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Abstract 

Medium modifications of the propNtips of hound nuclpons and II\P80nS aTP 

investigated hy "wanS of IIIPdi1l1ll pnN~y qua.si-free proton k"orkollt reactions 

with polarized incident protons. The sensitivity of the spin obsNvablps of 

these reactions to modifications of thl.' nucleon and meson properties is studied 

using the Donn one-boson exchange 1Il0del of the nucleon-nucleon interaction. 

A method proposed to extract thp N) analysing pOWN in IIwdiuln frolll the 

(p,2p) asymmetries indicates a rpduction of this quantity cOlnparpd to its free 

space value. This r£'duclion is linked to 1l1Odifications of lIIa.sses and nlllpling 

constants of the nucleons and IIIPSOIIS ill the nudeus. Tllp implications of 

these modifications for another spin observal,!p to Iw IIU';UiIlfPd ill 1111' flll.\I[(' 

are discussed. 

Typeset lIsing BEV'I);;.'< 

I. INTRODUCTION 

In recent years the question of medium modifications of nucleons and mesons pruperti 

has received a great deal of attention [1-121. There have been speculations on modification 

of nucleon and meson masses and sizes, and of meson-nucleon coupling constants. Thea 

speculations have been motivated from a variety of theoretical points of view, which includ 

renormalization effects due to strong relativistic nuclear fields, deconfinement of quarks, an 

chiral symmetry restoration. Independently of the theoretical explanation, it is importan 

to have different. experiment.s which might provide information on this issue. 

Quasi-free (x,xN) reactions represent probably the most direct manner to measure single

particle properties in nuclei. lienee, it is a suitable tool to observe medium modifications 

of nucleons and mesons propnties and their consequences on physical observables of these 

experiments. In this paper we propose to usc quasi-free (p,2p) reactions) with polarized 

incident protons to investigate medium modifications of bound nucleons. 

In a quasi-free (p, 21» scat.te·ring an incident proton of medium energy (200 ..... 1000 MeV) 

knocks out a hound proton [I :JI. The only violent interaction of this process occurs between 

the incident particle and t.he ejeetefi one. The incoming and outcoming nucleons wave 

functions are just distorted while traversing the nucleus. By measuring in coincidence the 

energies and rnolllenta of the emerging nucleons, these processes provide a direct information 

on single-part.icle separatiorr energy spectra and momentum distributions. In the last three 

Jecacles quasi-free scattering experiments have been performed with this basic purpose. For 

all overview of t.his topic sec HeL II 4,15]. 

The formalislll generally used to describe quasi-free reactions is based on the impulse 

approximatiorr to describe the violent quasi-free collision, whereas initial- and final-state 

interactions, or distortions, are aescribed by complex optical potentials. The cross section 

of (IJ, 2p) reactions is sensitively dependent 011 these distortions. In particular, the imaginary 

''I'll(' arrow ovpr lJ indicat£'s a polarized illcidpnt beam. 
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rt of the optical potcntials, rcpres('nting the IIlliltiple scattning, lllay ITellIC(' I II<' <jllasi

ee cross section by an order of magnitude. As a consequcnce a r(·lalively slllali change 

the somewhat uncertain imaginary optical potclltials may spoil tl good dcscript.ion of an 

Ixperimental result. In other words, a good fit to an experillwlltal result Illay partly be due 

a fortunate adjustment of the distorting potential. A new perspective iu this field has Iwen 

pened by the possibility of exploring spin and isospin degrees of fre(~dolll  [I fi, 171. specially 

ue to the fact that comparing differellt processes (by challging the' spin or isospin variable') 

'n a single kinematical and geometrical situation, the 1IliCerta illl it·s rei a t.ed t.o III<' dist.ortiolls 

ay to a large extent he eliminated [18]. lIence, llsing this kind of COlllpillison one lIIay chcck 

hether and to which extent the medium modificatiolls of Ilucleoll and IlWSOIIS properties 

re reflected in the spin observables of quasi-free scattering. Olle sllch a case is given by 

oplanar quasi-free scattering with polarized incident protons in a sillgl(' kinelllatical alld 

eometrical situation by varying the polarization of the incidellt. proton. 

The effed of medium modification of the llncleon alld mesolls IllilSS('S 011 the' differe'ntiitl 

cross sections and on spin observables of proton-llucleus elastic scattering has I)('(~n  reccntly 

investigated in Ref. [6) by using t.he Brown alld Hho hadrollie scalillg law [i]. 'I'll(' lIIod

ification of the meson masses removes the nuclear radius discrepancy whidl persistelltly 

()ccurred in analysis with the non-relativistic impulse approximation (N HfA) when empiri

cal nuclear densities obtained from clelron scatt.erillg are employ(·d. Mo\"(·o\"(·r. the lIIodifi('c! 

meson masses do not spoil the sllccesses achieved wilh the rdal ivistic illlpllls(' approxillial ion 

[RIA) of Ref. (19] on spin ohservables. 

The relative successes in accessing mediulll Illodificatiolls by 11)('(1 liS of l'lastic [20] alld 

luasi-elastic [21,22) proton scattering motivated us to cOllsider quasi-fr('(' (il, '2'/) scatterillg 

;0 investigate the medium effects on the spill ohsCJ"vnhles [2:~,21]. COlllPillTd with elastic 

1lldear scattering, the quasi-free processes are v('ry simple; while til<' firsl OIH' deals with 

;he superposition of scattering amplitudes of all lIucleolis of tlte lIucleus, the last olle deal 

>asically with the scattering amplit.ude of a single lIucleoll ill the lIucleus. 

Medium effects have been introduced [25] ill the t.rt~atment  of quasi-frcc processes usillg 

til<' c!(·lIsit.y dep('IIlI('1I1 l-Illil! ri\ illln(l, t iOIl II.\" \'011 (:nalllh and Nakano. It was fOllnd Ihat 

t.!1<')' illC[ease thl' <TOSS s('ct ions sOllw\\llill, bilt scared)' challg/' t.he tlllalysilli!; powers. III the 

presellt pappr we' ilfl' ess('lIlially COII(lTll<'c! with til(' allitlysilllj powers sill((~  there seem to 

exist discrqlallcies het.wcclI the' ('xlwrillH'ldal «'slIlts alld thcorctictll predict iOlls [26]. 

