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Relativistic predictions of quasielastic proton-nucleus spin observables based on a complete
Lorentz invariant representation of the NN scattering matrix
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Within the framework of the relativistic plane wave impulse approximati@RWIA), complete sets of
quasielastic ﬁ,ﬁ’) and (5,5) spin observables are calculated employing a general and complete Lorentz
invariant representation of theN scattering matrix(referred to as the 1A2 representatioiThe use of a
complete representation eliminates the arbitrariness of a previously used five-term parametdeatioonly
called the IA1 representatipnd allows for the correct incorporation of effective-mass-type medium effects
within the RPWIA framework and within the context of the Walecka model. For quasielastic scattering from
a “°Ca target at incident proton energies between 200 and 500 MeV, we investigate the sensitivity of complete
sets of spin observables to effective nucleon masses for both IA1 and IA2 representations. In general it is seen
that the IA1 representation may overestimate the importance of nuclear medium effects, whereas the 1A2-based
predictions nearly correspond to values for free nucleon-nucleon scattering.

PACS numbdis): 24.10.Jv, 24.70:s, 25.40-h
I INTRODUCTION quasielastic®®Ca(p,p’) scattering at 500 MeV based on the
) o IAL1 representation of th&N interaction within the frame-

In a previous paper we developed a relativistic plang, ok of the relativistic plane wave modé¥]. The latter
wave model for studying medium modifications of the g,ccess is achieved by replacing free nucleon masses with
nucleon-nucleonNIN) interaction via complete sets of spin effective nucleon masses in the Dirac spinors, thus enhanc-
observables for both quasielast'ﬁ;ﬁ’) and (ﬁ,ﬁ) scattering ing the lower components of the Dirac spinors and resulting
[1]. A systematic survey of the predictive power of the latterin a reduction of the analyzing power relative to the value for
model compared to experimental data will be presented ifiree scattering: this reduction has been called a “relativistic
this paper. signature” since no mechanism has been found for its expla-

The main aspect of our model is the use of a general anfiation Wi.t.hin the framework of the conventional nonrelativ-
complete Lorentz invariant representation of M scatter-  iStic Schralinger equation. Despite the successful prediction

ing matrix referred to as the IA2 representation. This comOf the analyzing power, however, the relativistic I1Al-based

plete expansion of the interaction matrix contains 44 indeModel yields inconsistencies in the sense that quasielastic

pendent invariant amplitudes consistent with parity and time{p,p") and (p,n) spin observables prefer different five-term
reversal invariance as well as charge symmetry together witfepresentations of theN scattering matrix. As already ex-
the on-mass-shell condition for the external nucleghg].  Plained, a more rigorous and unambiguous approach must be
Five of the 44 amplitudes are determined from fhél scat-  based on the IA2 representation of the scattering matrix
tering data and are therefore identical to the amplitudes enWithin the relativistic plane wave impulse approximation
ployed in the previously used five-term parametrization of RPWIA). In Ref.[1] we showed that the inclusion of effec-
the NN scattering matrix referred to as the IA1 representa-tiVe masses within the IA2 representation fails to reproduce
tion. The remaining 39 amplitudes may be obtained via sothe large quenching effect predicted by the IA1 representa-
lution of the Bethe-Salpeter equation employing a one-bosotion for the 4°Ca(5,5’) analyzing power at 500 MeV.
exchange modelwith pseudovector pion-nucleon coupling Hence, we concluded that any large deviations of spin ob-
for the NN interaction[2-5]. The use of a complete set of servables relative to the corresponding free values are merely
NN amplitudes eliminates ambiguities inherent in the |Alartifacts of using an incorrect IA1 representation of M
representation. The effect of the nuclear medium on the scascattering matrix, and consequently other effects, such as dis-
tering wave functions is incorporated by replacing freetortions and multiple scattering, should be considered as pos-
nucleon masses in the Dirac spinors with smaller effectivesible candidates for reproducing the 500 MeV analyzing
projectile and target nucleon masses within the context of thpower data within the 1A2 representation.
relativistic mean field approximation of Serot and Walecka The question now arises as to how |A2-based predictions
[6]: these effective-mass-type medium effects refer to a spesompare to data at energies lower than 500 MeV for a range
cial class of medium effects whereby the nucleon mass isf scattering angles, and how do they compare to the corre-
reduced from its free value due to the presence of a relativsponding IA1-based predictions. In principle all calculations
istic scalar potential. Experimental data on quasielastic spishould be based on the more rigorous IA2 representation;
observables suggest that nuclear shell effects are unimponowever, for comparison to previous predictions, the IA1-
tant, and hence the target nucleus is treated as a noninterabised calculations are included. In addressing the above
ing Fermi gas. questions, we attempt to fully understand the role of
One of the great triumphs of Dirac phenomenology hasffective-mass-type medium effects on spin observables be-
been the successful prediction of the analyzing power fofore attempting to incorporate additional effects into our
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TABLE |. Experimental data for which calculations were done four reactions can be found in Rdfl5]. Complete sets of
at the quasielastic ped#s a function of laboratory scattering angle spin observable data exist for all the energies and targets

and as a function of energy transfer. used, excepf®Ca(p,n) at T,,p=495 MeV for which no ana-

