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'ffr~~-ently; much ~tti!ntior/hci-~ b~eri pc1id tb iifadeori_:~ucle~n bremsstrahlung re
, ~~ci'ions.~s a. potenttall.i i~1po~tant soiirce 'otnew inf~rmation about 'mideon;s inter
- a~ti?n~ (c.g; [l] and rnf~reuccs thcrein).The same.reaction ,~a;- suggest_ed (2] to be -

- .. _ a ~seful mean; to. search_ fof_a certain subnuclear· effects related to.the possible'.vir- • 
. · jl~al ;xcitationahd/or'. rcclu~t;rizatib'u of the initial nucleori constituents( IIiesons;. 

: : qn1rks, de.); The repeatedly err1phasized riced for more precise. data can, . hope: 
::fully, bii J;;.ovided hy:rie,vi/pllrined cxperi~ehts at AGOR,, CELSIUS, and COSY 
·a~C(!lerators:J'heref6re, further ·e1ab~riti~"-a11d ·de.talizati~n of diffkrent approache; .-._ 

. . _·{n<idclli~gthe reiction rriechanisms seemsJ,iinely. _ _.--. . - . _ - . - .•.. 
.. -.-_ .. _·In 'this :r;otcrin' addition •to the sta11dard potir1tiar~deJ.ofthe .. proton:..protori ·.· -

- breins_strahl ifr1g . reaction,. ~ve \:onsider those ·parts. of • the·. full· rea~tion --amplitude:·~ .. 
. :which di;r>end on thc:pOssible ':'defo~rnability" of ~ucleon'sintemal ~tru'dure arid--· . 
~also"oh the; m~re fari1iliar corrections origiµ~ting fr~~ "t_he t\ii9~bocty { or the interi6~; . 
_ timi/excfikr1gc) c11nents; As is welnnown/the foll nuclcon-'nuclecm b~errisstrahhmg . 
aiiiplitud.eca11b(co;1sidercd ;;_-s as~m-ofl~o·pa:rts\~hi~h;represent the- contribution's-- · 

· • fiomqne~ body·. and t~o-body° curFent~~~ For- pJ1 scatt~ring;< oi1e0body conyecti~ii. and 
rnagi1ctf~a_tion ci!frents' clorµi~ate, in die radiat i'on pro~ess. "°'. hile ~oritri butions -from . • 

, . onc-bod{anci two-btidy::c~rrenttare- approxim~tdy ~ornparable:for, the hard pho- , 
. ;to~ "'erriissicm i~, pn -~ollisio~s'. · Below the pioip;ociuct(~ri. tl1~esl;o1l the calchlations -
· <of:tn;"~1;c~b,ody.pa;·t~fthe total:pp;.,,-arrrrlitude-;re. ~ostly car~iMout'within tie.·~. 
i fra;.;.1cwoik 'o(poteiitial incidels and.'the two~body wntributions are neglec~ed. in~.
/~: poten'.tial -approa~h, the off-shell r1iideon-1;ucleon +maHix,: defined bf a .solution 

... c>l" tl1~· Lippman~:schwinger- equation wIEhjli~ rea'iistic Nt~ cpotenti~l-and the non-· 
. .r~lativisti~ v~rsiori.of G~een 'functio~s (the po~itive --frequency· part' of the nuclea'n 

· · prop~gators ),· arc ·used.'. Alsc), the c~ntributions from single and double- ( or· reseat-' 
··.: ~ te~·ii1g) te{ms are take!) into' account ,and o~e or another kind or'I)~n-relativistic 
<' ~ • _; ... 

· reduction is applied to the one-body current operator. This reduction may take the 
.• :,"fonri of th~ Foldy~w()llthuysei1 traris'forrnati~n-to obtaintheone~hody. current~ with· ... 

··•··.:: :,relativistkspii1 co~r~ctions:o~rnayhave aform'6fthedirecf Pa~lrredudior'i, These
-._::~ppi·o;irnations c~nstit~~ the basiirof most tr~at_rnents of PP!' ieacWnis [3; 4; 5~ 6; 7] .... 
.. _'.-Howe'ver;.the•potential.inodel'is.definitely iiot· •. a comp1ete' th~ory of the NN7~ 
>r~_action ahd. itiimprovem_e~t irnplies 'genera]izatibn in·many r~spects, The .relevant ·. 
-·'generalization would b.e. to. use b-oth the relativistic \'ertices and propagators/ cei-., 

-tainly ~containing the_ negative_", fr~,q~en~y p_af~.B·e~ides t_here are" in_any possible· 
.,-n1echanisins of the photon radiation negleded in the potential 'mode_! which:may give -

contributions:fo the;pp"fproc~;s .. ln particula~;the investigations .of tllerole. ofthe_• 
1nesoh)xchaiige\:urr~nts (MEC) iri the' pp-brell}s~trahlungreactiiJn:,have recenily · 
·atfrad~d a lotofatic'rition (8,9, 10].-Thc important MEC rriechanism(of the PP'Y ·. 
reaction are show1(in Fig. · la,b;c. 'In work_s [SJ/the contribtition:from '4-i~obar. 

