diagram is found by requiring that the exchanged pion be on

the mass shell. The one pole approximation is made and re3onance energies in fair

agreement with the observed energies are found. No T=3/2, F5i2 resonance is pre-

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

The neglect of the T=3/2, P3 1 2 final state pion-nucleon interaction

i. the prodcclion amplitude is considereai and it is shown that, although this in-

teraction is essential for understanding the production cress section at the

resonances, it has negligible effect on the location of the resonance energies.

This work, which constitutes Dr. V. Teplitzts thesis, has appeared as

FDTR #270, and is being prepared f:'r publ.,:ation.

5. De~3th~ c ays 2f I. -HRperonA.

I.Iypercn3 are assumed to decay via the AN7T -vertex. Calculations

.re made on both even and odd ( I . A ) relative parity. The re.ults of even

r.r.ity cannot fit the experimental data. For the odd parity we get 0 4 j

T-s0 for y tf , hsnd sappare foras P1ER 252,

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

1. 'Causality and the Dispersion Relation: Logical Foundations", by John S. Toll;
Phys. Rev. 104 1?60 (1956), Physics Department Technical Report No. 27.

2. "Dispersion Relations for the S-matrix", by John S. Toll, David Y. Wong, and
James X. Knigh-. Bulletin of the American Physical Society (BAPS)
Series II, Z, 13 '1957).

3. "Causality and the Dispersion Relation: S-matrix for the Maxwell Field",
by David Y. Wo:.g and John S. Toll, Annals of Physics 1. 91 (1957).

4. RDea:: i 1;.uo;ns f,r Non-relativist)i. Parti.cles", py Davic Y. Wong-
Phyi. Re-,. '. 1..17 ), 97) PDTR 62, ASTIA lii 0 7, AFOSR TN 57-33.

5. "Boand State C,=trubu:on " Dispersion Relations for the S-attering Matrix",
by James M. Knignt and Jo)hn S. Toll-, BAPS Series II. ', 17( (1957).

6. "Dispersion Relations for Non-relativistic Parttles ", by David Y. Wong-
BAPS, Seri es II, _4, 177 (19."-).

7' " A Survey :,f Literature PerYa:.n-.ng t. the Analytical Properties, Physical
Reatlzabilzty, and the Krorng-Kramers Reka-rOns of the Syst°em Fanctions
in Electr_- - Ne.w,-rk Theory" 9 by All: -d Ch-.Ta. Wu: Pm'R 57.

" ipplt'-n of Disperaior. Relaticn and Unrtari;.y Ccndition to Non-coherent
Forwa.d Scattering of Light by Light", by Darid Y. Wcg! PR 81, ASTIA AD 132.487,
AFOSR TN 57 -;5.A.

"&. .rarks on )e I.pYe zat.on of 'Causality Condi-icn in Non-interaction Region'
Armd the Ur2.ta~lly f the S-marix", by rawid Y, Wong- PUTR 82, ASTIA AD 132 424,
AFOSR TN 3 .

i0. "A Possible Proof of Dispersion RelationsO, by H. J. Bremermann, R. Oehme, and
J. G. Taylor. PDTR #84, ASTIA AD 136, 458, AFOSR TN 5?-467. (This paper was
delivered by J. G. Taylor before the International Conference on Mathematical
Problems of Quantum Field Theory at Lille in June, 1957.)

=. "Uniqueness of Solutlons to D:spersion Relations and an Iterative Scheme", by
David Y. Wong, PDTR #85, ASTIA AD 136 459, AFOSR TN 57-68.

12. "Causality and the Dispersion Relation: S-matrix for Klein-Gordon and Dirac
F:elis", by James X. Knight and John S. Toll- PDTR #87 (64), ASTIA AD 136 536,
iFCSR TN 57.55Z! Annals of Physics 2, 49 i958).

13 "Connecticn of Phase Shift and Potential for the Dirac Equation", by
Frmn:-_r_:,z Frats and John S. T:_11 BAPS, Series II 1, 36 (1958).

