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Relativistic predictions of spin observables for exclusive proton knockout reactions
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We demonstrate the ability of complete sets of exclusipff) polarization transfer observables to dis-
criminate between different model ingredients of the relativistic distorted wave impulse approximation
(DWIA). Spin observables are identified, which are sensitive to Dirac versusdiuofeo dynamical equations
of motion, different distorting optical potentials, finite-range versus zero-range approximations to the DWIA,
as well as medium-modified meson-nucleon coupling constants and meson masses. In particular, we consider
the knockout of protons from thes3,, 2ds,, and g, states in?°®Pb, at an incident laboratory kinetic
energy of 202 MeV, and for coincident coplanar scattering an@e®°, —54.69. The reaction kinematics are
chosen so as to maximize the influence of distortion effects, while still maintaining the validity of the impulse
approximation, and also avoiding complications associated with the inclusion of recoil corrections in the
relativistic Dirac equation.
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[. INTRODUCTION nucleus and the two scattered protons, one of which is polar-
ized, are detected in coincidence—are ideally suited for
It is now well established that spin observables are morétudying the behavior of the NN interaction in the nuclear
appropriate than unpolarized cross sections for discriminatedium. By exploiting the discriminatory nature of indepen-
ing between subtle physical processes partaking in nucle ml Spin c_>bs|ervab'I[§s|, fortt{\e lgnockc:u_t protons from Qegpi to
reactions[1]. Different spin observables usually exhibit se- ow-lying single particie states In nuciei, one can in principie
. L : . ._extract information about the density dependence of the NN
lective sensitivity to different physical effects and, hence, in

d h lidity of a th cal model. it is advisabl interaction in a model-dependent fashion. Indeed, with the
order to test the validity of a theoretical model, it is advisableyacent developments in the production of polarized proton

to measure as many independent spin observables as possigléams and the construction of high resolution spectrometers
or, at the very least one needs to identifja model predic-  with focal plane polarimeters, it is possible to measure com-
tions) specific observables which can potentially address thelete sets of polarization transfer observables which relate
physical problem of interest. the components of a scattered polarized proton beam to the

One of the most challenging problems in nuclear physicgorresponding components of an incident proton beam which
is to understand how the properties of the strong interactioff polarized in an arbitrary directiofsee Sec. IV.

are modified inside nuclear matter. Various theoretical mod- 10 date most exclusive proton knockout data have been
els [2—4] predict the modification of meson-nucleon cou- analyzed within the framework of the distorted wave impulse

pling constants as well as nucleon and meson masses @?proxmatlon(DWIA), the main ingredients of which are

normal nuclear matter. In the last decade. an exhaustiv e scattering wave functions for the incoming and two out-
. . ) ) ] oing protons, the boundstate wave function of the struck
analysis of various nuclear medium corrections to the fre

’ X roton in the target nucleus, and the interaction between the
nucleon-nucleon(NN) interaction has been undertaken jncigent proton and bound proton. Furthermore, the impulse
within the context of the distorted wave Born approximationgpproximation assumes that the form of the NN scattering
(DWBA) for the description of high-precision polarization matrix in the nuclear medium is the same as that for free NN
data associated with proton-nucleus inelastic scattering tgcattering. The DWIA also assumes that the main influence
discrete states. Despite the inclusion of a variety of differenbf the nuclear medium is to modifidistort the scattering
nuclear medium corrections, current DWBA models still fail wave functions relative to their corresponding plane wave
to consistently describe the latter polarization d&talll. At values for scattering in free space: nuclear distortion effects
present, there is no overwhelming experimental signatur@re incorporated via the inclusion of appropriate optical po-
supporting the need for including nuclear medium correctentials, gauged by elastic scattering data, in the underlying
tions to the NN interaction. However, we believe that exclu-equations of motion.
sive (5,2p) reactions—whereby an incident polarized proton  Since the tremendous success of the relativistic mean-
knocks out a bound proton from a specific orbital in thefield theory[2] for describing nuclear reactions and nuclear
structure, there are serious concerns regarding the validity of
nonrelativistic Schrdinger-equation-based models in nuclear
*Electronic mail: gch@sun.ac.za physics. In this paper, we focus on a relativistic description
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of exclusive §,2p) spin observables. Conventional wisdom only be made after comparing model predictions to complete
claims that, since the binding energy of a nucleon in asets of polarization transfer observables for proton knockout
nucleus is relatively small compared to the rest mass of &om a variety of states in nuclei. In addition, such a com-
nucleon, relativistic effects are unimportant for nuclear strucparison will deepen our understanding of the influence of the
ture problems, and hence the nonrelativistic Sdhmger  nuclear medium effects on the NN interaction as well as shed
equation should provide an appropriate dynamical basis fdight on the role of FR versus ZR effects in exclusive proton
nuclear physics studies. In recent years, however, the abilitgnockout reactions.