.. cxcitatipns. were takeriirito. account in a' consistenfway through a solution of the: -
,/ ~ystem of coupled. channel equation~ which· include nucleon 'arid ~': isobardegiees ·. 
, ·_"of frecdornlBiit iri such an ·approach ifis difficult to take into account 'the internal 
- . radiative 'rheson_decays (grl-ptl-Oll.Ji:i~-G},,.-Jn.~~he potential model was sup-

tlj;~ !"'H',..;", · ~ •f<•-,,;~v, ' · • - ' •· · 
- ~ , _ · • ti..:,w.,,..,:;u.1b~ ~u.tJU~ !.!;i.,1.~l-~,.,-1 I -,. , ,- , 
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. plemented by the co~tributions frbm 6 -exciL1tion and fadiative meson decays .. The 
corrections to the potential model have been done by calculating the correspond
ing relativistic· Born a~plitudes. The calculations hav~ _shown _that the inclusion 

· ofthe MEC contributions leads to improved agreement ·betwee~ the-experimental 
data [i2, 13) and theoretical predictiops. However; discrepancy between theory and 
experiinenf is still left. This fact rriight indicate som/new mechanisms not included 
in the calculations.. . 

In tl;is work, in addition to the abo~e-mentioned Corrections we also consider new 
~on-pol~ arriplit11des er(w, p0)+ p-, 1 + p whid~are the parts.of the whole p +p '.'...+ 
p + p+ 1 c!;mplitude:.It was st_ated [14) by analogy with the·weiL- known case of the 

, lowenergy Compton scattering, that these amplitudes can b~~ paramctrized,,in thi: 
meson/pnoton Im~ energy limit,through a few ph~no~enological constants that were. 
called the electr~~mclear polarizabilities of nucleon. As in the pure electromagnetic 
case, the~e new "'mixed'' polarizabilities. intlude_coefficients of the "electric'' a:'.:,p _ 

. and "magnetic" /3!1
; P type. Their. physical meaning is that the ( er; w, p) -meson 

.· exchange wiHeithe; r'n~dify the already existing or give risdonew electromagnetic 
moments of nucleons which: in their turn are couple'<l with the final photon field. 
Formally,these new pola;izabilities of the nucleon appear as ~~;;piing co'~st~nts- _in 
the effective Jag;angians which generate the· coritact vertices er-yNN, etc.• shown 
in Fig .. ·1e ·and,gi~e an additional -contribution· to the tw~~body•currents: In the -
case of bremsstrahlung proces~, we rely on the known 'salient feature ofth~ PP'Y - I 

reaction mechanism,· namely, on the. dominant rnle of proton :magnetic moments in 
the radiation;of•hard ,(w-r, > .30 .MeV) photo~s. -• Therefore, in all ·~alculation~- we 
retain only those electronuclear polarizab,ility corrections which effectively interfere 

' ,. ~ · _. I . , .c /· -. , • ·: • / , .' _ 1 . • . : ' '.,, • : • , ,' •• ,, 

with the main terms of the whole amplitude due to photon. radiat_ion by magnetic 
rnoments. The effective lagrangian [14) . . . 

I ' 

, ·. , /3~/n- . . 
\ J-'eff = u 7/Jerµv'IRFµ.v'Pu; (1) -

/, 

which, includes .the. mag~~tic ~lect;onuclear pol~.rizability generated' by the er C me~ 
son exchange, has.the structure very similar ,to the usuaLone fqr interaction of.the · 

' magnetic mome~t · with thtt electr~magri~tic. field · ?-nd, .Pr,obabJy, will be. the 
1
m:ost. 

irriporfarit .. It should also be mentioned-that we consider the er - .field as an 'ciffcc- .. . 
tive r~presentative of the 21r- meson-exchange iri th; mediu~. range ofthe N N -. ~. 
interaction and use the values following ·from the Bonn' potential '[11 )- for ~II meson . 

