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A topical conference of the Americ~ Phy.sical S6ciety on . Correlations. · ··. · . · . , ; 

. . . 
·• 

of Particles &i tted in Nuclear Reacti~ns 11 was held in Gatlinburg, T'e"nne~see 
··.:•'• 

. ;,. ' 'j 
···:,. ·.,. 

: ~ . 

from l5-l7.0ctober. In addition to the APS the ·conference was spon~ored by · 

the Oak Ridge National Laboratory and the Nuclear Structure Subcommittee of 

. . the National Scienc~ Foundation and the National .Research Council. 

This was 8.n unusual .and fascinating con:ference. · ThOugh the subject 

,.· 

.· .. · 

:·. . . ' ; ~ ... ' . . . ......... 

.. J'-. ·•.·. e .. 

. ·,:'"· 
. ' . :. ·;· .. "'~i .·• 

, appears b~th esoteric and recondite:, almost every facet. of nuclear reaction · ;. 
j, .• • 

o '~·.... A 

. ·. 
·theory "Was touched upon at some .. Point, with excursions into atomic physics 

· ·... . and high-energy physics. Tl)e conference was fascinating because of' the uni ver;;,; <., 

·· sali ty of the subject being discussed and unusual because while most of the · 
·..-,. 

. . . 

· ·· ·. : participants were experimental physicists the. long discussions were mainly · 
. ' .. · .. 

'. '··. 
' · \1 - • . ; I •. • 

· · about. theoretical nuclear physics and fundamental quantum mechanical problems •. · \ 
. ; ~ 

The conference might more apPropriately have been named 11The.Three- ··· . ... 
~:i~ 

· :Body ~oblem. 11 The three-body problem is the most· celebrated of all dynamicai .... · ;' · · 
··:: :.· 

problems and has troubled physicists from the. earliest days·. In a few well

' known systems ~uch as the sun, .earth, and moon and the heliUm atom accurate 

•'; 

' ~· ..... 

numerical solutions have been obtained by successive ap~roximations. The approxi-:- · 

mations which make tl,lese .examples relatively simple cannot be made in the three;;. ' · < .. 
I • . •. 

body pr9blem of nllclear ~hysics since here the interacting particles have com~ 
.'•·;' 
·. _;. 

. . . 

par.able masses and to make things worse they have forc~s of extreme complexity 

acting. between them since they may often be sufficiEmtly close together that 

their intrinsic structure becomes important; The hope however is the same: 
'/·· . .' . . . 

. that tne nuclear three-body system is capable of description in tenn~ of two-. < .. \ .. 
body forces •. 

. .,. . ( The 'Dound three-body systems in nuclear pllys:i.cs,' .namely .the H3 aJ'd H~3 ':. ·. 

nuclei1 have only static pro~erties ·such as b.iliding energy that can be used to 

· .. I 

., 

test a theory. The ~ical structure of the system cannot be discovere~ fro;.::.'' .. : .. 
'• .. '. 

t •• , , 
.. 

. ',•.'. 
. . . .. ~ 

. ·.' .··' :· 
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. ' ' •' 

its static properties. At this conference three-body· systems in exait~d states ••·· .. ·· 

were under study. These ·excited states · if they have sufficient energy can· 

·.decay into three free particles; the kinematics. of the decay'reflects.the 
' • • ,"o : ....... 

internal dynamics of the system so that experiments can be perfo~ed w):lich give/,. ·<·· . 
. . ; ' .. ·~~· 

· .· Wormati~n about specific dynamical configur~tions of the· system. 
-~-- ·:, . . · ... 

.··:;>_ ":. 
c. Zupancic of the J.: ·stefan Insti~ute in Ljublj.ana, Jugoslavia opened ... .- ,·:· . 

the conference with an introductory talk which he described . as "suitable for ".' ' · ·' · ' 
.. · 

.: first-year graduate students~. He said that most of tre phenomena under study 

had analogues in atomic physics· where better approximations can be u~ed. He 

'·l, :·:,_-· • 

: ~. : ~ ·. 

·.· · ... ·. · chose as an exampie the scattering· of photons by atoms. For very low energy· 
..... 