of quantum hadrodynamics, an effective relativistic field Unfortunately, there are no published spin observable
theory, to provide a mechanism for nuclear saturation andata, other than the analyzing power, for the reaction kine-
spin-orbit splitting in nuclei, has led to growing evidence matics of interest. In an effort to demonstrate the unique
that the relativistic Dirac equation is the correct underlyingabi”ty of polarization data, and in particular data on com-
dynamical equation. In particular, the small nuclear bindingpjete sets of polarization transfer observables, to selectively
energy and the stren_gth of the spin-orbit interactipn both rezgdress many of the above-mentioned physics issues, we
sult from the subtle interplay between an attractive Lorentz, osent the first relativistic and nonrelativistic predictions of

scalar(?ttr;buted tq the szggnh%e\/m sigma mels)pmsith 6}[ complete sets of polarization transfer observables for exclu-
strength of approximately €V, and a repuisive vector ;o proton knockout from thes3,,, 2ds,, and Ag, states

potential (attributed to the exchange of omega mejomsh 20%pp  at an incident laboratory kinetic energy of 202

a strength of approximately-350 MeV[2]. S . o
Recently, we demonstrated that the relativistic DWIA pro-MeV’ and for comc[d.ent coplgnar sgattermg angqé.S'Q '
—54.69. More specifically we investigate the sensitivity of

vides an excellent description of analyzing power data forh b bl FR 7R T ‘o th
the knockout of protons from thesd,, 2ds, and s, these observables to versus approximations to the

states in2%Pb at an incident energy of 202 MeV and for relativistic DWIA as well as medium-modified meson-
coincident coplanar scattering anglé28.0°, —54.69 [12]. nu_cleon couplmg constz_ints and meson masses. In order to
Our motivation for choosing thé%Pb target and a relatively Teliably extract information on the latter it is necessary to
low incident energy of 202 MeV was to maximize the influ- Minimize model-input uncertainties. The most likely source
ence of distortion effects, while still maintaining the validity of uncertainty could be related to ambiguities associated with
of the impulse approximation, and also avoiding complica-the choice of global optical potential parameters for generat-
tions associated with the inclusion of recoil corrections in theng the incident and outgoing scattering wave functions: dif-
relativistic Dirac equatiori13,14. In particular, we studied ferent global parameter sets are constrained by different sets
the effect of medium-modified coupling constants and mesownf experimental data for elastic proton-nucleus scattering.
masses on the above analyzing powers for both zero-rangeor a heavy target nucleus such?@®b the effect of nuclear
(ZR) and finite-rangdFR) approximations to the relativistic distortion is to reduce the unpolarized triple differential cross
DWIA. On one hand, the relativistic ZR predictions sug- section to about 5% of its plane wave value: differences in
gested that the scattering matrix for NN scattering in theoptical potential parameter sets translate to an uncertainty of
nuclear medium is adequately represented by the correspontio% in the latter cross sectiof$6]. The question arises as
ing matrix for free NN scattering, without nuclear medium to how sensitive polarization transfer observables are to
corrections. On the other hand, the relativistic FR resultswuclear distortion and, in particular, to different optical po-
imply that a 10% to 20% reduction of meson-coupling con-tential parameter sets. Current qualitative arguments suggest
stants and meson masses by the nuclear medium is essentiadt, since polarization transfer observables are ratios of po-
for providing a consistent description of thes;3, 2d5,, larized cross sections, distortion effects on the scattering
and A, analyzing powers. Hence, within the context of thewave functions effectively cancel, and hence simple plane
relativistic DWIA, it is not clear whether nuclear-medium wave modeldignoring nuclear distortionshould be appro-
modifications are important or not. In addition, one needs tgriate for studying polarization phenomeiZ,18. Recently
fully understand whether the differences between ZR and FRve demonstrated that, contrary to intuition, th2p) ana-
calculations are attributed to essential physics or numericdyzing power is extremely sensitive to nuclear distortion
errors due to extensive computational procedures associatedthin the context of the relativistic DWIAL2]. The analyz-
with FR predictiongcompared to ZR calculatiopsin Refs.  ing power is, however, relatively insensitive to different glo-
[12,19 it was also reported that the nonrelativistic bal Dirac optical potential parameter sets. In this paper we
Schralinger-equation DWIA predictions completely fail to extend the latter investigation to study, for the first time, the
reproduce the §,, and A3, analyzing powers. Systematic effect of nuclear distortion on complete sets of polarization
corrections to the nonrelativistic model—such as differentransfer observables for exclusivg,2p) reactions.