I couplings and pi.asses .. Concerning thi; numerical ~alue of f3!1n,. ori·_this stage v,;c pre-. 
.fer to pro,ceed no,t from_ a give{i sp~cificr;nodcl .but treat /3!1':', as a phenomenological 
parameter which can•be directly fixed-from the approximate fit to,the expcrimen:, 
tal data in the kinem'atic regi~n most se~sitive.tothis quantity, I~ the !;Ilarva~d"· ' 
geometry it{; (he dat~·with the minimal angles of the coplanar final proto11s,~hc1:c 
,the emitted pho.ton has, a-higher energy:· In such ~ way WC ~an obt~in the maximum 
-seal~ estimationofeffetts from nudeon polarizability and investigate itsinfluencc 
on various bremsstrahlung observable~ including spin-dependent ones at. different 
·kinematic conditions. , . . .. 
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Below we list tlwmain ingredients of the calculati_ons givinglher~sultspmented 
-ill Fig. 2c,L Dominant. contributions came from the potential model. They include 
the half-off-shell nucleon-nucleon t-matri~, th~ positive - frequency part of the nu

,clcori p~opagatoi. a~d th,:: one-body ·e1cctro~agnetic~tr~nsition operator: The NN . 
·t:matrix ,yas obtained [2] from a solution of the-Lippma~n-S~hwinger equation with, 
the onc-bosoi1 cx~l!a~ge)3onn potential (OBEPQ) [11)~ The eq~atio!-1 \Vas solved ·in.• 

,the momentum space and partial waves vii th total momentum J. :5 6 were consid-
. cr~d. For calculations· of the rriatri; ele~ent~ of the one~body current operator a 
direct Pauli reduct.io-ii wa:~·used .(4) .. The contribution; froni the one~body resc~tter
ing ( or doublcscattering)' ,vcrc fal<en into account. This model gave us a back.ground 

. (1iotcntjal) amplitude. All correction;-;_ve;e treil:ted at tl1e'level of Born diagrams . 
, and added cohcre1itly to the main potential amplitude. The Born diagrams were . -< calculated [;pto terms ofan o~der_ of 0( M,~1) ~nd i~clude: ; ·> ·•. :-- -;_ . __ . 

• ~II Jlorn di~grah:s,· Fig.• 1~, \Vith the 1r; p, w, ;;_ exchange and 1~ith th,e riegativ~. 
,. - frc'q_u~ncy part·of the n~cle6~.propagat<_?r; . . . 

~. the ~irtual · e~~i{ation of the· 6-resona~ce 1in ·the· diagrams, Fig .. _ 1 b/ with the 
1r~ and p- me;on exd_1ange;· · 

• the iad_iative ~nr0,-and p;07 meson decay diagrams,_F_ig. le; 

• ·a new, contribution. due to the magnetic electroii~clear polarizability. of the 
nucleon, represented by the diagram in·Fig., le:,- .· ... · .... ·. . -·· . . 

- -·- . - . .· , '. •- .. ·: "" . . 
For.all ba~yon-meson coupling cd;;stant~ ~e ,;sed the sa~; values as in the Bonri . 
potential ( OBEPQ) [11 ]. Coupling -constants for the ,-decay of ti were :u_sed fr~rv, fit
ting to the Ml+ and El+ rnu]tipole data on· the photoprodU:ctiori of pioris from nucle0 

. ons (15). (:oupling c~nstants for r:adi~tive ~eson decays-in. the -vedor-pseudovector 
.· m~_C>n curreI1tsw(p )1r, were fixed to experimental values [16). - '. -_< ·. 

. - In Fig. 2 the theoretical calculations of exclusive cross section~ and analyzing 
power itrecompaied with• th·e-bremsstrahhirig experirnentaJ dat_~ for proton-proton 
·c9llisi6ns at 280 MeV [12, 13), ~here the scattered protons were deteded-at sm'all-
cst.measu;ed angles. It is·a 'most f~vorable kinematic.sitiiation·fQr investigatio11·~f 
effects of nucleon polarizaJ>ility in a given experiment. The dotted lirie shciwsthe 
results of potential model calculations and the dashed line additionally includes the 
contributi_ons .from all the meson exchange currents.· Jt follows from• Fig. 2 that at a · 
given kinematic condition,.the included ~orrections arerather smal( and c~nnot sat~· 
isfactorily describe ~xperimental data. ,The s~lid line show~ the calculations where 