Reaction T1ap (MeV) 000 (deg Reference lyzing power datq are available antfCa(p,p’) at .T'ab
=200 MeV for which onlyA, andD,,, data are available.

“Ca(p,p’) 500 19 (9] The reaction*®Ca(p,n) at T4, =495 MeV is included since

“Ca(p,p’) 200 30 [10] data exist at two different laboratory scattering angles and

“Ca(p,n) 495 18, 27 [11] furthermore it is complementary to the reactititca(p,p’)

“0Ca(p,n) 200 24,37, 48 [12] at T,,=500 MeV. The p,p’) data atT,,,=200 MeV are

2C(p,p’) 420 24 [13] complementary to thep(n) data atT;,,=200 MeV and are

2C(p,p’) 290 30 [13] therefore also included.

SFe(p,p’) 290 20 [14]

2095 1) 200 24, 37, 48 [12] A. Effective mass bands

To answer the above questions, we introduce the concept
of an effective mass band in this section, which serves to
relativistic model. The aim of this paper, therefore, is to per-demonstrate the sensitivity of spin observables to different
form a systematic study of the predictive power of IA2-basedcombinations of effective masses for projectile and target
model compared to the published quasielastic polarizatiopucleons for both 1A1- and 1A2-based models. In principle
data listed in Table I. The following questions will also be the effective masses can be calculated theoretically following
addressed. a procedure similar to that outlined in RE8]; however, the

(i) How successful is the effective mass concept, inherengffective masses are now considered as free parameters
to Dirac phenomenology, in describing quasielaspep() ~ which are varied, in step sizes of 0.01, over the following

and (p,n) scattering data? range of physically acceptable values:
(if) How do numerical results based on the IA2 represen- M; M,
tation of theNN scattering matrix compare to those utilizing (0.50;0.50s(v; o <(1.0;1.0. (2.1
the incomplete(and therefore ambiguousAl representa-
tion? M denotes the free nucleon mass, angdandM, the effec-

In Sec. Il the sensitivity of complete sets of quasielastictive projectile and target nucleon masses, respectively. The
(p,p’) and (p,n) spin observables is investigated with re- lower limit of 0.50 corresponds to the effective nucleon mass

spect to a range of different effective projectile and targefn infinite nuclear mattef6]. For the purpose of this exercise
nucleon masses for both IA1- and I1A2-based models. In agve focus on values of the spin observables at an excitation
dition, calculations based on optimal combinations of effec-8nergy corresponding to the centroid of the quasielastic peak
tive projectile and target nucleon masses are also compardd the unpolarized inclusive excitation spectrum. For differ-
to spin observable data at the centroid of the quasielastignt laboratory scattering angles empirical data for quasielas-

peak. Our main conclusions are presented in Sec. Ill. tic spin observables are relatively constant as a function of
nuclear excitation energy at the momentum transfers of in-

IIl. SENSITIVITY OF SPIN OBSERVABLES terest (q/>0.5fm~*). Hence the trends displayed by ob-
TO EFFECTIVE MASSES servables at the quasielastic peak will be representative of

the behavior of spin observables as a function of the energy

In Ref.[1] it was shown that an |IA2-based prediction fails transferred to the nucleus.
to reproduce thé®Ca(p,p’) analyzing power at an incident We now introduce the concept of an effective mass
energy of 500 MeV. In order to give an initial feeling for the band for a particular reaction at a fixed incident energy
predictive power of our model, the latter reference employed&ds a function of laboratory scattering angle.
values of the effective nucleon masses which were theoretiet Dj/j(®,6,3,M1/M,M;/M) denote a particular
cally extracted by Hillhouse and De Ko¢R]. However, the  spin observable from the complete sfA, D,/ ,Dys,
question arises as to whether other combinations of physb,:s,D¢/,Dpn} With Do, =A,, wherew is the energy trans-
cally acceptable effective projectile and target nucleorferred to the nucleus and,,, is the laboratory scattering
masses exist, which provide a better description of the anaangle. For the IA2-based model, the procedure for calculat-
lyzing power. Furthermore, one can also ask whether thing quasielastic spin observables is outlined in R&f. For
latter combination still provides a good description of all thethe IAL representation of theN scattering matrix we em-
other spin observables, and if not, whether one can find g@loy the phenomenological Horowitz-Love-Frangyl6]
combination of physically acceptable effective masses whiclmodel with pseudovector pion-nucleon coupling as ex-
reproduce a complete set of spin observables. plained in Ref[8]. In order to do the IA1 calculations, new