The Radiative 0:oci:re ons to the Scattering :f Mesons in an External

EJectror-ignetic Field", by Anand K. Ehatia and Joseph Sucher: PDTR #103,
ASTIA 158 251, AFOSR TN 58-446, Prog. Theoret. Phys. , 397 (1958).
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15. 'Disperson Relations and Scvarz' Distributions*, by John G. Taylor:
P= f109, AFOSa TN 58-63o, ASTIA 162-160.

16. "Note on the Formulation *f the Causality Requrement", by John 0. Taylor and
John S. Toil PDER 110, AFOSR TN 5e-631, ASTIA 162161.

17. "The Formatio'n of Discontrnuitic-5 in Classtcal Nor-l.near Electrodynamics",
by Morton Lutsky- PIYR #i11, AFOSR TN 5&633, ASTIA 162 i.63; Phys. Rev. 1, !
1649 (1959).•

18. "The Construction of the Dirac Equation Central Potential from Phase Shifts
and Bound States", by Francisco Prats; PTIR #I12, AFOSR TN 58-632, ASTIA 162-162;
Phys. Rev. 1, 1363 (1959)

19. OLectures :n L:persion Relations in Quant-um Field Theory and Related Topics,
by J. G. Tay2.or, PDTR #iL5, Vo. '-= AFOSR TN 58_816A, ASTIA 202-639,

Vo2. 2.- AFOSR TN 58-616B, ASTIA 20Z-.640,
Volo 3= AFOSR TN 58-816C. ASTIA 202-641.

20. 'The V-A Four f er-tz,!zn I a.....n and the Inter:mediate Charged Vector Meson',
by S. Onad. and J. Pad.x PDTR #126, AFOSR TN 59-46, ASTIA 209-417; Pbys. Rev.
Lett. 2, 125 9).

2. "Ixegr~. Equtxon :, Prduwtion Processes", by J. Sacher and T. B. Day;
PDTR #-30, AFOSR TN 59 15-, ASTIA 2.1-l3"t. Nuvo Cimer t .i 2. 111 (1959)

22:. "K', K0 Relative Pa:ity from th- K.D Char&+ Exha .ge Reaction', by T. B, Day,
G. A. Sn:i- and J. Suohe- PDTR f[32, A.OSR TN 5'9_;135 ASTIA AD 21.797;
II Nuovo COmenio 4, 61.4 9.99)

:23. A and -i rdaction fz'-n t~l _Z,D) Syatemn, by T. B . y 0. A. Snow,
and J. Sucne. PDTR #137, AFOSR TN 0 ASTIA AD 216272: Phys. Rev.
Letto., 46 ,193a).

24. "On the Suppression ,f P-state Capture in (Kp) Aoms", by T. B. Day, 0. A. Snow
and J. Sucher PDTR #137, AFOSR TN 59-606, AST!A AD 217-373; Phys. Rev.
Lett. 2. 61 (1959)

25. "An Asymptotic Causality Requirement for Systems with Constrained Inputs', ty
J. Sucher; PDTR 141, AFOSR TN 59-773: Nudlear Physics _ 263 (1959).

"An Attempt Universal Four-Fermian Interaction". by J. C. Pati, and

S, Oneda, PDTR #139, AFOSR TN 59 630- fl Ntovo Cimento §. 365 (1960).

27. "K-Nucleon Scattering Lengths and the KI-d Scattering Reactions', by T. B. Day,
G0 A. Snow and J. Sucher, PTMR #lUZ, AFOSR TN 594M723 1 Nuovo Cisento
IQ, 637 (1959).

. "Collisional Auger Process for Mu Mesic Atoms', by T. B. Day and J. Sucher;
PUTR 143, AFOSR TN 59 771.

* "K_ ~Nucleon S-attering Lengths and the K_-d Inelastic Cross Section",
by To B. Day and J. Sucher: PPTR 146, AFOSR TN 59-819.

NA
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30. *On the Leptozu., Decay Modes of K-mteon, by K. Chada - and 8. Oneda;
PUTR 151. APOSR TN 59_.877 Pn.ys. Rev. Lett. 3., 292 (1959).