kinematic prescriptions for the NN amplitudes, nonlocal cor- In Sec. I, we briefly describe the essential ingredients
rections to the scattering wave functions, density-dependeninderlying the relativistic DWIA for both ZR and FR ap-
modifications to the free NN scattering amplitudes, as wellproximations to the NN interaction. Thereafter, in Sec. Il
as the influence of different scattering and boundstateve discuss our prescription for invoking nuclear medium
potentials—failed to remedy the nonrelativistic dilemmamaodifications of the NN interaction. The formalism for cal-
[15]. Although the analyzing power results seem to suggestulating complete sets of spin observables is presented in
that the Dirac equation is the preferred dynamical equation, &ec. IV. Results are presented in Sec. V, and we summarize
more definite statement regarding the role of dynamics caand draw conclusions in Sec. VI.
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K. incoming boundary conditionindicated by the superscript

Oa/' (—)], where IZ,-C is the momentum of particlg¢ in the (j
.’ + C) center-of-mass system, asgis the spin projection of

K. b 9 particlej with respect tdzjc as thez-quantization axis. The
a . e
} ------- boundstate proton wave functloraSEJMJ(r), labeled by

a PR single-particle quantum numbets J, and M, is obtained
O\ via self-consistent solution to the Dirac-Hartree field equa-
C i tions of quantum hadrodynamig22]. In addition, we adopt
the impulse approximation which assumes that the form of
C = the NN scattering matrix in the nuclear medium is the same
¢ as that for free NN scattering. Furthermore, we assume that
the antisymmetrized NN scattering matrixy(|F—F'|) is
parametrized in terms of the five Fermi covariaf28], the
FIG. 1. Schematic representation for the coplangg) reac- so-called IAl representation of the NN scattering ampli-

Initial channel Final channel

tion of interest. tudes. In principle, the NN matrix can be obtained via so-
lution of the Bethe-Salpeter equation, where the on-shell NN
[l. RELATIVISTIC DISTORTED WAVE IMPULSE amplitudes are matrix elements of thisatrix. However, the
APPROXIMATION complexity of this approach gives limited physical insight

into the resulting amplitudes. An alternative approach is to fit

Both ZR and FR approximations to the relativistic DWIA the amplitudes directly with some phenomenological form,
have been discussed in detail in Rdfs9] and[20,21], re-  rather than generating thematrix from a microscopic inter-
spectively. In this section, we briefly describe the main in-action. Although the microscopic approach is certainly more
gredients of these models. The exclusiye2p) reaction of fundamental, the advantage of phenomenological fits lies in
interest is schematically depicted in Fig. 1, whereby an incitheir simple analytical form, which allows them to be con-
dent protona knocks out a bound protob from a specific ~ veniently incorporated in calculations requiring the Nia-
orbital in the target nucleus, resulting in three particles in trix as input. The NNt matrix employed in this paper is
the final state, namely, the recoil residual nucl€uand two  based on the relativistic meson-exchange model described in
outgoing protong’ andb, which are detected in coincidence Ref. [24], the so-called relativistic Horowitz-Love-Franey
at coplanar laboratory scattering anglgs and 6,,, respec- (HLF) model,_ where the direct an_d exchange COn_tI’IbUtIOﬂS to
tively. All kinematic quantities are completely determined by the IA1 amplitudes are parametrized separately in terms of a
specifying the rest masses; of particles, wheré= (a, A, number of Yukawa-type meson exchanges in first-order Born
a’, b, C), the laboratory kinetic energy, of incident par- ~approximation. The parameters of this mtgractlon, namely,
ticle a, the laboratory kinetic energy, of scattered particle the meson masses, meson-nucleon coupling constants, and
a’, the laboratory scattering anglés andé,, , and also the the cutoff par_ameters,_have been adjusted to reproduce the
binding energy of the proton that is to be knocked out of theffé@ NN elastic scattering observables.
target nucleus. Adopting a much simpler ZR approximation for the NN

For a finite-range NN interaction, the relativistic distorted interaction, namely,
wave transition matrix element is given by N IR ob AN orr o

tan([ 7= ")) =tan(Tef > Oarr) O(F— ") 2

TLJMJ(sa,Sa/ ,sb)=j dFdF’[E(’)(F,IZa,C,sa,) the relativistic distorted wave transition matrix element in
Eq. (1) reduces to

® Y (F' Koc,So) Jtnn([F—F'])

) ooy (SaSer 0= [ AP Ky 50
XL (P Kan S2) ® Lo (T, (D

® P11 Koc o) JEnn( TER 02
where ® denotes the Kronecker product. The four- R
component scattering wave functiorr,k;; ,s;) are solu- X[¢(+)(F!kaA!Sa)®¢EJMJ(F)]1 )
tions to the fixed-energy Dirac equation with spherical scalar,
S(r), and timelike vectorV(r), nuclear optical potentials: Where T¢i” and 657 represent the effective two-body labo-
tp(*)(r*,IZaA,sa) is the relativistic scattering wave function of ratory kinetic energy and center-of-mass scattering angles,

the incident particlea with outgoing boundary conditions respp\)ect:vel)é. ioned. a FR ation to the DWIA
[indicated by the superscrigt-)], WhereIZaA is the momen- > already mentioned, a approximaton to the