A recellt new d('vc!opll)(,111 in Ilw I re<l111l('111 of (ji,21» reaction is the lise of relativistic 

distorf(·d illlpldse· approxilllat iOlls (H !)IA) [27]. '1'1)(' rdativistic caklliatiolls include clastic 

distorl iOlls dcsnil,('d hy r('lali\islir op' ical pO«olltials with cOlllplex vector iliid scalar pot.en

tials, alld Diracllarl\"(,(··likc IIl('all lield pot('lllials for t11l~ III1c1ear strllctur('. More recelltly 

[2S], r('coil dfc( 1~ ha\(' 1)('('11 ill(OrpOI dlt'd ill t Iw Hi)!!\ caklllat.ioll. 1'1)(' g(,lleral resllit. of 

tl\(' relalivistic (aklll<lliolls is t!tat 1/"'.\ cl('ally illlpro\'e t.1)(' t.!woretical c11",criptioll of scv

('rid asp('c\,s of I Ii(' r('ael iOlls. Ilow(·\'('r. t IWI"< , ("('lIlaill discrepallcies lIlailll.) related to spill 

oIJS('f\'ilhks at SOll'(' geo!IIf'1 ries. III I Ili~  S('IIS(·. our sl.lIdy is cOl1lplel\wlltary t,) the relativistic 

ralclllations and JIIight illdicatc tlw iIIlPO/ tall('(' of IIwdilllll Illodifications of Ihe basic nucleon 

properl i('s to 1)(' illcluded ill a cOlI\\llc«o r,rklllatioll. 

III tile followillg sccl ion W(' hrief!.' ITvi('w the IIslIal fOrlllalisll1 for tr('ating qllasi-free 

(fi, '21') scitt.ferill~ alld ("o/Ilpaw llw (':-;pnillwIII al dat.a witlt t.he Iheoretical predictiolls. In 

sl'ction III we usc' the oll(·-boson exc!t,lIlgc BOIIII [2!),JO] potelltial 1Il0del 10 illvestigate the 

illllucllCl'S which t.he dilfnclIl lJIeSOIl~  play for the spill obscr\'ahlcs relc\'illlt to quasi-free 

scattering. '1'11(' df('cls of lilodifical iOlls of 1)1(' lIlass('S of tlJ(' nucleolls alld lI\esous alld of 

the 11I('SOn-lIllcleoll cOllplillg cOllstalll~  Oil lilt' spill o!Js('l"v;r!)les arc illw'sli~ated  in seclion 

1\'. 'I'll<'r(' WI' iJ!SO silldy Ilw illlplir,iliollS (If II\('s(' lJIodirat.iolls for t.he illterprdation of 

lite' availabl(' /'xpnillle'lltal data. Ollr "OIICIIISioIlS illld flltlll"(' ,wrs,wctives an' prcscllt.(·d in 

Sl'c\ iOIl V. 

II. QUASI-FHEE U',21') SCATTERING 

III this sectioll we bri('Oy RUllllllariz(' tlte fOrlnalisnl gCllerally uscd to cakulate tile quasi

free' corr(,lat.io\l cross s/'clio\l [11, I ,1] t.o 11Iak(· t he prcs(~nt paper self-contaill/·r! alld to clarify 
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our later arguments. Therefore, we focus our attention just on those aspects relevant to 

these purposes. We also show that in some special cases the pp analysing power in medium 

is directly given by the asymmetries of the (p,2p) reactions. At the end of this section we 

discuss the experimental data used to detect nuclear medium modifications of nucleon and 

meson properties. 

The correlation cross section for quasi-free scattering in the factorized distorted wave 

impulse approximation (DWIA) is givpn by: 

d5 
(J d 
-- - 1\ F (Jpp (E 0 /> dH ,d0 dE - dn JO" -Jj) ec;(k:d .� (I)

2 

Here KF is a kinematical factor. The indices 0, I and 2 refer to the incollling and the two 

emerging particles, respectively, and :3 to the nuclear (ejected) proton. The nucleoll-lllIdcon 

cross section, dfl.( EduSrp )' is takcd at energy Eo and angle 0 defined in the center of 
0, 1 tIl 

llIass systclIl corresponding to the quasi-free wllision. Fs(k:d is t.ll(' distorted 1I1OIIICntJIIII 

distribution of the nuclear proton, witl, k3 = kl + k2 - k (equating tlte negative recoilo 

momentum of the residual nucleus) by mOlllentun\ conservation. 

lit tlte impulse approximation, OfW assumes t.hat the nudeaT mediulII does not affect 

the violent nucleon-nucleon knockout process. In tltis case, d~r  is the center of mass free 

cross section for nucleons 0, 1 and 2 with their actual momenta and polarizations in the 

laboratory system, while the ejected nucleon, 3, has an effective polarization inside the 

nucleus, represented by Ptf J. 

A free pp cross section has heen used to calculate tlte qnasi-free cross s('rtions along the 

years lt4,1.5,18]. In this paper w(' perform an cxploratory st.udy abont tlw ronSC!JlIPIICPS 

of re]<l,xing the impulse approximat.ion by nsing a nlf'dillln nlOdilicd 111' cross sl'dion. All 

aUempt in this direction, made hy I(udo and l\fiyazaki [2.')] I,y intr(ldu('in~ IIlt'dilllll dkds 

using a density dependent i-matrix, has scarn>.ly ('hanged tIlC analysing po\\,er. 

