Relativistic and nonrelativistic distor ted-wave impulse approximation
descriptions of the 2°%Pb(p, 2p)?°7T| knockout reaction at medium incident
energy

A. A. Cowley and G. C. Hillhouse

Department of Physics, University of Sellenbosch, Private Bag X1, Matieland, 7602, South
Africa

Analyzing power and cross section energy distributions of protons knocked outrigettre
tion 2%%Pb(p, 2p)?°"TI at an incident energy of 200 MeV are investigated in the framework
of the distorted-wave impulse approximation. Non-relativistic as veetetativistic formu-
lations are considered and compared. THRience of variations introduced by different
implementations of the same basic theory is investigated.

1. Introduction

The need for a relativistic theory based on a Dirac description for ttmeuiation of knockout
reactions at moderate incident energies, as opposed to the more frequenthensadtivis-
tic Schrddinger approach, is often considered. Whereas the proper relatnastiment of the
kinematical quantities is not in dispute, the evidence for a specific prefelie otherwise not
clear at all. In fact, Amos [1] has investigated the elastic sdaty of protons up to fairly high
incident energies and he finds that the predictive ability of cross section alydiaggpower
angular distributions are very similar for Dirac- and Schrodinger basedulations. Thus, in
evaluating the significance of observed differences found betweervigiatiand nonrelativis-
tic theoretical results for other reaction types under certain kineai@bnditions, one needs to
ensure that these are not merely ascribable to sensitivities to tbéicpaplementation of the
formulations.

A detailed comparison between the nonrelativistic distorted wave immpproximation
(NDWIA) and the relativistic (RDWIA) equivalent is presented hdPeedictions of analyzing
power and cross section energy distributions of the reaéti®b(p, 2p)?°"Tl is investigated, and
the sensitivity of the results to various ingredients that enter into theulations in different
ways, is studied. Accounts which concentrate mainly on either the NDWIA [2je6oRDWIA
[3] have been published elsewhere. However, this review attemptsatoa¢® the results in a
unified context and it expands the interpretation of the comparison.

One would expect that for such a heavy target nucled$b, for which distortion effects
are severe, nominally equivalent optical potentials used to generaigelisivaves would have
a large ifluence on the values predicted for experimental observables. Surprigimgfpund
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that both formulations are less sensitive to uncertainties in the optitahial parameters, as
well as to uncertainties in other input quantities which need to be adomeddiher type of
experimental or theoretical reaction studies. Th#uence of the uncertainty of the relevant
input ingredients where a direct correspondence can be established, istigabliamilar in
both types of theories.

We find that the RDWIA is able to give a reasonable reproduction of the analpoivgr
energy sharing distribution of knockout to the ground state, as well as t@dxstates of the
final nucleus. The NDWIA calculations are only successful for the highestagixeit For cross
section energy sharing distributions, of course, there are no signifigstensatic differences.

Although it is tempting to explain these results in terms of a fundameunparsority of the
relativistic formulation, the fact that we are dealing with reldiimmoderate incident energy
suggests that other reasons should be explored.

2. Theory

We write the general exclusivy, 2p) reaction asA(a,a’b)C. Thus an incident proton,
knocks out a bound protoh, from a specific orbital in the target nucleus, resulting in three
particles in the final state, namely the recoil residual nuclésnd two outgoing protons,
andb, which are detected in coincidence at coplanar laboratory scatteringsafiglandd,,
respectively. All kinematic quantities are completely determined bygigpeg the rest masses
(m;) of particles, where = (a, A, d’, b, C), the laboratory kinetic energ¥) of incident particle
a, the laboratory kinetic energ{(;) of scattered particle’, the laboratory scattering anglés
andd,, and also the binding energy of the proton that is to be knocked out of the targetsiucleu

We present the theory in a very simplistic form only to illustrate theesélfeatures and
to indicate the considerations which apply to its implementation. Of counfleddtails are
available in the references which are provided.

2.1 Nonrelativistic formulation

The nonrelativistic analysis was performed in terms of the DWIA forsnal [4, 5]. For an
interaction without a spin-orbit component, the differential cross sectiotméknockout reac-
tion, which involves a bound proton that has a total angular momeudtamd orbital angular
momentumLr, is given by

d3o do
—F et TaLA 2 1
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whereF is a kinematic factorg—g‘2 la—s Is @ half-off-shell two-body:-b cross section, anfl;, ; is
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the cluster spectroscopic factor for specifi¢projectionA) and.J. The expressiol) , 745/
is referred to as the distorted momentum distribution, wherepresents additional quantum
numbers.