. . is inherently more sophisticated than a ZR approximation.
tum of particlea in the (a+A) center-of-mass system, and However, in practice, the numerical evaluation of the six-

Sa IS the spin projection of particle with respect tkaa @ dimensional FR transition matrix elements, given by &g,
the z-quantization axis;//(*)(r*,kjc ,Sj) is the adjoint relativ- is nontrivial and subject to numerical uncertainties. On the
istic scattering wave function for partici¢j=(a’,b)] with  other hand, for the ZR approximation, the three-dimensional
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integral given by Eq.(3) ensures numerical stability and IV. SPIN OBSERVABLES
rapid convergencdand hence faster computational time . .
Another advantage of the ZR approximation is that one can The spin observables of interest are denoted py &nd

directly employ experimental NN scattering amplitudes are related to the probability that an incident beam of par-

rather than rely on a relativistic meson-exchange model anEflesaWith spin-polarizatior) induces a spin-polarizatiar

hence, one is insensitive to uncertainties associated Wit_roﬂge sca_ltteredd tbeam of t[r)]artlclles’.; :.he sfutl;]sc_rlpt_Jd ¢
interpolations and/or extrapolations of the limited meson-_( £,n,s) is used to specify the polarization of the inciden

exchange parameter sets. In this paper, we compare Flggama along any of the orthogonal directions
and ZR predictions for complete sets of polarization transfer ==k
observables. ah:

In principle, one could employ the HLF model for also
generating microscopic relativistic scalar and vector optical
potentials by folding the NN matrix with the appropriate o
Lorentz densities via thip approximation. An attractive fea- S=Xx=hx¢, ©6)

ture of thetp approximation is self-consistency, that is, the 3nq the subscript’ = (0,6’,n’,s’) denotes the polarization

HLF model is used for generating both NN scattering ampli-sf the scattered beam’ along any of the orthogonal direc-
tudes and optical potentials. However, for the kinematic resjgns:

gion of interest to this paper, we consider it inappropriate to

ﬁ:&}:kan ,liarc,

employ microscopidp optical potentials, the reason being €’=2'=karc.

that HLF parameter sets only exist at 135 and 200 MeV,

whereas optical potentials for the outgoing protons are re- A =A=y,

quired at energies ranging between 24 and 170 MeV. Thus,

enforcing self-consistency would involve large, and rela- 3 =%"=AX{'. 7

tively crude, interpolations/extrapolations, leading to inaccu-
rate predictions of the spin observables. Furthermore, the va-he choicej(i’)=0 is used to denote an unpolarized inci-
lidity of the impulse approximation, to generate microscopicdent(scatteregsibeam. With the above coordinate axes in the
tp optical potentials at energies lower than 100 MeV, is ques#nitial and final channels, the spin observablegs; @re de-
tionable. Hence, in this paper we consider only global Diradined by
optical potential§27], as opposed to microscopip optical
potentials, for obtaining the scattering wave functions of the > Tr(Tch-TToi,)

. . Mj,s
Dirac equation. D= 350 ’ ®)

> Tr(TTh

Mj.8p

Ill. NUCLEAR MEDIUM EFFECTS

whereD,,=P refers to the induced polarizatiol,y,= A,

. For estimatin_g the in_fluence O.f nuclear-medium mOdiﬁca'denotes the analyzing power, and the other polarization
tions of the NN interaction on spin observables, we adopt th?ransfer observables of interest’ g, D D D
ns s'ss €€ st

Brovyn Rho sp_alm_g conjecturks] which attrlbutgs nuclear andD,,s. The denominator of Eq8) is related to the un-
medium modifications of meson-nucleon coupling constants . . . : S

. “polarized triple differential cross section, i.e.,
as well as nucleon and meson masses, to partial restoration