In the derivation of tlte cross sediolt (f:q.( I )) besides the impulse approxi\lIatiolt for tlte 

scattering matrix element of t1w knockout. prOfess, also til!' fadorizil.t.joll asslllllpt.ioll hits 

been m;ed. That is, fixed averagc val\\(,s for t.1)(' 1l1ldeon-nllclf"Ofl matrix elf"/Ilf"nts have \>CCII 

I 

I 

I 

I 

I 

I 

I 

I 

I 

tak(',~,  in spite of the fact that, because of the distortion, the momentum and energy valu1 

of the nucleon-nucleon collision in the nucleus have a certain spread around the asYll1ptotl41 
I 

ones. For nucleon-nucleon quasi-free scattering at a few hundred of MeV the factorizatiol 
I 

I 

approximation has been shown to be a good approximation, as long as one avoids those partl� 
I 

I 

of the momentum distributions which are mainly made up of multiple scattered nucleonsI� 
I 

I 

TI){'se are the regions where the LJndistorted momentum distributions vanish or are verJ� 
I 

I 

slIlall [181. This is an ilnportallt rest.riction which shall come up again when we analyze th1 
I 

avCl ilable experimental data. 
I 

II 

These and others assumptions aJl(I approximations used to deduce the factorized cros1 
I 

section given by Eg. (1) arc ext.ensively discussed in the literature. They include the distor-I 

tions of the incoming and outgoing nucleolls, the off-shell effects and short range correlations 

From the detailed studies over the years, the picture which comes out is that the most doubt

fnl approximation refers to t.bc strong distortions for the incoming and outgoing nucleons. 

These have becn treated via optical potentials, with or without the spin-orbit term. The 

distortion may reduce the quasi-free cross section by one order of magnitude! In contrast, 

in most cases the spin dependence of the dist.ortion is not too strong (31) and the off-shell 

effects arc relatively small [14··181. 

To avoid ullcertainties caused mainly by the distortion, it is desirable to work with r&tioe 

of quasi-free processes with similar geometrical and kinematical conditions. That is the CasE 

for different measurements ill a single killernat.ical and geometrical situation by varying thE 

polarization of the incident beam or the isospin of the ejected nucleon [18). In case th« 

incident polarizat.ion is changed, a suit.able experimental quantity is the asymmetry def1ne< 

by 

du( +) - du(-) 
/1= ----� (2

drr(+l +dl1(-) , 

where the + and - signs i'Hlicate the spin direction of the incoming proton. Using th 

factorized DWIA, the a.symnH'try is given cntirely in terms of tlte ratio of proton-proto 

.) G 



oss sections, with polarizations Po and PeJI orthogonal to tile scatt.f'ri ng pi a nc2 1321 : 

~~ ((J, Tre,) = 10(0, Tre ,)[1 + (Po + Pelf )P(O, 1~d) + PoJJe/fCnn(0, 'l;'etll , (3) 

here 10 (0, Trel ) is the free unpolarized pp cross section, and P(O, Tred and Cnll ((), 1~eI)  are 

;>in observables for free polarized pp scattering taking at the center of mass angle °and 

t the relative kinetic energy Trd . The effective polarization (Pel I) of til(' ejected nucleon, 

aused by the combined influence of the nuclear spin-orbit coupling and the distortion by 

Ilultiple scatterings, can be quite large in certain geometrical sit.uatiolls. III such a case the 

£latrix element of the corresponding free scattering is, in general, heavily dq>Cllll('lIt on the 

>olarization of the incoming proton. In this sense the distortion is a dl·sirabl(· Ilwchanislll. 

The observables P(O, Tred and Cnn(O, 1~e,) are given in terllls of tht· llIatrix clements of 

~he  Wolfenstein matrix as follow [331: 

P(Oem, Trel ) = r (0 1 T. \ Rela"e] (-1) 
o em, rei 

2 + 1d 1 2Cnn(Oem, Tre,) = .. r (0 1 T. \ {I a 12 -I b 12 - Ie 1 2 + 1(; 1} (."j ) 
o em, rei 

Another spin observable which we consider in s('ction IV is the depolarization tensor, 

Dnn((J, Tret ) which is given by: 

Dnn (Oem,71ab) = r (0 1 'n \ {I a 12 + Ib 12 - Ie 12 - Id 12 + 1(' /2} (fi) 
o em, lab 

Substituting Eq.(3) in Eq.(2), w(' obtain fol' tile asymmetry the followillg ('xpr<>ssion: 

A _ P(O, Trel ) + Pef/Cnn(O, 7~ed p 
(7)- 1 + Pef/P(O, 1~~J) 0 . 

Hence, the effective polarization of the nuclear particle involved in tI)(' qnasi-free sca.t.

;ering can be calculated to a good approximation from the experimental asymnH'try (A 
PTP 

) 

)y inverting Eq. (7): 

p _ :lex" - IJoP(O, 'l~ed 

(8)
ell - PoCnn(O,']~ed - Aex"J)(O, 1~e,) 

There is a simple predictiun which olle can make for the case of good shell III0 del nuclei, 

such as 160 and 10Ca, namely the effedive polarizations of the nucleons in two sub-shells 

split by the spin-orbit interaction should vauish, to a good approximation, that is 134]: 

(I + I)PJ=I+J/2 + I p j =I-J/2 '" 0el/ elf . (9) 

This relation agrp('s with actual distorll'd wav(' calculations alld is nearly ind('pendent of the 

optical and shell modpl potcllt.ials which g(,llI~rate  the distortions and singl('-particle wave 

fUllctions. 

Up to now w(> hav(' just revi('wed 1hI' IIsllal theoretical treatment of qnasifree scattering. 

An intl'resting point aspect not slIfliciellt Iy explored in the literature II 5,26,:3G! is to consider 

special cases for which the effective polarization of tire l'jceted nucleon is zero. In these cases 

Eq. (7) leads 1,0.1 : 

J1(O.1~f,)  = Ae1·p . (10) 

This means that it is possible to ('xtract the> pp analysing power (P(O, 1;d)) in medium 

fruln the asynlllwtries of (I'Jasi-fr('e (fl, '2p) reactiolls. This represellts probably the most 

direct manner 1.0 get informatioll of till' PT' ilnillysing power in medium. 