Table | lists all the reactions for which calculations are Horowitz-Love-Franey parameters were generated for the
done. In this paper we only present the results forff@a  energy range of 80-195 MeV in steps of 5 M§W9], and
target since this is representative of the results which weréor laboratory energies higher than 200 MeV we employed
obtained for all the other target nuclei. Results for the lasthe Maxwell parametrization of thedN amplitudeg 17,18
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In order to generate the effective mass bands, the spiassociated with the centroid of the quasielastic peak.
observables are first calculated as a functiomdfor fixed  For afixed 6,,,, each spin observable is calculated succes-
fiap), and then the value of the particular spin observable isively for each of the different effective mass combinations

extractedat the quasielastic peake., in Eqg. (2.1). This is repeated for 1626,,,<60°
M. M M. M and therefore each effective mass combination generates
pPeakl o 1 72)_p = 9., —r 2 a curve as a function of Instead of plotting all the
i lab | T Pii| @ @peaks Ghab s | lab - p 9

different curves on one graph, we calculate, forfixed
(2.2 ¢,,, the minimum and maximum values for a particular
wherewpq« is the experimental value of the energy transferspin observable:

(D) inl B1ap) =MIn[ DP9 (6),1.0;0.5: D (61, 1.0;0.8; - - - DT (6,0, 1.0;1.01,

(D) mad O1an) =Max DP9 (6),1.0;0.59: D (61, 1.0;0.6; - - - D" (6,0, 1.0;1.0]. 2.3

As 6, varies between 10° and 60°,Dk?jea®)mm(0|ab) trix are presented in Figs. 1-4 fop(p’) and (p,n’) scat-
traces out a lower curve anﬁ){?jea@)max( 0,.,) traces out an tering from q“O_Ca n_ucleus at incident energie_s of 200 ar_ld
upper curve on the graph. All effective mass combination®00 MeV. Similar flg_ures for the other reactions listed in
given by Eq.(2.) lie between these limits, and thigs a Table | can be found in Ref15]. The energy range is chosen
function of scattering angleforms an effective mass band to correspond to polarized proton energies of interest to ex-

- - i tal programs at facilities such as the National Accel-
for each spin observable. Effective mass bands for both |IAPEnmen )
. S . erator CentréFaure, South Africaand The Research Center
and IA2 representations of the relativisNiN scattering ma- ¢ "\ ~joar Physic¢Osaka, JapanThe IA1- and IA2-based

effective mass bands are denoted by the straight-line-hatch

T b and dotted-hatch patterns, respectively. The solid circles rep-
o7 1 %7 _ resent the experimental values extracted at the quasielastic
504 S 04T e peak for a specific laboratory scattering angle: the data are
T oanp 1] oy taken from references cited in Table I.
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FIG. 1. Values ofA, and D;,; versusé,, for “°Ca (p,p’) at ol
Tiap=500 MeV. Solid and dashed lines represent the calculations
with optimal effective mass values in, respectively, the IA2 and IA1  —02 053570555 85 215 25 35 45 55 85
representations. The hatched bands denote the range of value 8., (degrees) 8,,, (degrees)

which result from varyingM,/M and M, /M over the full range

(see text The straight line hatch pattern denotes the IA1 model, the  FIG. 2. For this reaction’*Ca (p,p’) at Tj,,=200 MeV and
dotted hatch pattern the IA2 model. The long-dashed—short-dashefj,,= 30° only a free mass calculatiddenoted by the solid line
lines represent the free mass values. Datad,,,=19°) are from  was performed due the lack of a complete set of spin observables.
Ref.[9]. The data are from Ref10].