of chiral symmetry. In particular, we invoke the scaling rela- d3e
tions proposed by Brown and RH8] and also applied by —x > THTTH. 9)
Krein et al.[25] to (p,2p) reactions, namely, dTadQadQp Mys,
In Eq. (8), the symbolso;, and o denote the usual 22
* * * Pauli spin matrices, namely,
My %ﬂ ~ % =¢ (4)
m, m, m, °’ B ( 10
707l 1)
gon Gun 01
O g X 5 Oy =0s=0x=| 1 ofs
0 —i
where the medium-modified and free meson masses are de- =0T o )
noted bym? andm;, with i e (o,p, ), respectively. Meson-
nucleon coupling constants, with and without nuclear 1 0
medium modifications, are denoted b}, andg;y, where Te=O=0= g g (10
je(o,w); respectively; see Sec. V for typical values of
& andy. and the 22 matrix T is given by
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FIG. 2. Polarization transfer observables plotted as a function of the kinetic efigrdgr the knockout of protons from thes3, state
in 2%%Pp, at an incident energy of 202 MeV, and for coincident coplanar scattering 488188, —54.69. The different line types represent
the following calculations: relativistic ZR-DWIAsolid line), relativistic plane wavédotted ling, nonrelativistic DWIA(dashed ling and
relativistic FR-DWIA (dot-dashed line The analyzing power data are from REI5)].

1 1 1 1 H _ - _ . .
TS=t I Se=t 3 TSa=- 2 Sw=t 3 as well as to medium-modified meson-nucleon coupling con

T LI stants and meson masses. We also compare our relativistic
T= =t Lo b gl 1] (1) results to corresponding nonrelativistic Sdtirger-based
L 5 predictions based on the computer casEEDEE of Chant

and Roog[26]. Our aim is to identify specific observables
1 1 . I which can be measured in order to unravel and understand
wheres, =+ 3 e}ndsalz +3 refeAr,to the spin projections of he role of the above approximations, model ingredients and
particlesa anda’ along thez andz” axes, defined in Eq$6)  gjfferent dynamical models. All results are presented in
and(7), respectively; the matriff;3*" is related to the rela- graphical form via Figs. 2—7 so to highlight the influence of
tivistic (p,2p) transition matrix elemenT jy (Sa.Sa:Sp), @ specific model ingredient. In general, a spin observable can
defined in Egs(1) and(3), via be r_egard_ed as_belng sensitive to a particular model ingredi-
ent if the inclusion thereof changes the observable by more
than the expected maximum experimental error of about
Tiﬁ'saeTLJMJ(Sa,Sar ,Sp).- (12) iO.l'..AIthough the graphs speak_for themsglves, and the
sensitivity of an observable to particular physical effect de-
pends on the kinematic point or kinematic region of interest,
V. RESULTS we will nevertheless make a few qualitative and general
' statements regarding our sensitivity analysis. In addition,
In this section we study the sensitivity of complete sets ofnote that unless otherwise specified, all DWIA predictions
exclusive ©,2p) spin observables, for the knockout of pro- are based on the energy-dependent mass-independent global
tons from the 3,,,, 2d4,, and s, states in?°%®Pb, at an  Dirac optical potential parameter set which has been con-
incident energy of 202 MeV, and for coincident coplanarstrained by?°%b (p,p) elastic scattering data for incident
scattering angle€8.0°,—54.69, to distorting optical poten- proton energies between 21 and 1040 MeV, namely, the pa-
tials, FR versus ZR approximations to the relativistic DWIA, rameter set “EDAI-fit” for 2°%Pb in Ref.[27].
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FIG. 3. Polarization transfer observables plotted as a function of the kinetic ehgrdgr the knockout of protons from thed3,, state
in 2%%Pb, at an incident energy of 202 MeV, and for coincident coplanar scattering 426168, —54.69. The different line types represent
the following calculations: relativistic ZR-DWIAsolid line), relativistic plane wavédotted ling, nonrelativistic DWIA(dashed ling and
relativistic FR-DWIA (dot-dashed line The analyzing power data are from REE5].