31. nRyperfragmpwt Forrmati:r~ fr.ijr -he K' D-,-t-r,:r. Interact.inn i-i Fltgn' by
T. B. Day, G. A. Snow and J. Sacher . P171R 354, AOSR TN c.02

32. *HiOgL Orbi :a! S-state Capt ure of: Pr _-s:'nj by Protor.s", by T. B. Day,
G, A. Saow, aind J. S'ick-.er PI1YR 159, Ar0SR TN 59,132951 Fh7yc. Rev. 1:1t*
864 (1960).

3, '/ i- Rule and the; Weak Four-fermion Interactlor.", 'oy S. Oneda and
J. C. Pat ., F.DT'R #2.60, AFOSR TN .60-127 Phyeq. Rev'. 3.1 402 (1960).

34. *On the Decay Interactioni of St,.-ange Particles", by B. Sakita and S. Cneda,
F M, C E6 , AFOSR ?hl 0)_- Nu)Z, My. cs~p 7~ 2 (1C)

35. - ea4o of K _r PWa-'e Phas Shits from K -d Recin* by T. B0 Day.
L. S. Rodberg. 0. A. Snw and J. Suther- PUYR #166, A?0t TN 60-306;

36. E-Deuteron Sta ,te: ,ng .zirul K Nulc!. Scattering Lengths". by T. B. Day
0. A. S-%o w and J. 5,;nP7, PD'~q Co6, AFM~R TN 60 4; Phys. Rev. ~ 1U. no 3.960).

37. OF~na:l S'!at- Its c ',;d ' ,RA 'A K. Gr~dan and S. Oneda:,
PDTR #168, A?OSR TN & c>Prhy~. 11.2. i1.z6 (196o).

313. O)fultiple StatterigC :ct n K'-.d ea-iions', by T. B. Days G. A. Snow
and J. S-.che', PF Ml #"b

*'O "n the Lji~tonio and~ N,- : D' ty Y'-i c'f Kwescn. by J. C. Pati AnM
S. 0nea PLV' C11., AMFOI Ty!6 L-~' N:>1 V15t,~ 2 (19&)).

*-~ Abaorp~ion Mehnn :.f N gj!_t ' K 7,-eooz. - a;. r _ .. L. -lad Hiydromgen*
by T. B. LE.y- MTY~ f#72, AFGSR M '4 'IC.-_

41. ,Capture of K.Mesons from High S-orbi.tals in Helium". by T. B. Day and
0. A. Snow; P~M #182.. AFM TV 60-761- Phys. Rev. Lott. .1 113 (190)9

42. OReguliArzation and1 Renormaization through Flinite..part IntegralO, b~y
E. R. Caianiel, A. Campn.attar'o (Inatitute A~ Theoreti.:al Ptylcs,
University of Maple3). * n B. Prezi.csi (Institute of Theoretital Phylsio
University .cT Nap~.es), PU1'R #1182, AFC-R TN 60-762.

N,, 'Y~et~c,- rapture by H~~'' 4'. B. Day- PDTR #183, AFOSR TS 6089.

4L. N0n tt-,e Analy-'tc Prcrert-i.s , f the 4,-P, i-t Funct;ion in Perturbation ThS0270,
by Al.fred Ch aWj PMY1 h! 6. AFOR TN 60tFo4,

"1Le Eqia!-._-s for a LesX4~ by E. R. Ca~a-,Iell and S. Okuho (Instltut.
if Theoret:.cal 5~~ , Urive'r&v) c, f NAP1s): FM~ 1.5a. AFMB TN 60-896,



46. OStrict Locaization in Quantum Field Th. , t by Jamnes M. Mi~ght,
PDJ #187o AJ'OSR TN 60-.818,

47. "(Z 0# , Relati7,e Parity and thi- ralitz Deiay * f he W 0 Hyperon*. by

J. Sucher and G. A. Sn-zw, PM7T #188# APOSR Z1E 60 T-.> Nuovo C:.mento ~15~

48. "Relativistic Quant-ri Maicz ~az Z'.ar.-tum F~ed T-neory". Vol. 1. Lectures by
J. Sucher, P=T --r)2, AFOSR TY A..