Oue possibility is to consider the kllockollt of s-state protons. The effective polarization 

of a s-state nucleOli is Z('fO sincl' ther<' is no spin-orbit cOllpling. However as the momentum 

distribution for 8-states peaks ill InOJII(·lll.lIlll smaller than for others stat('~,  the knockout 

takes place ill 1('s5 dellser rf'gioll5 alld WI' do \lot expect a large mediullI effed ill these states. 

Another problelll is that working on the steep slope of the s-state momentlllJl distribution 

cllfve it is not safe to neglect the spin-orhit. distortion. 

Let us consider t.hen other states and look for special kinematical and geometrical con

ditions such that Pel I = O. For a fix('d geometry and kinematics tile values of () and Trel 

2We consider coplanar quasi-free scattering. 
3For polarized ineident beam normalized to 100% (Po = 1). 
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necessary to calculate the asymmet.ries of the l + 1/2 and l - 1/2 states an' not exactly the 

same, due to the different binding energies of these stat.es. However, since this difference 

is small and Cnn((J, Tret} and P(O, Trd ) are smooth functions of energy and angle, one has 

l lthat C~~1/2  ~  C~~1/2  and p t /2 ~  pl-I/2 to a good approximation. (Here C~~1/2  means 

the value of Cnn((J, Trel ) which enters in Eq.(7) to calculate t.he asymmetry of the (l + 1/2) 

state, and so on.) Within this approximation, A~t~/2  = A~;~/2 inlplips p;j)l2 = P:j)f2, 

in contradiction witlJ Eq.(9), cxccpt wlJ('1I p:jjl2 = !J:j;/2 = O. !lclln" for those kinc

matical and geometrical conditions for which thc aSyJlllltetri('s of qll<l.si-fr('(' scattering in 

two sub-slwlls split by til£' spin-orhit int.pradion itJ'(' cquitl ()1~t,~/2 = /1~~i,!2), th· df('ctive 

polarization of the nucleons involVt'd in t.h(' qllasi-fr('(' collision sllo'.I t 1)(' to i\ good approx

imation equal to zero (P;jjf2 '" p;jJl2 '" 0). Onc lIIay th('f('forp ('xtraet from Eq. (10) t.he 

pp analysing power in mcdium frolll the experimcntal (f;,2]1) aSyllllIletrips, by looking for 

those points wh('re the curve for A~t~/2 crosses th(' cllrve for .'t~.-;~/2 At thl's(' sJ>pcial points 

A~t~/2  = A~-;~/2  = P(O, 7~d) whprc ho, Tred is the 1111 allalysing power ill medium. 

Kitching et al. [36J has performed an cxtcnsive scrics of measuremcnts of t!w asymmetry 

for the 160(p,2p)15N reaction in a coplanar gf'omdry with 200 l\lcV incoming protons with 

polarizations orthogonal to the scattering plane (normalized to 100%). Some of the TlU UM F 

experimental asymmetries 136] for 200 t-.tcv coplanar (p, 2p) scattering 011 '1>0, resulting ill 

the j=1/2 ground state and the j=3/2 first {'xcil,'d statl' of IC,N are shown in Fig.I'. The' 

reader may see ill Fig. 1 that th('fp is illI appreciable reduction of t he analysing power in 

medium lookillg for the special ca.';('s where :\~1~  = /1;£;. At. these points t hf' aSylTlrndries 

yield the analysing power in mediullI, acconling to Eq.(IO). On the 01l1l'1' halld, the free 

P(O, l~d) values are indicated by tI)(' dash('d C\lfV('S ill this sanlc figure and it is c11'aI' that tltt' 

in medium value is smaller than the free one for tl)(' non-sYlllllwt.rical g,·olllf'trilv." (0 1 f: (2 ), 

4We select. ca.ses for which most of the ('xperinll'ntal data ;He not. at t!t(' 1II01l11'IItllfll distributions 

minima., to avoid uncNtainties roming frOlll til(' 1111111 iplf' SCi" l('riugs !2(;]. 

For 01 = O2 the fr('e P(0, l~ed values arc anyhow small and not too much can be said. 

The effective polarization calculated (2GJ from these experimental asymmetries usin 

Eq.(8) with P and Cnn for free scattering arc reproduced in Fig.2. In this figure the effectivi 

polarization of the 3/2 state is already multiplied by -2 to check wheter P~j;  := -2P3jl ae 

predicted by Eq.(9). For the cases O. = O2 the agreement is excellent. For 0) l' 92 there ar, 

discrepancies. As was rcmarked, for symmetrical angles, for reasons of symmetry, P(9, 1~el 

is slIIall. For as)'Jnllletrical angles, !'((},I~,d  is typically 0.3 and the the fits are poor. (5 

th(' dashed CIJrV('S ill Fig.l). 

In ltd. [2flJ an l'lllpirical o!>sprvation was made: if one sets arbitrarily P(9, Trel ) := 0 an 

<Ioes not challgc the vallie of (: .... (0, 1;'d), Eq.(8) describes quite well the experimental tlat 

for both the asymmetrical alld symmetrical cases. In fact, assuming P(9, Trel ) ~ 0 in Eq.(7) 

for non-vanishing effedive polari7,at.ion, olle has (Po = 1): 

A t l /2 Pit 1/2C'tl/2(0 T )
el I "'nn , rei' (II)A'-1/2 P'-

I /2(,'-If2(O T )..11 'nn , rei 

This f1wans that the agreement between theory alld experiment achieved in Ref. [26} 

remains true even if C~7.1/2(O,I~el) is modified in medium as long as the Cnn'S ratio for 

j = l + 1/2 and j = l - 1/2 remains approximately equal to unity. 

The situation described ahove is not restricted to the 160 nucleus. The measured asym-

IIldries InJ for IIJ(' reaction 40Ca(p, 21l):l9\( at 200 MeV indicate also a reduction of P(O, l~ed 

ill IIlcdium for lIon-sYHlmetrical gl'ollldry, as can be seen in Fig.3. Again the values fOI 

11:1; = A~~~,  which giv(' P(O, 7~ed ill medillm, are much smaller than the free P((}, 7~el; 

valucs. MoreovPr, the effective pola.rization extracted from these asymmetries using Eq.(8 

sllow a similar Iwhaviom as for the lfiO, tha.t is for the symmetrical angle (small value: 

for P(O, 7~ed) Eq,(8) descrilws well the results while for the asymmetrical situation th. 

ag('('('lIlent is poor, as rail 1)(' S('('II in Fi/!,.I1. 