· ' photons the scattering ·occurs ·from the atom as a whole and no structure is 

~·revealed (Tyndall effect). For inte;rmediate energy. photons .the Raman effect 

occurs: in the initial process the photon is scattered.with-reduced energy 

1', .... 

' ... 

while the atom is le:rt in a long-lived excited state which decays by emi~sion ·•. · · · ... , 
.. ~ \ ·::- . 

-t,'l ·..,._ 

.;: .. , 

_,.· 

'. 
: 

I 
. I 
i of a second photon.. At very high energies. the incident phot~n. ie scattered 

·from an individual electron in the ato~ and in a single-stage process both a 

reduced-energy photon and a recoil· electron are emitted (Compton . effect)·~ 

. ·', I 

.. ; 

;! 
,.j' 

; ·,· 

In ·nuclear physics the kinemati~ relationships between the three. particles · 

in the final state are :more complicated than in the atomic ana.;togues because .·. ; .. 

the partic~es have comparable masses. 

ing'event the energies and directions of all the p~ticles emitted.· ~ecause 
. . . " . I 

' . ~ 

. . energy and momentum conservation 'have to hold· for the interaction as a whole 

it is only necessary t9 measure two of the particles; the energy and direction 

· ··. of the third can then. be inferred. These energies are measured in the labora..; • .. '· ' . ,. 

tory frame of reference which is rarely the one of interest, so it is necessary 
' . . . . 

. ,. vant momenta and energies to these frames • Which frames of reference are useful ... 
'>.I 

. ~ '·' 
'·,•. 

. .. ::·:··'' .· 
' .) 

. ·.·.; .... '." 

' . .;,_• , I 

I 

'· 
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:_ :: ':" .. 
·. depends on. the reaction mechani~. : It ~he re_action proceeds by a sequential ... · .. "' ·.. . .. ;·::: ;:; . 

· •. ·:.. '.t 

process by emitting one. particle first leaving beqind a long-lived state of .. ' 

two particles which later. decays, .it will be f~und that the total energy of'. 
. J 

.:, _ .. · 
. . , . 'e·, ;, '·.· 

.. ·· '·!· ... 

,'I 
r·,,f•• 

· the latter two partic~es measured in the rest frame. of the center-:-of-mass of . · .:; .. ' ,_. .··: 
' 

the. ~ir is almost constant, the energy spread reflecting the lifetime of the:··· 
·.· . 

two-body state via the uncertainty principle. Xf .·the reaction proceeds in this. · 
I •·'· 

fashion well established.' procedures. using the laws of conservation ~f angular .. · .. ' 

momentum and parity c~ be used to find the properties of the two-body state • 
: '· .,.. ~ 

This type of reaction is dominated by the interaction between the ·two· particles • ··.•··. '' · .·· 
·· .... ,· 

· which form an almost bound state. In the nuclear analogue of the Compton 

' ·. · ·. effect (knockout reactions) the center-of-mass frame of the ipcident and struck 

·' 

' ' ~·- . 

.. 1 

·, 

. r.:' 

:···· .·$ 

. ·particles i~ of prime importance. Furthermore the laboratory i'rame of reference · 
.•. .-.. 

··. 1 

... : 

·.·· .•... I 
~ 

-·: · .. ~~ . ~ 

·is now significant since whatever . remains' after the particle is knocked out 

remains almost. at rest in the laboratory. ~,Zupancic stressed that as for the . 

atoti:dc interactions it is possible to choose experimental conditions. (bombard

ing' energy or counter angles) such that particular reaction mechani~ms p~e~ . ,>_-:. ' .•. 
. '~- ' . I . . . ~ . ,• •, · .. : ; ~· i 

dominate and we usually pick situations where the mechanism is dominated by the 

two-body forces. Howeyer, in general seYeral reaction mechanisms can contr~bute 

and interference effects will appear to complicate or in'some cases assist the 

interpretation. 
I : 

1>. Swan, of :the R.ice U~iversity, described a theo::r:y. of sequential decay . · .· 

'processes vhich had been derived \>y Phillips, Gtif:t'y and Bi:denharn by modifying . 