First, we display the influence of relativistic nuclear dis-ing smaller than the experimental statistical error indicated
tortion effects on complete sets of spin observables by conen the analyzing powers.
paring relativistic ZR-DWIA to relativistic plane wave pre- Next, we compare relativistic FR-DWI&lot-dashed ling
dictions (with zero scattering potential$or knockout from  to relativistic ZR-DWIA (solid line) predictions. In general,
the 35455, 2d5,, and Ads), states in Figs. 2—4, respectively: it is seen that most spin observables are relatively sensitive
the solid lines indicate the relativistic ZR distorted wave re-to differences in ZR and FR predictions. For knockout from
sult and the dotted lines represent the relativistic plane wavthe 3sy, state(Fig. 2), the induced polarizatioR is the most
result. For completeness we include the analyzing power cabensitive observable to differences between FR and ZR pre-
culations reported in Ref12]. As already mentioned in the dictions, wherea® ¢ is relatively insensitive. For knockout
latter publication, we see that the prominent oscillatory strucfrom the 2, state[Fig. 3], on the other hand) ./ displays
ture of the analyzing powers is mostly attributed to distor-large differences between ZR and FR calculations, whereas
tions of the scattering wave functions. Similarly, for the otherA,, P, andD, ¢ display small differences. For thelg, state
spin observables there are large differences between the reldig. 4), Ds, and A, are the most and the least sensitive
tivistic distorted wave and plane wave results. The abovebservables to FR versus ZR differences, respectively. When
observations clearly illustrate the importance of includingcomparing ZR and FR predictions to the only existing proton
nuclear distorting optical potentials for calculating spin ob-knockout spin observable data é%Pb, namely, the analyz-
servables, thus refuting previous qualitative claims that spifng power, we generally see that the ZR predictions provide
observables, being ratios of cross sections, are insensitive t;m excellent description for knockout from all three states.
nuclear distortion effects. In addition, we have also investi-Note, however, that although the relativistic Fot-dashed
gated the sensitivity of all spin observables to a variety ofline) predictions are not as spectacular as the corresponding
different global Dirac optical potential parameter sg28§]. ZR calculations, they still provide a reasonable qualitative
Although these results are not displayed, we find that all spimlescription of the data. The measurement of observables
observables are relatively insensitive to different global opwhich display large differences between ZR and FR predic-
tical potentials, with differences between parameter sets bdions will check the consistency of the analyzing power re-
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FIG. 4. Polarization transfer observables plotted as a function of the kinetic ehgrdgr the knockout of protons from thed2,, state
in 2%%Pb, at an incident energy of 202 MeV, and for coincident coplanar scattering 486168, —54.69. The different line types represent
the following calculations: relativistic ZR-DWIAsolid line), relativistic plane wavédotted ling, nonrelativistic DWIA(dashed ling and
relativistic FR-DWIA (dot-dashed line The analyzing power data are from REI5].

sults and serve to further constrain relativistic DWIA models.D,,s. A number of interesting observations are made at the
We also compare our relativistic ZR and FR calculationspoint T,,~ 145 MeV corresponding to minimum recoil mo-

to nonrelativistic(dashed line in Figs. 294DWIA predic-  mentum. First of all, we see that fois3, knockout the in-

tions based on the commonly used computer COGREEDEE  duced polarizatioP, Dy ¢, andD,s, the relativistic plane

of Chant and Roo$26]. First, we mention the analyzing wave, ZR-DWIA, and nonrelativistic DWIA predictions are

power results reported in R¢fL2]. With the exception of the  yirtyally identical at this point; ZR-DWIA and FR-DWIA

2dg,, it is clearly seen that the relativistic Z&olid line) predictions are nearly identical for both,, and D, .

and FR(dot-dashed linepredictions are consistently supe- For knockout from the @, state, both FR-DWIA and

rior compared to the corresponding nonrelativistic calcula-ZR DWIA yield similar results forP, D andD.,: P
- ’ s’s» st

tions. This suggests that the Dirac equation is the most ap- i . . . o

. ) . o . "and Dy ¢ are insensitive to nuclear distortion at the point in
propriate dynamical equation for the description of analyzing Lestion. Finallv. we see that fod2. knockout. relativistic
powers. Moreover, these results represent the clearest sign%\— ) Y, g2 '

tures to date for the evidence of relativistic dynamics in poP/2ne wave, FR-DWIA, ‘and nonrelativistic DWIA predic-
larization phenomena. However, before claiming with cer-ions are virtually identical foDs,, and Ds. Hence, by
tainty that the relativistic equation is the most appropriatgN€asuring spin observables at minimum recoil momentum
dynamical equation, it is necessary to identify additional ob-ON€ can eliminate differences between different dynamical
servables which should be measured in order to further studjiedels and model parameters and focus on a specific issue
the question of dynamics. In this respect, we generally se€f interest.

that all spin observables are relatively sensitive to Dirac- Next we study the sensitivity of spin observables to the
versus Schidinger-based DWIA models. In particular, for nuclear medium modifications of the NN interacti¢afis-
knockout from the 38,, state the spin observablés, D,,,  cussed in Sec. Il within the context of the relativistic
and Dy exhibit large differences between Dirac- and DWIA. In Ref. [12] we studied the sensitivity of analyzing
Schralinger-based DWIA models. On the other hand, forpowers to 20% reductions of meson-nucleon coupling con-
knockout from the B5, state the most sensitive observablesstants and meson masses by the nuclear medium relative to
to dynamical differences ar®,,, D,s, and D;,,. For the values for free NN scattering. More specifically we chose
2ds), knockout the most sensitive observables Brg; and =y and varied these values between 1.0 and 0.8 for knock-
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FIG. 5. Polarization transfer observables plotted as a function of the kinetic efigrdgr the knockout of protons from thes3, state
in 2%%Pb, at an incident energy of 202 MeV, and for coincident coplanar scattering a28l€s, —54.69. The vertically hatched band
represents the sensitivity of a particular FR-DWIA spin observables to a reduction of coupling constants and meson masses ranging from 0%
to 20% of the free values. The dotted band represents the corresponding ZR-DWIA predictions.