49. 'A New Redu-t,.- Ts.4chr.r.cja in CZiuarr.ijr, T~: ,ry", by John S. Tc*.,:*
PDXR #194, AFOSR TN1 ,O- I.o89.

", S-rn~ ar±L.1 Decaps an ! T-h Nat-,a of Weak Interactions", by

J1. C.~ Pati. Vol. 1 -TN 6 GI.V'I. II -~ 7N 6O.-1o51b- PflT #193.

... * mA1ytl %t~y :"n t- s pAj .e.. ~. i':. Pr-e~ata Theory,
byB. B.)sc~ -," j. 3vche -, 1 #.Y' AFOWR IN 'x I1j Nuo-;o Cimaento

0. A.L S ;Ow a;., T. BL; C . A702Sn- TY'~ 4 F Re-;. 122, 1645 (1961)-

;,0. f0 2. 1" . . G :o~ . A£. Sno'w

Ti: AjI>.......~~~ L. ~h't And J. S. Tof

4L f h. r-. v. . o.t::, z:'- Theory". by

. 'A f2.eAd ~k, Te: iza u ~.jla .- m: f tCi Cn Ex~gn afi Two-por,

Exchange Cor-tributaon5 +,, the~ rha3e.. SbI-ft.s with~ Higner Angular Momtent& for
Nucleon- Nu I eon Sw.Atering", lpy Twao Sato, PDTR #238, Phys. Rev.R , 13.52 (1962).

58. slatroductory Notes or Saattering TheoryO. by 0. W. Greenberg-, PTR #243.

%9* Re1ativixt~.', Xz -ariance and 4he Sq~a.e.r:,: Klein.G'r-dor. IquationO, by J. Sucher,
P1DJ #246 -J:.:rni. s. J fxnuay 1963 ±ise).

eat.(Zaa:.tun Field Thery' 1, by J.* Sucher,- FM~ #24().

OI. eqi~re~;1z at: Fhy.s1~5" by Rt. Stora. Pint #250.

~, Ie~e~brg i~ ~ 0 h~'rvc~r-~'' c'! M'omentum1 Sace-", by 0. W. Greenberg;

"A FnIPI 7f F. I~ ~ ':'~ by snen s. W*,
PFV 22.

64. "Ncrmlzatixf o uti.: for t- B-tne.-SaJlpeter Wwre Ftunctao' ;n-:I a Form.al 611
tion to the Bv' e.Saipe-, r by Iwar! Sate), PDTR #26i (h #, se submitted

for pliblcatioil,



.

65. 'Scattering of the r Meson from the Douteron. by A. K. Shatia; P=~r 265,
(will be submitted to n1 Nuovo Cimesto for publication)

66. Some Asymptotic Behaviors of the S-matrix for High Angular MomentUM", by
A. M. Jaffe and Y. S. Kim; P=R 267. (accepted for publication in Phys. Rev.)

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

68. "Calculations of the Energies of the Higher Resonances in Pion-nucleon
Scattering", by V. Teplitz; PDTR 270 (is being prepared for publication).

69. "Regularity of the T-matrix in the Case of Dirac Potential Scatterir", by
A. Pagnamenta; PIR 274(has been submitted for publication to the Journal of
Mathematxcal Physics).

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

. est of Global Symetry in ?ion-baryon Interactions by 1+ F-Reactions", by
Jogesh C. Pati, Physical Review, Vol.o23, Z, 705-710 (1961).

2. "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. 1, 24 (1961).

3. MEORIAL VOUME TO WIUGFAO PAULI. by G. K&1in and John S. Toll; Helvetica
Physica Acta 33. 753-772 (1960); Article on OIntegral Representations for the
Vacuum Expectation Value of Three Scalar Local Fields.