The asym\lletries haw also heen JI1('as\lfc<l for 40Ca(p, 2p) populating the 2s 1/ 1 hole statl 

ill :l!ll<' In this rase tlwrf' is a 11111('11 slllalll'r reduction (if any) of P(O, Tred in medium 

lIl)w(~vpr,  as has IwcII lIlelltiolwd, tIl(' knockout. of 28 statf's occllrs ill less dense regions 0 

!l 



e nucleus and the effect of the nuclear medium is not exppcled 10 Iw lugt· [:J;>j. 

The analysing powers and cross sections for these reactions have beell calculated 1271 

ithin the framework of the DWIA, includiJlg both the effect of till' spill-orbit illteraction 

r the distorted waves and off-shell effects in the proton-proton scatterillg using antisym

etrized t-matrix elements calculated with an effective relativistic Love- Fralwy nucleon

ucleon interaction. The results of tlte calculations agree rpasollably well with the data. 

owever, it appears that for the 160(p,2p) reaction the lIon-synullPl rica I p;polllI'll'y consid

red (20° - 65°) shows an agreement of less quality than the two sylllllldric<tl olles (:100 _ :100 

nd 400 - 40°). For the "oCa(p,2p) reaction the situation is not so clc·ar. It would be intcr

sting to know the results which one would get with this treatllJellt for tlte cases sllowing 

iscrepancies in our analysis (30° - 40° and 30° - 45° for 160, aJld 30° - ,)'1() for 40Ca), as 

Iwell as for the 2s state in ..oCa. 

The experimental evidence of a reduction of P(O, 1~cd in lrlediUlli sets strollg collstraints 

on medium modifications of the nucleon-nucleon illteraction, as we shall 110\\' discllss. In the 

next section we use the Bonn olle-boson exchange model of the nucleoll-lIl1c1c'on interactioll t.o 

relate the spin observables relevant to qlJasi-fr~escattering to the properties of t.he exchanged 

mesons. 

III. THE NUCLEON-NUCLEON INTERACTION, MESON PROPERTIES AND� 

SPIN OBSERVABLES� 

The free NN interaction is well described by potent.ials derived 1'1'0111 III('Son ('xchange 

models. In this paper we use one of the most successfnl £lIeson-excltallge 1Il0de·ls, nallidy the 

Bonn potential [30). For the present purposes, it is sufficient to lise tlte one boson exchange 

)otential (OBEP) which includes 0', l, '1, if, w, and if meson exchanges. 

In order to get some understanding of the contribut.ion of each exchanged meson to the 

Ipin observables, we do the following. We use the parameters or the Bonn potelltial which fit 

he experimental phase shifts (table 5 or Ref. 129)) and calculate the observahles P and en,,' 

Theil, we recak'dillc tlw spill ubs('rvill>lcs SI·ttillg the coupling constant of a givcn meson 

e<)lIal to ~ero,  wit hout changillg allY 01 her piHitlneter. III this way, it is possible to evaluate 

till' illlportance of any particular IlIC'sOIl to I' and C"". The resllits are showlI in Fig.5. 

The first fact wl,ich one learns frOlll I his figllrt, is that, not surprisingly, the most important 

contributions to t Iwse obscrvill>lcs COIIWS I'asically from two mesons, from the a and the w. 

(TIl(' 1T I!l~son (,(,"trihllt(·S to t.1)(' ohsel'\'" "I(·s at. low cnergic·s only; maillly to e',,,,.) Theother 

illlpoltant. condllsioll is t.hal I Ill' (7 11/(";0/1 is I Ill' CTlIci;d on(' for P, Alt.hollgh the absence of 

tIlt' W IIIPSOII llIakc's t.he i\bsolllt(· v,dl\(' of Jl sllialler thall it.s cxperillwllt.al vallie, the absence 

of t.he a changc's the sigll of I) wilh respect to its trill' vallie, The ohservable en" is sensitive 

to both a and (..... IllC'SOIIS; the 7T' IlI('SOII is rcle\'ilnt. at relat.ively low ellergies only. 

The crllcial observation thaI till' (7 IIIC'SOII is the lllost important lIleson for the observable 

I) lIlay lead liS t,o IlIldNstand the redlldinll of I) ill II\(·<lilllll discussed in the section II. The 

potential generaft·d by this n)('son hilS cClltral and spin-orbit. components, Since a central 

potent.ial ca.nnot prodllce it polarizat.ioll, it. appears that the spin-orbit cOlllpollent of thp

lIucleoll-llucleon potential shoul<l 1)(' IIll1Ch \\'I'i1k('r in the lIudeus thall in frce space. 

It seems thell t.hat a redllctioll of I> in 11I(·<Iilllll rnay Iw associated to the change of the 

propc'rlies oftllf' (T lIWSOII ill t.ltc· IlUc!('US. It is illteresting t.o not.e tllat. in a recent relativistic 

density-dependellt lJart.rc·c Clppro(\ch for fillitl' Huclei, where tire couplillg COllstants of the 

rc·lativist.ic lIarlI l'e-Iagrangi:lll are III"de <!elisity dqwndent. [J I) it was found that 9"NN and 

9w,\'{V are of tilt' order of /JOlll) slll(\II('r in lllC'dillll1 thall ill free space. 

III ordc'r to illvestigat.e Illedilllli etrel'!s 011 I> illll! (.'''7l we use the Bonn potcntial !30] to 

gellc·rat./' 7J]J ph",e shift.s t.o 1)(' used ill tIlt' c,dclliat ion of I) and ell,,' lIowew'r t.he input 

parameters (11I<lSSPS lind/or coupling c()nst.ants) are changed according to sorlie prescription. 