out from all three states of interest. The latter equality is onlytransfer observables to reductions of the meson masses and
assumed for simplicity, so as to get a feeling for the sensimeson-nucleon coupling constants varying from 0% to 20%:
tivity of observables to changes in the relevant mesonthe vertically hatched and dotted bands in Figs. 5-7 rep-
nucleon coupling constants and meson masses. The choicerasent the sensitivity of a particular spin observable to re-
values for¢é and y is motivated by the fact that the proton- ductions of coupling constants and meson masses ranging
knockout reactions of interest are mainly localized in thefrom 0% to 20% for both FR-DWIA and ZR-DWIA models,
nuclear surface and, hence, the nuclear medium modificaespectively.

tions are expected to play a relatively minor role. Actually, ~ For the knockout from all three states, we see thatP,
using the procedure proposed in R&9], the effective mean and D¢, are very sensitive to reductions in the meson-
densities are estimated to be between 0.08 and 0.15 of th@upling constants and meson masses. On the other hand, the
saturation density. In particular, for the analyzing powers inspin observable®., andD,/, exhibit minimal sensitivity
question we established that for values &fx<<0.8 both  to nuclear medium effects. Note that at the point correspond-
FR-DWIA and ZR-DWIA models fail to reproduce the ex- ing to minimum recoil momentum, the spin observables
perimental analyzing power data. Regarding nuclear mediurd,,,, Ds/,, andD,,, are insensitive to nuclear medium ef-
effects, for the ZR predictions we concluded in Hé&R|that  fects for 35,,, knockout. On the other hand, for botti2,

the inclusion of medium-modified meson-nucleon couplingand 2, states D/, andD,, also exhibit minimal sensi-
constants and meson masses successfully described the atigity to nuclear medium corrections at minimum recoil. This
lyzing power data, whereas the ZR predictions suggest thag also the case fdb,, andD,, for the 2ds, state.

the scattering matrix for NN scattering in the nuclear me-

dium is adequately_ representgd by the qorresponding matrix V1. SUMMARY AND CONCLUSIONS

for free NN scattering, excluding corrections for the nuclear

medium. It is important to measure other spin observable In this paper we have exploited the discriminatory nature
data in order to check the consistency of the conclusiorof complete sets of polarization transfer observabRsA, ,
based on only the analyzing power data. In this paper w®,,,, Dgs, Dg¢, D¢s, and Dysp) for exclusive §,2p)
investigate the sensitivity of complete sets of polarizationreactions to address a number of important physics issues.
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FIG. 6. Polarization transfer observables plotted as a function of the kinetic ehgrdgr the knockout of protons from thed3;, state
in 2%%Pb, at an incident energy of 202 MeV, and for coincident coplanar scattering a2§l€s, —54.69. The vertically hatched band
represents the sensitivity of a particular FR-DWIA spin observables to a reduction of meson-coupling constants and meson masses ranging
from 0% to 20% of the free values. The dotted band represents the corresponding ZR-DWIA predictions.

One of our aims was to identify specific observables whichthere are no published data on other spin observables for the
can yield information on whether the relativistic Dirac equa-reaction kinematics of interest.
tion or the nonrelativistic Schdinger equation is the more Previously, we established the clear superiority of relativ-
appropriate dynamical equation for the description of polaristic DWIA models, compared to the nonrelativistic DWIA
ization phenomena within the framework of distorted Wavemodeb, for describing exc|usivqj’(2p) ana|yzing powers
impulse approximation models. In addition, we also studieq12]. |n this paper, we identify additional observables which
the sensitivity of spin observables to nuclear distortion ef-jspjay large differences to Dirac- versus Sdinger-
fects, finite-range versus zero-range approximations of thgq, ation-based models and which need to be measured in
relat|y|st|c DWIA, as well as to reductions of meson-nucleor_1order to check the consistency of the analyzing power pre-
coupling constants an_d meson masses_by the S'“'rround”Eﬁctions regarding the role of different dynamical models. In
tr;ggllgfr VT:%QJ;Z dwglr?hptrho?oﬂNkl:ct)ii(%cljlto?rc())r?l#]sé I/g Ioar'particular, for knockout from the 3, state the spin observ-

' L2 ablesA,, D,,, andDy ¢ exhibit large differences between

2d,,, and As, states in2°%Pb, at an incident laboratory = L
kinetic energy of 202 MeV, and for coincident coplanar scat—D'raC and Schrdinger-based DWIA models. On the gt'her
hand, for knockout from the &, state the most sensitive

tering angleg28.0°,—54.69. The motivation for choosing a X ,

heavy target nucleu®®Pb and a relatively low incident en- ©PServables to dynamical differences @g,, D5, and
ergy of 202 MeV is to maximize the influence of distortion De¢’¢ whereas for 85/, knockout the corresponding observ-
effects as well as maximize differences between FR and zRbles aréDg s andDys.