. -.we ·additionally take into -~ccount a. photo~ emission. induced. by. a nudeon nucl~ar 
politrjzability as described above: The value of polarizability .. ,v~s-fixed empirIC_a11Y 

:(f3!1n _:= 0.6 fm.2 ) to obtain aireasonable description of experimental data'. We see . 
that this. conti-ibiiti;n improve;-agreement with an . expe~iment •for._ b~th th~·. cross .. -
section (Fig., 2a) arid for.~nalyzirig_r,o•ier (Fig. ,2b)data.' The obtainedvalue·of 
·/3;1n· qtialitil,tively agrees with old one [14) aria probably:isthiiupp'e~ limit ~f an , 

. ' . . . ..,_ ·. ·- ' ' . ' . " .~ . -
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. estimation. fo,r riucleon. nucl~ar polarizability since all ~ur. ambiguities• ~~d model. 
1 

·• 

approximations are induded implicitly in that_ value. With increasing·auglcs of de
tected protons the infliie~ce of nuclear' polaiizability becomes smallef. In F1g.3, t.hi~ 
"theoretical calculations are compared with·tl1e experimental cross sect.ions mc;asim;d · I 

at the la{gest prntcin.' angl;s;(0j,1 = 27.8° and 0,,2= 28°). o'1'he dotted Jin~ gives the 
,,results of potential ~odel calculations. The dashed-dotted; dashed and solid lim;s · 

·. additionally include corrections from .6. ~ i;obar excitations;-all meson cxch,ingc c'.ur- ' 

r_~nts and nudeon nuclear polariiability, respectively; We ·sec that at 1:1;is ki;1c1natic 
condition the ~eson exch~nge ~urrents•g1ve a significant corrcci.ion ( dashed· line)' t;J 
the results from the potential model. It is interesting to.clarify the role of diff;ient . 
parts of mespn_~xchange current. played in the reaction .mechanism. At. first.; _the; 
"pair" current ( diagrams la) i~ rather small for the NN interaction WC used: The; ti . 

, ~ isobar contributions ( dashed- dot'ted line) give sizeable.correct.ions to tl;e potential, •; 
... modeL We also observe, in agreement with other calculations [9, 1 O], that consicfrr-~ 
. able mutualcompensation takes place betweewthe A - isobar•an<l radial.iv~: ,;icso11 

""' I 

~.r ' 

I 
t 

decay ( diagramlc),currents .. The total effed(dashed line) from all In(;SOJI cxcha,ige· 
currents is roughly two timesJess ~o,mparing to the s~parate contribution frotrl the· -

· ti - isobar.. The inclusion of polarizability_current (solid line) with a ·strength fixed / __,, 

/ 

, (. 

'" 

, earlier -~akes o;ly·modest'.~hanges to other- corrections .. Tl~c .calculations ~am'iot. 
· ' reproduce experiII1ental cioss sections.· • ... · . • , . . : .. . · · · 
. . . It is inter~sting to investigate .the influence of polarizability on different sriin . / 

obii'ervables. , Fig .. 4 ·shows-the -~aiculations ·. of the diag~nar spin. corr;lation · cocffi
'' .cients which provide> a measure of sensitivity of the NN, "re'~ction to the mutual 
ispi~'orientation of projectile and target nu~leons. The da/lhcd, dotted ~nd"solid .· 

-" lines represent the calculations for the potential model, incli1ding additional meson 
/ '~xchange currents and,nuclear polarizability,

0

reipectively. It IS seen that spln :cor~ 
· 'i:elation. coefficients reveal a strongei-°sensitivity to different c'orrecticm~. tJ1an-cross 1 

, 

' section data. Ccincer'}ing th,_e riuclear pola:ri:.:ability, it has dive~se effects Oil differ~ 
ent spin correl.a.tion observables.''For the C~z coefficient its contrib~1ti9n ir1tcrfcrc;s 

. . . . \ . ' .... _ ' .. · -· . ' . ' 

constructively.with the rpeson exchange currerits,(Fig:Aa); for Cyy the interference 
is destructive (Fig. 4b} and has·a· mixed cliar_acter for Cxx (Fig. 4c). 1.'her~fore, the 
study of spin correlation coefficients seems to be a much oetter means for dct.cct.ion 
andcfurther investigation of. these·riewly.jntroduced correction; .. _/ . .· .. 