Although IIllich effort IJ -12] has hcell de\'oted to t.he question of llIedium modifications or 

t.he hadronic propc'rties, lIot 1.00 IIIlIch has 1)('c~1I  concilided yet. Tllel'e is a scaling conjecture 

for hadron propfTt.ies at finite densities suggested by Brown and Rho [7] based on arguments 

of partial restor.lI,ion of chiral symmetry in IlI/dei which leads to the following scaling law 

for the masses: 
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• • . . f . 
mN ~ ~  ~  m, ~ ~  ~ ~  = ~ 

mN m(7 m p m w !'" - , 
m· 
-!.~1, 	 ( 12)
m", 

where !'" is the pion decay constant, TTlN, tn p , tnw and 1H", are the masses of the Ilucleon, p, 

wand iT mesons, respectively, and 711(7 the mass of the effective scalar a meson. The asterisk 

denotes the vallie of these quantitiC's ill nuclear nl('diulll. 

Other authors have also discllssC'd hadronic scaling law for t.he IIlaSS('S has(,d on Q('D 

arguments [2,1,9,10,121. KlIsaka and WC'isc [9jltave concluded th:1I t.ll<' Browll <lno Hha 

scaling law is not rl'alizl'd for rcasonall!c parallH't('r c!langes. 110\\, \'<'1' Cao cI af, [121, hased 

on t.he thermofield dynamical theory, haW' cOllclllded that for p < 11'0, where Po is t.he 

saturation density, Brown and Hho cOlljpct.ure should he corrcc\. lIat.suda alld Lc(' [101 

have obtained a lil1f'ar dC'Cl'easC' of til<' Inass('s as a flllld ion of d<'nsit.\'; their resldts S('elll to 

support Brown and H110 scaling law. AIt.llOugll the v:llidit.y of BrowlI alld 1010 law is st.ill 

controvprtial, we take it as a starl.illg point to invest.igate the IH'havior of t.he obscrvahles 

with changed hadronic mass. 

Another open question is the vallie assllllwd by ~ in Eq.( 12). We hav(' t.akcn it in the 

range 0.6 to 0.9. 

With respect to the variations of conpling constant.s, the situation is ('v('n more con

trovertial [8,IIJ. As has been mcnl.iolwd, it was fOlllld hy Brockillanll and loki [II] ill a 

relativistic density-dependellt lIarl.r('(' approach that til<' g,.,fI,'N and gwN!V ,HI' '"" ·10% snlill1er 

in medium than in free space. The BanerjC'("s t.oy IIIOd('l, bas<'d 011 the chiral confill(·d nl()(jpl, 

leads to a reduction of 9"NN with Jpnsity, while qwNN ilnd .'Ir"VN illcrease at sOllle low rat(' 

with the density. Therc is st.ill a scaling law derived by Ball('rjee l~j,  usillg the rC'slllls of 

McGovern, Birse and Spanos [.'>1. which !Pads 1.0 all increas(' of .f!,.,NiV alld (j.-.JNN ill IlIediuIll. 

As we do not have a definit.ive pn'scription for cha.ngillg tIl(' cOllplillg const.ants in lIH'dilllll, 

we assume that g(7NN and gwNN df'(f('(lse ill JIlt'diullI [II) according t.o: 

g;NN _ g:NN ': . (1:1) 
g,.,NN gwNN 

J:I 

whe;~ X is assumed in the range 0.6 < X < 0.9. 

We also consider simultaneous variations of masses and coupling constants by takin 

Eq.( 12) and Eq.(l3) simultaneously. 

In summary, we consider three prescriptions: 

i) only the masses are changed according t.o Eq. (12). 

ii) only tIl(' aNN and wN N coupling const.ants are changed according to Eq. (13). 

iii)� the aNN ami wNN cOllpling constants and masses are changed simultaneously aC 

cording to F:q.( 12) and F:q.(1 :J). 

We have not considered f1wdi UI1I lIIod ificatiolls of masses and/or coupling constants of th 

nl<'sons p, 1] and gsince their contributions to P and Cnn at the energies we are considerin 

arC' I11l1ch smal\<'r t.hall the OIl('S from a and w, as can he seen in Fig. 5. With respect to th 

pion since it is a Goldstone !Joson, it.s Inass presumably changes only slowly with density 

[3,6J and modiflcat.ions on thf' g",NN affect t.he spin observables only at low energies (Fig. 5). 

We have checked our results agaiust variations of the pion mass and coupling constant and 

they do not chang(~  our conclusions. 

In Fig. 6 we show the effect on t.he observables P and Cnn of changing the masses and/ol 

collpling constants according to the three prescriptions above, taking ~ =0.7 and X =0.75 

'I'h(' figures sllow that in all t.hree pr<'seriptions there is a reduction of P(O, l~et} in mediurr 

compared to t.!w fw(' value. For ol.llCrs valu('s of ~  and X the results are basically the sam4 

except that the curves cross the axis in slightly different places. The reduction increases, a: 

~ and/or X decr<'ase. e nn is redu«'d for 45° ~ Oem ;S 135° and enhanced for other values 0 

Oem� in all threp prpscriptions. 

IV. MEDIUM MODIFICATIONS AND QUASI-FREE REACTIONS 

III this sectio" w(' analyse the implications of the medium modifications for the (PI2~  

aSYI IllTWt rips. 



We have calculated the values of P and Cnn witli the tliree prescriptiolls explailled in 

ction III taking 0.6 < e, X < 0.9. The effective polarizations arc thell calculated by 

sing the experimental asymmetries in Eq.(8). A remarkably good agreement between these 

ffective polarizations and the theoretical prediction, Eq.(9), is obtained when olle changes 

irnultaneously masses and coupling constants and takes ~  = 0.7 and X = 0.7.5. The resnlts 

re shown in Fig. 7 and Fig. 8 for tire 160(p, 2p) 15 N and 40Ca(p, 2pfl91\, n'spectively. 