. the well-knovn .final-state-interaction theory of. Watson. The theory enables 

one, in sequential processes, to derive the decay behavior of the system from 

the cross-sections for·elastic scattering of the tvo interacting particles, 

· vhich can be measured in a separate experiment. This approach typifies ·the 

. purpose of these studies 'and is essential since even in. a sequential process 
'.~ .:·; 

i· 
., .. ••'·. ', ' . :. __ : ____ :· 

._;' • <' L' 

'• .. 
. ' .. ,: 

, .. ,: . ,'• 

··:. '.:· .. 
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. the secondary two-bod)' system may not be in a state of well-defined spi%?. and . 
. . ·''(, 

parity. If such a theory can be proved to work it will be possible ~to use it. , •. : _:. 
<.· 

·. ·: .~. ~ ,· -· . -~ 

in reverse and deduce :from the three-body decay what the two-body interactions · ! · ·• , • • 
.·····.:: 

are.· Thus one could deduce the interaction between:two neutron~ or two pions 
·~ . 

'./ . . - . . ... ' ~.: . . 
,·... . ., 

, .. audience by emphatically stating his belief that the problem of three a,-particles 

is the ~ost important problem in nuciear physics today •. This is true in the·· 

sense tha~ the a-particles have no ~pin an~ thus 1 . in so far as theil- internal 

. ·. structure is unimPortant, the problem is far simpler both experimentally and 

theoretically than the more obviously fundamental three-~ucleon prob~em. It 

is worth noting that it is identical 1h symmetry to the three-pion problem but 

much easier to study since the a-particle is stable and: a-a scattering param-. · 

eters·may be fed into the. calculations~· 

In·. the ses~iOJ:?-' on lmockout reactions 1 experiMents.' analogous to Compton- .. 

scattering were described. M. Riou of the Joliot-Curi~ LBboratory at Orsayl 
I 

. . . . - . . 

France described a type of experiment of great elegance. A nucleus is bombarded 

~ith 150 MeV to 4oo ·MeV protons and events are studied in which two high-energy 

. . protons are emitted at angles and. energies near to those at: which they would 

appear if the incoming beam had been scattered by :free protons. The results 

..... ·.;.• 

. ,. 

··<' . .'.·,·:.·· •. 

: . .. · .. _. 

··';, 

,_ ....... : .. ::··. 
: ~ .. . 

. ~ ' ... · 

are analysed as a two.:.body collision between the incoming·and struck protons. 

Experimentally it is. found that the struck proto~s have well-defined bindins. :. , 
. . ' . .\ . :· 

.· energies 1n 'the nucleus,·· and t~t th~se energies Va.ry :from nucleus to nucleus 
. . . . . 

. in a way which gives strong support to the shell model. of nuclei; furthermore· 

'· 
.·:: _; '. .·: .. 

' . . ' 
•, · ... 

.·.' 
. . ~ .· . > ' ·,'' .· .. :·. · ...... :_ . .. ,·· .. ,· ' . ·:. :·.' 

•,;· .. ·. 

'j 

I 

i 
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\, . 

. . 
·it is possible to find :from the kinematics what ~omentum the . struck proton 

' ·., :·,; ;. ' -~'" I 

. . : 

originally had in .the nucleus. The mc;mentum distributions thus found once · · . , . 

more correspond closely to shell-model ideas of nuclear structure. These· ·· .. ·; .· ·:.,::·~·.:·;:·~!· 
knoc~ut reactions. have been very ~uitful but for further progress significant . :·· .. ;:; ·\ 

.improvements in accelerator design are neede~. 
~... '· 

,•'·;:. ·•' i···.': j 

I. E. McCarthy of'the ·University of Califor.nia at Davis showed how . 

these (p,2p) reactions c~ be analysed in detail with hig}l.:speed computers~. 
·' .• . 

•· .. 

. . 
:;: . . :· .. 

He said that it is possible not only to find the wave ·function of the st~uc~ · . : '·: 
. ' . ~ ,• '•'' . ' .. . 