024609-3



van der VENTEL, HILLHOUSE, AND De KOCK

0.70
023| _g
- g
-023
I D
5 15 25 35 45 55 65 5 15 25 35 45 55 65
0.50 [ 0.70
003
S s
090
5 15 25 35 45 55 65 5 15 25 35 45 55 65
050
003
1]
Nooas| |
~0.90 Lt —0.50 Lt
5 15 25 35 45 55 65 5 15 25 35 45 55 65
6, (degrees) 6, (degrees)

FIG. 3. Same as Fig. 1 but for the reactiéiCa(p,n) at T,
=495 MeV andéd,,,=18° and 27°. The data are from REL1].
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also gives an indication of the expected medium effect on a
particular spin observable. If the band is wide, then this spin
observable is sensitive to a variation in effective masses and
it may exhibit a large deviation from the free mass calcula-
tion, i.e., a large medium effect, and vice versa if the band is
very narrow. The advantage of the effective mass band plots
is that they immediately give an indication of whether a par-
ticular spin observable can be described via the concept of an
effective mass.

Although Figs. 1-4 speak for themselves, we briefly high-

light the main results. For botrﬁ(ﬁ’) and (5,5) scattering

the IA1 bands are broader than the I1A2 bands, indicating that
the IA1l representation severely overestimates the role of
effective-mass-type medium effects for quasielastic scatter-
ing. In addition, as the energy is lowered, the 1Al bands

become broader forp(p’) scattering. For§,p’) scattering
at 200 MeV(Fig. 2) both representations fail to describe
andD,,, indicating that other effect®ther than effective-
mass-type effecismay play a more important role at low

incident energies. Note that foﬁ(ﬁ’) scattering at both 200
and 500 MeV(Figs. 1 and 2the IA2-based model fails to

reproduce thé\, andD,,, data. Figure 4 for;ﬁ,ﬁ) scattering

at 200 MeV clearly illustrates the danger of interpreting me-
dium effects within the IA1 representation: the band for the
ambiguous 1Al representation includes the data points for

The effective mass bands for the different reactions iboth Dy, andD,,¢ spin observables, whereas the more rig-
Figs. 1-4 are self-explanatory: if a data point falls outside arous IA2-based band excludes these data points.
band, it means that no effective mass combination can de-
scribe that particular point. Rather one must consider other B. Optimal effective mass combinations

effects such as distortions, multiple scattering, or recoil ef-
fects in an attempt to reproduce the data. The width of a ban

Dl'l

L) 2 4»5 65 15 2 45 65

(degrees) (degrees)

lab

FIG. 4. Same as Fig. 1 but for the reacti#iCa (p,n) at T,

=200 MeV andé,,,=24°, 37°, and 48°. The data are from Ref. i.e.,

[12].

d Next we extract that combination of effective projectile
and target nucleon masses which best describes a complete
set of spin observables for a range of scattering angles at a
fixed incident energy. The systematics of these so-called op-
timal effective masses is studied for both 1A1- and IA2-
based models and also compared to values calculated from
empirical scalar potentials in an eikonal approximafigh

We start by defining

A(M MZ) 2 Z [Wgﬁ)eory(ﬁi)_wa(ejzpt(ai)]z’
(2.4)

wherew{)). o.(6;) is the theoretical value of the spin observ-
able evaluated at the laboratory scattering arglat which
the experimental data are available. Similaw@)zpl( 0, is
the experimental value of the spin observabig¢.and n,
denote the number of laboratory scattering angles at which
data exist and the number of spin observables which were
measured, respectively. For example, for the reaction
40Ca(p,p’) at Tj,,=500 MeV, n,;=1 (data measured only
at one anglb n2:6 (Ay, D|/Y|, DS'S! D|/’S, DS’,|1 and
Dnn), and #,=19°. Formulas for the calculation of
heory(a) can be found in Refl1].
The optimal set for a particular reaction is defined as that
combination of effective masses for whighis a minimum;
it is that combination of effective masses which best
describes all the spin observable data for a particular reaction
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TABLE II. Values of optimal effective mass combinations its an oscillatory motion at 495 MeV which causes it to miss
(M1/M,M;/M) extracted at the quasielastic peak. The last columnthe data. At 200 MeV there is still a variation with respect to
reffars to the effective mass combinations which are calculated theclaboratory scattering angle in the theoretical calculation
retically [18]. whereas the data are quite flat. A possible explanation for the
latter discrepancy is the exclusion of distortions and recaoil
effects in our model.