The conclusion one can draw from these figures is that the modifications of nucleon 

nd meson properties clearly affect the spin obscrvables of the reaction in a significant way. 

s mentioned in the introduction, although relativistic effects inclnding rdilrdation lead to 

rnprovement on the calculated (p, 2p) cross-sections, there still remain disnl'pancics for spin 

bservables in some geometrical regions. In this sense, the inclusion of Ilwdilllll modifications 

n the basic interaction process might be worthwllile to he investigated. 

As has been mentioned, in Ref. [26} the discrepallcies have been eliminated by taking 

P arbitrarily equal to zero and using t.he free space value of C"rI' In om calculation, for 

consistency, we assumed that both P and Cnn are 1lI0dified in IIICdi1l1l1. The value of P 

turned out to be drastically reduced in mediulll, hut it does not go exactly to zero. The 

value of Cnn is also changed in medium, however it is still a slIIooth fUllctioll of energy and 

'lngle. As a consequence, tile ratio r!.~/+I/2jC!.~/-I/2  ~  ) and the agrcenl<'nt is achieved 

'ather independently of the free C value.nn 

In an early attempt 124] t.hc reduction of Pill mcdiulII was illw·stigat.ed lISillg a forlllalislII 

leveloped by Horowitz and Iqbal [211. In their formalism, tlte mcdilllll Illodilicatioll arc 

:valuated in a relativist.ic model where thc N N int.eractioll is asslIJlwd to dcpcud 011 the 

'nhancement of the lower components of the nucleoli Dirac spillor due t.o st.rong scalar cUlO 

'ector components nuclear potentials. Although this formalism also Ipads t.o a reduction 

,f the pp analysing power in medium, the effect is too slllall to dililillatc tlte observed 

iscrepancies. The influence of a depolarization of t.he incident. beam a.s well as off-shell 

[eets have also been investigated a loug time ago 1381 and do lIot pxplain fliP disCf('pancics. 

There is still lacking a clear explanation of thf' fact that ill the 2s-knockollt from oI0Ca 

the reduction of the analysing PO\\'('r is nlll' II sinaller than in the 11' and Id-states studied 

here, Basf'd on the argument that. fill' 2s-st;lIe knockout occurs in less dense regions of the 

nlldeus one wOtlld expect to describe the dat.a with ollr approach tlsing larger values for ~  

andjor X comparf'd to the val lies 1Ised for P illld d states. Our analysis for this case indicates 

that ( and X Illllst be larger t.han 0.9. 

(ip t.o now we have disctlssed t II<' spin uhservables which enter in the coplanar (p,2p) 

quasi· free cross :-Wct.iOIlS, Ili\llwly /) and ('"". \Ve ohserved t.hat the thff'e prescriptions 

for hadronie scaling laws afr(·ct. the,a' o()s('\\·ilbles. lIowever, we do 1I0t expect to be able 

to discrilninat(~  lwtwecn tlt(' t IlI'('(' prl'script ions through these observables solely since the 

effects go always in tl)(' salll(' direct ion, that is when a prescription leads to an enhancement 

(n'duction) of l' or enn the ot.!wr two prescriptions lead to an cnhanc('lIIent (reduction) too. 

Howcver, the proposed IIWilStlJ'('llwnt of (ii,2ji) quasi-free reaction proposed at Iller and 

TIUUMF will have indirect 'lee('ss to i\.llotlH'r spin observable, nalliely the depolarization 

t.ellsor, Dnn . For this obsf'rvable, in cont.rilst, t.he effects of t.he three prescript.ions are quite 

dirr(~rent,  as ,an he SCCI) ill Fig.9. II is c!('iH t.hat stich a tlH'asuremcllt might. provide severe 

constraints on lIwdilllll 11I0diliealions of hadron prol)(·rties5. 

V. CONCLUSIONS 

\\'(' Itav(' IIsed <)lIilsi-fr('c kllockollt lcacl i<llls to illvest igatc 11ICdiuIII Jllodi licatiolls of boulld 

IIllclcOIIS. SOIllC fan' nll1st \)(' tak('11 wltcn tIl(' factorizcd/) qllaHi-free UJ,2p) cross scctions as 

ill t.his pap('r are lIsed. 

~)Kl1do  and TSllllo<!a [3~1 havp c'lklllat<·" till' dq)()larizaJioll tensors for t.he Id5/ 2 · Id3/ 2 and 281/2 

hole states in t.he ·I(JCa(p, 21J) 191\ at L' = 100 ~k\'.  

6The quasi-free cross section is factoriz('d illto a product of the llIomentum distribution of 

the ejected Ilucleoll tilliCS a 1111 cross S(·C!.iOIl "t. energy and angles correspondillg to the violent 

int.eractioll. 
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The factorized form of the cross sections has been often checkcd7 alld it turned out that 

the best way is to avoid the minima of the momentum distributions of the' ejected nucleon 

(where a. large smearing of the mOIllC'lItum happens) and to work witlr ratios of quasi-free 

cross sections to cancel Ollt uncertainties related with the optical potentials. With this 

care in mind, the factorized cross seclion shows the advantage of making the physics of the 

process transparent. For insl.ancp, all pff('clive polarization of tllf' <'jede<l nucleoll (lwfore 

the knockout I)[o('('ss) is I\ndcr~talld;d)lc ill I.P[I":-; of a combillcd ('ff('1'\, or tlw :-;pill-orbit. 

interaction and the absorptioll of tlw ('jecl,pd nuc!pon [I :l]. /\." for IIwdilllll clIPrgy, ill the 

angular region neC'ded for tlw absorption ('ffect, the cross ~;('diofl  for prot.ons wit.h pcHalell 

spins is TIluch largcr than tIle one for oppositC' spins, all aSylfuJlet.ry is "xp('cLed (and dC't.ectC'd) 

for (p,2p) process with polarized incident bearns. 