· •·-protons but to show that the interaction between the incident and struck.prot9.ns ,: 
. . . . . . . . 

.. is in fact slightly different.from the interaction betweentwo free protons: 
• 0 ·:. 

the proton-proton interaction has to be of shorter range inside the nucleus~ · 
. . . .. 

" ... , .. · .... 

. ' I 

I 
. . i 

' I 

. ; 

I 
'I, 

·This is a s~gestion of cqnsiderabl~ significance for our understanding o~ 

nuclea.:t' ~tiona:: ~ci it is to. be hoped that it will be followed . up by other 

. 'Studies. · In the same session J • R. Mines of the University of Li verpool1 

·.·• •;"··· 

. . 
England attempted to show how to descl,"ibe (d,p) stripping react~ons 'when the~ ::;.': ·.':;._ ... ::· 

final· state of the nuc~eus is unstable. In study~g this pr?blem he found it·:::-· . · 

necessary to reexamine. the fundamental assumptions of the distorted~wave 

Approximation. ' ' ' 

. . . . 
An entire ·session of the conference was dewted to. in vi ted papers 

mainly of a pedagogical nature on high-energy phY:si'cs. ·.The speakers were w .. ,·: 

·· ... Selove of the University of Pennsylvania, R. K. Adair of Yale University and 

· ·. J. D. Jackson of the University of Illinois. · The cbS.~ .of :.this ses.sion was 
··:· .. . . 

R. H. Da.).itz of the Clarendon Labo~atory1 Oxford.. The speakers outlined the·· ... 

. · . way many particle final' states are studied in high-enex:gy physics where the ,' 

·.; 

... · : · .>' proper description is of great iMportance ·since the particles involved are · 

.· usuaJ.l.y unstable and it is only from the. many particle reactions that informa• 
. . 

tion on. two-particle interactions can be obt,ained• · · 
. . .. ':· .. 

''· ·.·. ·";·' . · .. :•.1:.· •' .• ... : . . ·. 
. '·. •,' 

. • . . ! -~· ... ·-·· 
· ... :•· .. ·· .. :.· .... 

,., ... ,. 
,·.1;.· .... 

. ~ .. 
•', ....... . 

. . .. ~. : .. 
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· .. 
' . 
't' 

,. ,· 

. .. _ ,'• 

.· .. -:. 
. ·.· ~ -< ~- :' '· • • •• • 1 

. It is interesting to compar~ the methodS of approach used in high.:. . _ 
-· •' .. · ~ ; ~ ( 

:._ t•' 

energy and nuclear physics. ·The aims are the same. bu:t .the types of data that_: :.• .· 
. 
· · can be obtained are quite different, be~g determined by the very differep.t · .: .· 

r ·~; 

: (l 

techniques that have to be used. At high energies the bubble . chamber is uni• _ . 
•• J,_ 

<. versally used. This gives 'an ?verall picture of th~ reaction however many 
I 

~- . . . particles are emitted. The experimenter has no choice however but to scan alL·: _· 
.·; ~-~-

.,. · '.,. the photographs taken to pic~ out the few that ..are ·of inter~st. With present<. 
, ..... · 

~ ·; . : · '.' · . methods the scanning and measurement -of photographs is very slow and after 

;; ,;'. 0: - .. ;_ months of effor~ s~veral tens of t}:lousands of events may have. been measured 

i :._,.out of which maybe a hundred oz:. so may be ~ the kinematic configuration of.-
:.:· -~ . 

. . . . . 

···.major interest •. An imminent breakthrough in automatic photograph analysis is, • · 

;, _<{;fortunately, expected. ·The nuclear physicist., by contrast, ·has ~o direction-
- ' . ' . . . 

.. -~ ··.;..: 

· sensitive detectors.with good energy resolution. He has to make his counters·· , ~ :<· . 
·,' ... ··--

:. · . '" .:,small enough to define the direction precisely •. With these small counters he· 
.· ; ..; ~ 

1 •' • • . 