approximations to the relativistic DWIA, while still main- ~ Regarding observables that display large differences be-
taining the validity of the impulse approximation, and alsotween FR and ZR approximations to the relativistic DWIA,
avoiding complications associated with the inclusion of re-we see that for knockout from thesg, state, the induced
coil corrections in the relativistic Dirac equation. Another polarizationP is the most sensitive, where&g s andDg,
important consideration for our choice of reaction kinematicsare the most sensitive observables fdg2and 25, knock-

is the availability of analyzing power data to provide initial out, respectively.

constraints on current distorted wave models. Unfortunately, We have also established that all polarization transfer ob-

034608-9



G. C. HILLHOUSE et al. PHYSICAL REVIEW C 68, 034608 (2003

1.0 T T T
05|
A 0.0 |
y
-05
-1.0 . . .
100 120 10 160 180
1.0 T T T 1.0 T T T 10 T T T
0.5 | 05| 0S5 1
00} 00} 1 00 r 1
P Din > Dgs
-05 | -0.5 | -05 | 1
-1.0 2 2 2 -1.0 2 2 2 -10 2 2 2
100 120 140 160 180 100 120 40 160 180 100 120 140 160 180
1.0 T T T 1.0 T T T 10 T T T
0.5 05 1 05| 1
0.0 | 1 0.0 | 1 0.0 | M b
DS'| D|'s Dl'l
-05 | ; -05} ; -05} 1
_1.0 Il Il Il _1.0 Il Il Il _10 Il Il Il
100 120 140 160 180 100 120 “o 160 180 100 120 140 160 180
T, (MeV)

FIG. 7. Polarization transfer observables plotted as a function of the kinetic ehgrdgr the knockout of protons from thed2;, state
in 2%%Pb, at an incident energy of 202 MeV, and for coincident coplanar scattering a2§l€s, —54.69. The vertically hatched band
represents the sensitivity of a particular FR-DWIA spin observables to a reduction of meson-coupling constants and meson masses ranging
from 0% to 20% of the free values. The dotted band represents the corresponding ZR-DWIA predictions.

servables are relatively insensitive to different global Diracreductions in the meson-coupling constants and meson
optical potential parameter sets. In addition, by comparingnasses.

relativistic DWIA predictions to corresponding plane wave —\We also established a number of interesting model predic-
predictions, we also demonstrated the importance of distortions for spin observables at the kinematic point correspond-
ing potentials for describing the oscillatory behavior of spining to minimum recoil momentum. Forsg, knockout the
observables, thus refuting, for the first time, qualitative argufelativistic plane wave, ZR-DWIA, and nonrelativistic

ments that spin observables are insensitive to nuclear distoPW!A predictions are virtually identical for the induced po-
tion effects. larization (P), Dy, andD,/s; ZR-DWIA and FR-DWIA

redictions are nearly identical for bofh,, andDg,,. For

We have also shown that the analyzing power data (':\Ior(lal%|
are unable to establish whether the nuclear medium doed!ockout from the 85, state both FR-DWIA and ZR-DWIA
jeld similar results folP, Dgs, andDg/¢; P andDy s are

indeed reduce meson-nucleon coupling constants and mes§ o o . ' L
sensitive to relativistic nuclear distortion at the point in

masses: on one hand, the refativistic ZR predictions Sugge(gq?uestion. We also observe that faiz2, knockout, relativistic

that the scattering matrix for NN scattering in the nuclear lane wave, FR-DWIA, and nonrelativistic DWIA predic-
medium is adequately represented by the corresponding mﬁbns are virfually identiéal fobs , andD,s. Regarding the

trix for free NN scattering. On the other hand, the relativistic; . snce of nuclear medium . effects. the spin observables
FR results suggest that a 10% to 20% reduction of meso Do, andD,, are insensitive fo,r 8,,, knockout. On
nucleon coupling constants and meson masses by the nuc'%%n(’)th;rlﬁand, for thed, and Ay, statesD/; andD
medium is essential for providing a consistent description objsq exhibit minimal sensitivity to nuclear medium correc-
the 35,5, 2dg;, and As;, analyzing powerd12]. In this  tions at minimum recoil. This is also the case @y, and
paper we studied the sensitivity of the other polarizationp ,,, for the 2., state. Hence, by measuring spin observ-
transfer observables to reductions in these parameters varjples at minimum recoil momentum one can eliminate dif-
ing between 0% and 20%. For the knockout from all threeferences between different dynamical models and model pa-
states we see tha,, P, and Dy s are very sensitive to rameters and focus on a specific issue of interest.
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