M M M M M M Last, the. analyzing poweAY is congidered. I_n the 1A2
1 2 1 2 v T2 representation of theN scattering matrix the optimal effec-
M M M M M M tive mass set does not provide a good description offthe

“0ca@p,p’) 500 096 096 1.0 0.86 0.89 082 data atthe quasielastic peak for the reactipmp() at 500
p.n

Reaction Tiab IA1 A2 Theory
(MeV)

) 495 0.75 0.75 0.85 0.85 0.89 0.82 MeV. (It may even be better described by some other spe-
) 200 1.0 087 093 092 083 o075 Cciallychosen, but rea}listic pair of effective masssfsurther—
2C(5.57) 420 088 088 08 076 086 079 More astheenergy islowered, thgdata point shifts away

2C6.6) 200 093 093 10 092 083 077 [rom the effective mass band. The., Q) data forA, are,
! however, much better described by the optimal 1A2 set.
The failure of the IA2-based model to predif andD

for (|5,|5’) scattering at 200 MeV calls for a more sophisti-
cated treatment of nuclear distortions and recoil effects. To
t deul Table II disol h timal effecti this end we have developed a relativistic distorted wave
at a particuiar energy. 1abie 1l dispiays the optimal ENECtVe, ,yq ¢o guasielastic scatterif@9]. Numerical results will
mass combinations for the various reactions in Table I. Fo[) : . . .

e presented in a future paper. Furthermore, since distortions

the second reaction in Table [F®Ca(p,p’) at Tja,=200 play a more prominent role at low energies, the measurement
MeV] no optimal masses are listed in Table Il as there were - - .

no data on complete sets of observables from which to eXQf_ a complete set off{,p’) spin obgervables a_t .200 MeV
tract them. For comparison Table 11 also displays the effecWill & extremely useful for checking the validity of our
tive mass values calculated in RE8]. Generally one sees distorted model. Tbeﬁ latter measurements will also comple-
that, for both 1A1- and 1A2-based models, the values of thement the existing [f,n) data measured at the Indiana Uni-
optimal effective masses agree to within 20% with the cor-versity Cyclotron Facility{12].

responding theoretical values. In addition the optimal effec- Calculations have been performed for all the reactions
tive masses do not exhibit a systematic behavior with respedisted in Table | as a function of energy transferred to the
to target mass and incident energy, indicating that one canneiucleus: these results are available from the authors on re-
impose a pure plane wave model on quasielastic scatteringuest. Conclusions based on the latter are consistent with the

Additional effects must be included in a more sophisticatechresent investigation at the centroid of the quasielastic peak.
model.

In Figs. 1, 3, and 4 we also compare 1Al- and 1A2-based
predictions, of spin observables based on the optimal effec-
tive masses listed in Table Il. The solid and dashed lines
denote the I1A2 and IA1 predictions, respectively. Deviations In this investigation effective projectile and target nucleon
of the spin observables from the free mass val(lesg-  masses were treated as free parameters and it was found that

dashed—-short-dashed linegrve as an indication of the im- no effective mass combination could describe b(qﬁhS’)

portance of effective-mass-type nuclear medium effects for > > .
guasielastic scattering. Generally one sees that both optimgpd(p’n) scattering observablegven though the IA2 treat-

IAL and IA2 predictions are very close to the free mass calMent of medium effectgwithin the RPWIA framework is

culations, indicating the insensitivity of quasielastic spin 0b_the most advanced to date, it still fails to describe all observ-

Stpep.p’) 290 0.87 087 086 074 083 077
20%ppp,A) 200 094 084 094 094 085 0.83

IlI. CONCLUSION

servables to effective-mass-type medium effects. ables, the glaring example being the prediction/gf for
It is convenient to consider the spin observables in threép,p’) scattering as the energy is lowered from 500 MeV to
different groups: first, the spin observab®@s,, D/, Do/, 200 MeV. In general it is seen that IA2-based effective mass

andD,,s. For the whole energy range between 200 and 50(@redictions are close to the corresponding free values,
MeV both IA1 and IA2 optimal effective masses provide anwhereas the ambiguous IA1 representation severely overes-
adequate description at the quasielastic peak. Forp) (  timates the importance of effective-mass-type medium ef-
observables the description is not as good as for ﬁjé’o fects. Despite thg SUCCESSES .Of the Walecka quel effective
observables. mass concept within the_: relativistic plane wave |mpl_JIse ap-

Next we focus orD,,. The description oD, becomes proximation, the th_eoretlca_l work shoqld now start to include

. > >, - - ! additional effects like multiple scattering, recoil effects, and

problematic for both g,p’) and (p,n) scattering as the en- yisioriions of the projectile. A relativistic distorted wave
ergy is lowered. For thepp’) reaction the data point shifts model (initially employing the IA1 representation of théN
away from the effective mass band as the energy is loweredcattering matrix has been presented in R¢L9], but still
while for the (5,n) reaction the theoretical calculation exhib- needs to be implemented numerically.
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