. ~-. ' . ' 

.. ;· --
:_ ...... ". 

i"f· 

needed to study ~ three~body reaction a~ a whole • Four- or mo:re~body reactions . 
.. 

cannot be studied because the counting-rates become too low but they cannot be 

excluded and produce an unwelcome background in the ·energy· spe~tra • 
. ' 

-:·there is hope: one method app:I:icable for three-body processes was described by · 

E. Norbeck of the University ot. Iowa who showed results obtained using a new · 

· :~ type of· solid-state detector which is sensitive to the location at which a. 

particle enters it. 

. . : ... ;, ·, 

. ·,,• 

. .· . , . r . • ·. . .. · . . . ..__ ..... :.· .. 

':.''. ·:" . These technical 'differences lead to 4ifferent methods of data ana:J_ysis. ,:·:, : ; ... ·.> 
·~-~: ' . . . . . . -~·;_::··<.-~ .. ·-~- .:/·.··.\·. 1 

.: \::~· · · ·' . . The high-energy physic.is~· is forced in. most cases ... to average his data ove~ .... i:.;; l·yJi,··;·;;;,0/.,1 

··-.·~·· :. :·.~ ... variables assumed not to be signifi~ant in order to obtain statistical accura~;:i··.<:~·;i:';:~~::?~:~hj 
,-;, ··With the poor',statist:ics it is .impossible to test many of the assumptions. The .. ,·:.~-.:·~~:~:/i~::·} \ 
.·~-. ' . ' '.. j ;:, -I 
;< ::. nuclear physicist on· the ·other ·hand has to pick out o~· the events he can ·· · ;.: ! 

' l 0 .' .. . .. , ·: . 

... .~ .. ··. ' I ,' . 

. ' ·•.·.· .... 
'•. 

':··. 

:·· . 

·:' !' 

I 
I 

',I 
j 

. :,.,·~, .. : ·.·. ~~.. ' •, .' . l 
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~ .... 
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•. ·. 
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interpret • 

. ,· 
: .. ~ . i 

There was discussion ~bo·u~ wheth~r the. averaging ;rocedm.e does not .•.. ·· · · ·· ' ·. 

. :j 

,'. ,.1; . ·' . ~ .. 
in some instances produce misleading results due to interfer'ence phenomena.. 

. . . . . . . . . . . . . . ;;- ·~ . 
.. 

' ··.., . . ~i .l~ . . . ,• 

~is ma.y be a question that can be answered more easily:·by a. specific nuclear 
.. ·· .. '· .. · ·' .~ .. - ';. · .. ·. 

physics experiment desj,gned to test it thall by the :l.aboriou.s accumulation of , ·. 

. -.- ' . 

. . 

··: sufficient data at high energies to reveal ·an effect which might at the end · ~ .. 

·be negligible. •. 

.·,_,:.:-.:· 
• ,···r .. 

:.. " .'• . 

~· ~ . - The unity of nuclear and high-energy physics was emphasized by ~he speakers~· 
'" .... 

; ::The different jargons used do1 however, seem to hinder communication. For . 
.. · ... 

'. · . 

. ' i· ' • . 

'· . example t!overlap integral' an.d 'coupling constant' were revealed to be essen- ~;·. 

· '. tially the same 1 · and in ·a 'surface ·interaction' one gets 'peripheral production' •• · .. =· ~ . . •,. .· . ~· 

~ ~--..... ·,. . 

·The high points in :the linguistics struggle was reached in an earlier session.· 
. :· 

'when a s~eaker unwarily spoke of a·particle being 'precipitated' out of a system 

.: ;, ·'· .:(t 

. '.• ,. .,.1 .. , t: 

... 
• < 

and G. M .• Temmer1 .the chairman, cautioned. him· to .take care 'otherwise the high-· 
,, 

energy people Will Call US all ChemiStS I e The llUClear phySiCiStS present Were· 

.however 1 ?-elighted to hear tha~ their favorite tools 1 the optical m~~el and . 

the distorted-wave Born Approximation,. are now: being used in high~ene.rgy. physics;. 

while the high..;energy pli)rsicists were intri~ued· at the el1othusiasm of nuclear .... · . . . . 
'·. •' r 

.·. ' :physicists for 'polology. 
' , 1·· · I ·, . 