We remind now that ~e r;f errel~ome' parf of the ~crriaining discrc1~~11cy bct.0ccn '' 
.' . - : . . - . - ' ., ' \ ' . , : . ' - • .. ;·. '· 

. the calculations and unrenoiinalized TRIUMF data as due exclusively_tothc earlier· 
· neglected polarizability contribution1.-Ho~ever, the trcat.rrfui1t or'the miclc~Jll as,{n 
elementary particle; ~hile using the 'negativdrequency parts of the p;opagators i11 .. 
the.·calculation of We. and. a- ·and,espedally· the.;~- ~nd -/r--cifrhangci;ichi:cc:d two= 
b~dy'. curreri'ts, :rriay,als~ be subjected1fo rev1sioh. This may happen despite soinc :._ 
justifying arguments .. gi~en earlier, [17]. for approximate nume~ical dosen6ss of the 
. elementary and. composite pictu~e of the nucleon for the'. ~ase ~fiso~i:alar rn~:son ~x~ 
c~anges.'N~v~r.the!ess, i:~ncerning the rel~tive importance of the new j-iolari",mbilit.y, • 
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Fig. J Di;~gr;l.;ll~ of _111i·so11 c·xcl1a1igc: rnrrc•1·1is i11rl;1drd in th<' dl'~rript ion ci I 1;( • 
pp-hrcmsstrahl111ig: (a) 1r,p;w,a- rxcha1'1g1~ with t]w tlC'gaiin: - fri;q11i·11cy~part of 

. . t.hc1mc:lcoiq;ropagatcir; (b)tlw virtual c:xcitation of li~1't.•:;011anc:c;;·( c}p1r1' and ..._•r.1 
.radiativc·ni-;;'s~11 c;xchang<). c111·rc11t.s;.( d) elcCt._ro11iidPar pol~r1?,ahilit)': ·c-
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•• Fig. ·2 Cor,npariscin of c6p)anar pp-brernsst.rcililung data at. 'lLb=;:280 M~Y (12,13] 
with theoretical calcula~ions' of a) exch~siye cross scctions.,md h)_arialy;,ing pow~r." 
The dotted curve. correspcinds. tii the p~tcntial modei,. the ilashed curve includes 
additionaH/mcson-excha,rigc currents ~nd ,the! sotid•curv_c includes' t.he dc;:tronucleir
polarizability additionally to the previcms contributior;s, .· Tlic experimental cross . . . " - . -.. . - . . . . . . /. 
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Fig. 3 Comparison of coplana~ pp:brcmsstrahlungaata-at Tiab=280 MeV (12; 13]' 
' w.ith theoretical calculations of exclusive .~ross · sections for proton· scattering angles. ·. 
of 27~8°._and 28°. Labelliiig of the dott~d, dashed anisolid cilr~es is as in Fig. 2: .The:' 

~ dot~dash'ed curve includes the contributi.im from ~-i~obar excitations 'additionally to 
, the p.otential model . The ~xperimental cros; section data have.no arbiti:'~ry factor 
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toefficients_forpp~_bremsst~ahlung at: 'Iia,;=280 MeV a:rid 
for proto'r1 scattering anglesofl2.4° anc!J2.0°. Lab61ling.of t.hc curves ls as ill Fig. L 
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. our,opinion is that .it sho1ilcl lw takm-into affot11ibdw11 the limiis of applicability of 
. t hr sta,idard potential modi'! results ai·c qiwst io1i('i. Furl hc~mci;c. its study is irn- . ' 
port.al1t as-~ po1<'11!.ial smtIT<; of JI('\\: infr~rmai icJit about the; ll~t urc of the 0<1~C'WII 
a11d hc,;cc ·ab01;t further, implications: of tl

0w chiral sy;11mct ry·and its breaking i,1 
'different 1iroc_-<'sscs. · · ·- • · 

'·III rn11clusio1;, . \\'<'. hclic,·c · fhal improwi'm.'ni of 'i lie· a·ccitracv, · ~-xt cnsion·, ~f -the 
ki1wi11,ii ic domain explored. a,;cl fut urc slttclics-df tJ11' hrcmssfral;lmig n;~ct ions with 
a pol.1rizccl'1JJ:;)((;llh<·a111 a;td target: i·at! yi<~ld impcirtant i11foi·mation o,i-paramcicr~ 
ch,in1c:i c~rizing '' ch•forri1ahility"" ( or·pc>lariz,1bilit_y)·c>f,t lw i_nt cr,ict ing ;rncl('(ms duri11g_: 
the brcmsst.raltlung'prcK('SS.' ' ' 
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