ThNe is also a theoretical prediction which r('lat.ps til(' effective polari7.atiolls for llllc!rollS 

ill two sub-shells split by the spin-orbit interaction. In prillcipl(', OIW 1'0111<1 doubt the 

validity of this prediction since it is basC'r! 011 t!w factorization approxirllation. JIo\\'C'ver, 

it is remarkable that the data agree quite \\'('11 with this t.I 11'0 rl'\.ical prediet.ion when the 

angles of the t.wo emerging particlc~  are ('glial. Wllel) the rlllerging angles arr difkrcllt 

some discrepancies show lip. These discrepancies have beell ohserved a long tillle ago [261 

and various attempts to explain them have 1)('('11 lIIade on tb(' basis of off-shell effects, 

depolarization of the incident bC'anl PRI as well as hy taking into accounllbe nllc!C'on pffcctivC' 

mass inside the nllclclIs [23,2·1]. To our know\l'dg(', non(' of t hesp has I)('en swccssflll. 

On the basis of a factorizpd quasi-free cross sl'ctioll. WI' have I>I'Opos(,d to I'xtl'aet. t.!w pp 

analysing power in mediulII (P) throllgh tl)(' aSylllnJ{'l.ri('s of (ii,2p) IHocpsses. III particu

lar, P is equal to the exprril1wflt.al aSylflfJwtrips for t.wo slIh-slll'lIs split. hy the spill-orhit 

interaction for geometrical alld kirlf'lIlat.iral situatiolls sl\,11 t";lt .\1""1+1(2 = ;lF1 - 1(2. Frolll 

the measured asymmet.ries for 200 r-.1c\' coplanar (f1,'21') on I]}statf's or 1';0 alld Id-:-;tatl's 

7RPP Ref. [I R] it nd rdprpncps f hl'r(·j II. 

of ~oCa,  we have observed a reduction of P in medium. 

A reduction of the pp analysing power in medium is also predicted by the Horowitz an< 

Iqbal relativistic treatment [21] of proton nucleus scattering. In this approach a modified NY' 

interaction in medium is assumed due to the effective nucleon mass (smaller than the fre« 

mass) which aff<'ets the Dirac spinors used in the calculations of the NN matrix M. Cro8f 

s(~diOIlS and spin o!>srrvables are modified ill medium. For instance, the analysing power i~  

fOlllld to deCfC'as(' ·10% compared to tIlt' [rt'f' value at 500 MeV for an effective nuclear maSE 

'" },...J% smaller tl)(' free val \1<'. This l.reatrrwnt is unable to explain the discrepancies under 

discussion in til(' quasi-fwC' (ii,2p) aSylJlll1etl'i"s [23,24]. 

III this paper we have performed all exploratory study towards a possible explanation of 

the P reduction observed in (j'i,2p) scatterillg in terms of medium modifications of nucleon 

and meson propC'ftips. The first conclusion is that the wand specially the u meson give the 

main contribution for this obsNvable. The next step was to use ha.dronic scaling laws in our 

calculations. As this issue is still cont.rovertial, in this exploratory study we have considered 

possible modificat.ions of masses and/or coupling constants for the u and w mesons, which 

are t.he most important for the spin observablcs. It turned out that by scaling simultaneousl~  

masses and coupling constant.s we have been able to eliminate the discrepancies observed 

in the asymmetries of (p, 2p) reactions. We do not know of any other explanation for thes~ 

discrepaJi cirs. 

Om results show t.hat. quasi-free (ji, 2p) reactions might be a powerful! tool to investigatl 

medium modifications of bound nucleons and hopefully to discriminate different prescrip 

tiolls. More cXIH'rilllf'ntal data ai, higher hOI II harding energies are clearly nccded. 
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FIGURES 

FIG. 1. Experimental asymmetries [36] for 200 MeV coplanar (p,2p) scattering on thf' p-~tatE 

of 160. The dashed curves correspond to the free P(O, Trel) values. 

FIG. 2. The effective polarization calcuiated (26] from the TRlUMF measurements shown il 

Fig. t. The effective polarizations of t.lu' j = 3/2 state are multiplied by -2 to check Eq.(9). 

He;. 3. Expelilllental aSyllllllctri('s [:ri] for 200 MeV coplanar (p,2p) scattering on the d-state 

oflll('a. The da..,he<! curvps cOrrl'spolld 10 the free P(O, Tret} values. 

FIG. 4. '1'11<' df<'rtive pol<lrizatioll calculated frolll t.he TRIUMF measurements shown in Fig 

:l. '1'11<, effective polarizations of the j == ::'/2 statf' a.re Illultiplied by -3/2 to check Eq.(9). 

FIG.5. Thl' observables J1(O, 'l~cd and Cnn(O, Tred calculated with the BOlln potential with 

paralllf'ters which fit t.hf' experilll£'Jlt.al phase shifts fOf free scattering 011 protons (solid curves) and 

turning off diffefent f!lrsons. 

FIG.6. The observablf's £>(0, 7~('d and Cnn(lJ, 1~el) calculated with the Bonn potential. The 

solid curves correspond to parameters which fit. the experimental phase shifts. The dashed curVe!! 

correspond to scaling the masses (Eq.( 12) with ~  = 0.7), dot-dashed curves correspond to scal· 

ing coupling constants (Eq.(l3) with \ == 0.75) and dotted cur\'es, scaling masses and couplin~ 

COllsta,lIts with ~  == 0.7 and \' == (J.T!). 

FIG. 7. Effective polarizatioJls for Il'-sta.tes of 160 obtained from the experimental asymmetrie: 

shown in Fig.\ wit.h mas,<;es and coupling constants changed according to Eq.(12) (€ == 0.7) an< 

Eq.(13) (\ = O.T:». 

FIn. R. Effeetiv(' po)arizatioJls for Idstatf's of 40Ca obtaiJled frolll the experimental asymmE 

trif's shown ill Fi~.:l with lIla.<;sf'S and coupling constants changed according to Eq.{12} ({ = 0.7 

ana Eq.(t3) (\ == 0.7.5). 
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J=::1/2 
• j=3/2 

Fig.G. 

IG.9. The oh:-ervahIP1i J) .... c,dclIlatl'd with till' BOIlII potl'lItial. '111f' l'1111\'l'lItioll i" til .. sa II If' 
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