• I , · · ·· 

The final session of the conference was ···on :rew.:nucleon :Problems~ P. F. · 
., 

Donovan of the Bell Telephone Laboratories :described some beauti:f'ul. work done < 
! ·~ I ' ~ : 

. ~ . • ! . ' . 

. ;.· .. · ·.,: ·. 'by': a group workiD.g with t~e, Bro?khaven 60-inch cyclotron •. The experimental 

tech,niques of thts group are a mod~l for all,. 'The· events recorded are' disp:i.ay~d.; 

.. ; ,, on a two-dimensional pulse-height analyser with oscilloscope display. 
(. ' 

analyser is coupled to a· computer 'which can use .any r·eaction theory to simulate: : 
.... :. 
-~ ... 
•.' 

.. ' . . . . I·· . . . ' . . . I' . . • :·. ~' • 
·•· . · experimental· data for . direct comparison. with e~eriment on the oscilloscope. 

t! • 

. ....~ ,, :·.. . . . . 
. .'' •, 

. ~ . . . . . . . . . 

The group has lightheartedl.)' called the system PASER: Publication Amplification. : . . . . . . ' 

· · :,: ·~th SimUlated· Experimental R~suits •.. Donovan presented ·~ome real resUlts on 

.. , 

., . . · .. , 
··. ·.· 

.1,. '•' 

., . ,• ., .. · 
' ' . . . 

·.·•: 
·. :: . 

' ··.. ·.') 

.• .' ... '!''I 
·. ····· 

. •.' 
'\ ; ; 

........ 
..... 
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'' 

·: . . -:;' 

.;:" 
... ~. 

: :."· 
•'. '• 

1'' •. 

a number of reactions. 'l'wo of thes~ ~stand· out. ·.·. · In' the bombardment ·of .. deuteriUDl · · .. '·' . __ , 
' ... , ..... 

· · ·. with· deuterons there is a large peak in ·counting-rate for events· ·in which the · 
..... ; 

. . target deuteron is broken up and its· neutron is le:rt stationary iri the labora-; 
' . 

• ... 't 

.. >~:.. tory. The shape of this peak was fit very satiSfactorily with a Chew-Low 
'~ . . . . . ' ' . 

-~.:·, '·., ..• ;;' dispersic;m: theoretical analysis, probably the first re&J.?.Y convincing fit to .· 

.. · · : ,::~.: . be .obtained by thi's method. . In the' bomb&.rdments. of deut~rium by He3 event~ . 
; ~~~ ·:·, .. · ~ . . . ' . 

were picked out in which the.final state contained tritpns and protons wit~ 

·. .· ; 'low relative energi~s. The. yield. showed two peaks which. wer~ ·later shown by .. · . 

· ... ·-w~ E. Meyerhof of St&nford University to be consistent with the observed· eros's .. ':• .. 
I 

:' . sections for free proton~tri ton scattering. 

:.L':;n The".final session was further notable for the presentation by Y. Y• 
'.t• ;, 

'., ·; ()f results obtained by a group led by R. D. Amado at the University of Pennsyl• . . . 

·< .. vania •.. This group used a high-speed computer to. at~ck. the three.-nucleon pro

.. blem numerically1 making s·i~ificant. gains . by writ~ng the nucleon~nucleon 

. •
1 

· . :~· > !potential· in a convenient form. The calculations 1 which could not even ha:W 
·: ... · ... <;been considered a few years ago1 gave good fits· to the binding ·energies of ~.~:·,·:;. 

. ('i: ; and ile-' and to the n-d and p·-d low-energy scatte~ing. · This report 'caused e.: .. 
. ·.:<:·.;_;;~'great deal of e~citement and the conference ended on a note of.opt~sm • 
. · ':.;". /·'. :, . . ': . . 

_;:_'·, 

· The conference proceedings will be published . in Reviews of .Modern 
:, ' • • 0 • • •• 

.. · Physics •. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

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, appa
ratus, method, or process disclosed in thi~ 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 infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of tlre 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, o~ employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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