4. QUANTUM FIELD THEOM, edited by Caianiellc: Chapter OAnalyticity 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 Now York
meetings of the American Physical Society (Februmr, 1961) and written by
Z. fried, A. L. Licht and J. S. Toll: Bulletin of the American Physical Society.

t. "Completeness Identity in Quantum Field Theory", by 0. W. Greenberg, H. J.
Schnitzer and E. C. 0. Sudarshan, nl Nuovo Cimento X, 25, 461 (1962).

?. "Dispersion Theory Methods for Pion-Deuteron Scattering", by J.J.Drehm,
and J. Sucher (submitted for publication in Annals of Physics).

i4



Students who have recei~ved daigrees wholly orpri1yspotdb his otctA

since its inception are:

D. Wong Ph0 D., 1957

F. Prats Ph. D., 1958

ML Lutzky M. S., 1958

J. Knight Ph~. D., 1960

A. C. Wu Ph. D.. 1-.96o

J. C. Pati Ph. D. . 196o

A. K. Bhatia Ph. D., 1962

V. Teplitz Ph. D., 1962

R. Fvrx Ph. D.. 296,', 'expecie1)

S. Aks Ph. D., 1963 (expec-!ed)

A., Lirht Ph. fl., 196) (e~ez ed)

A ~~J. J. Br Ch R, D.. i6

;11tiJZt :.- Brkm not .3,_ppzxtad iy Lh1s contract, his thesis work resulted In

Spazblic4ation wi~fA his advi~so!, Dr. 3Steher



16Iv XIV. CONCLUDING REKAMX

We believe that the support given this research has been more than lustified

by the quantcity 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 period of the contract work around 75 :ecnnicali re>r-s

weri produced, most of which led to publications in leading physics Journals.

Work of this contract has been the subject ,f invted and contributed papers at

rein&:ings of the Americqn Pysi ..a Soctety, at the Intvernational High Energy Physics

Conferences, e& . ,j anothex measure c-f the timellness and frontier nature of

scire :f the work dl.ne, there ha-e been 5 Pysycal Review Letter publicat ons durin

tnis pericd 1959-19b2 by merbets cf th*s group.

Ntne stAdenffi have btned tne Ph. D. degree partially supported by the con-

-:at . Many "?f then .ire n:w d-stirguishng tnemseives by their post-doctoral work.

h three attudents wh7 ;ained their di.gree this year are carrently. Research Associate

-it the Lawrerce Re} rti, Laboratory "V. L. Teplitz), post-doctoral N.S.F. Fellow at

f i aceton UniveTsity (J. J. Brehm) anI Asjistant Professor at Wesleya. University

, Bhatta). Among earlier o.atsta.dirg students are D. Y. Wong. ncw Assistant
Professor at the Uiversity i-f Califorrit. at La Jo.Ia; and J. C. Pat!., Richard C.

Tolman fellow at Cal. Tech. for two years and currently at the Institute for

Advanced Study; A. C. Wa, currently Assistant Professor at the University of Miohigan;

F, Prats, permanent staff member of the National Bureau of Standards, and J. KnIght,

,rrently on military duty a,: Ft. Monmouth Signal Laboratories. Three more students

.iAo have been assistants nn this contract will probably galn the Ph. D. in 1963.

We have also been particularly fortunate in the caliber of the work of the

;-As-'3rch Associates we have been able to attract to this program. As an example

:ere the comments f the referee on a paper on Nucleon-Nucleon Scattering

{c.JR
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subitted totePyi auiew by D'r. i. Sato in 19a, s

"Thisa is an imnportant as well as a monumental paper. The latter

adjective can be used in several ways. one cf them being that the paper

is a monument to the skil and perseverance Df one mian' s calculational.

ability. The miethod used is novel In as m~uch as it com'bines conventional

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

phase shifts directly Instead of the potential -a welcome Innovation

after the m~any years of potential theoretica'I morass *

lift COUCIUalo* We wiould like to express o~ur appreciation t* the Air ?r tc

of Scientific Research and Development Ccmmanar for the support It has Oiven this

wokWehoe o onine he prod-action of sAgnficant research on the boa&* of
the grant-form rather than t~he contract-frmi cl oupp->rt.

John S. Tolri

J.Suche:-

Ca-prinexpal Irivsitiptor
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