Although spin-orbit interactions can clearly not be ignored in the preseat ttas simplified
expression for the differential cross section nevertheless provide$tnsig the structure of
the physical quantities that need to be evaluated in the case of polar@ed projectiles. For
example, the full expression no longer factorizes when spin-orbit intenscire included, thus
the half-off-shell two-body cross section does not appear simply as a hwaltiye factor.

However, it remains a convenient approximation to replace the two-body taogsi with
those that describe the experimental feee b cross section values, which are fully on-shell.
Two prescriptions may be used for this procedure: In the initial energgmpésn (IEP) the
scattering is assumed to occur with the relative energy of the pilejacid the bound particle,
while in the final energy prescription (FEP) the relative energy of thisted particles: andb
Is assumed for this purpose. At the incident energy at which the present studyncaiepd,
the choice of prescription is not important.

2.2 Rdativistic formulation

Although we will present results of the relativistic formulation in bottité range (FR) and
zero range (ZR), for simplicity we summarise only the latter agpnation. Full details are
available in, for example, Ref. [3].

For a zero range approximation to the DWIA, the relativistic distortadenransition matrix
element is given by

TLJ]\IJ(Sa7Sa’7Sb) = /df[{b(_)(f: Ea’CaSa’) ®@Z(_)(F7 EwaSb)]

<t (TG, 00) [0 (7, Kaa, 5a) © &L, (7)) )
whereT2> and 65 represent the effective two-body laboratory kinetic energy and eféectiv
center-of-mass scattering angles, respectively,;angnotes the kronecker product. The four-
component scattering wave functiongy, k;, s;), are solutions to the fixed-energy Dirac equa-
tion with spherical scalar and time-like vector nuclear optical nukbdés: ¢(+)(F, K, sq) Is the
relativistic scattering wave function of the incident particle with outgoing boundary con-
ditions [indicated by the superscript)], wherek,, is the momentum of particle in the @
+ A) center-of-mass system, anglis the spin projection of particle with respect tQkau AS
the z-quantization axisﬁj(*)(ﬁ ch, s;) is the adjoint relativistic scattering wave function for
particlej [ 7 = (¢, b)] with incoming boundary conditions [indicated by the supersdripy],
whereEjC is the momentum of particlg in the (j + C) center-of-mass system, andis the
spin projection of particlg with respect td_c’jc as thez-quantization axis. The bound state pro-
ton wave functiongbLBJMJ(F), with single-particle quantum numbeks.J, and)/,, is obtained
via selfconsistent solution to the Dirac-Hartree field equations ahtywm hadrodynamics [6].

3



In addition, we adopt the impulse approximation which assumes that the form Wi\lseat-
tering matrix in the nuclear medium is the same as that for free NNesicag: the NN scat-
tering matrix,tyy, is parameterized in terms of five Lorentz invariants (scalseudoscalar,
vector, axial-vector, tensor), the so-called 1A1 representationgiwduie directly related to the
nonrelativistic Wolfenstein amplitudes. Note that the periodic naturbeftiree-dimensional
integrand, given by Eq. (2), ensures numerical stability and rapid cpenee.

2.3 Analyzing power

The spin observables of interest are denoted by dhd are related to the probability that
an incident beam of particles, with spin-polarizationj induces a spin-polarizatiot for the
scattered beam of particles; the subscripy = (0,¢,n,s) is used to specify the polarization
of the incident beam along any of the orthogonal directions

{ = 2=k,
n @:AGAXIACG/C
§ = &—nxl, (3)

and the subscript = (0, ¢, n’, ') denotes the polarization of the scattered be&dalong any
of the orthogonal directions:

0 = 7 = ka’C
A~/ _ A A
= n =y
¥ = & =axl. (4)

The subscript’ = j = 0 is used to denote an unpolarized beam. With the above coordinate
axes in the initial and final channels, the spin observablgs,dbde defined by
Tr(TajTTair)

Dij = T (5)
where D,, = P refers to the induced polarizationgD= A, denotes the analyzing power, and
the other polarization transfer observables of interest arg Dy, Dyy, Dyy, and Dv,. The
denominator of Eq. (5) is related to the unpolarized triple different@d< section, that is,

d3—a Tr(T T (6)
AT dQy A9y '

In Eq. (5), the symbols; ando; denote the usu@ x 2 Pauli spin matrices, namely,

B 10
9 = 0 1

B - 1
Og = 03 = 05 = 0

0
1
0 —1
In = T = 4 o0
1 0
(o] = Oy = 045 = (O _1> (7)



and the2 x 2 matrix 7" is given by

Tsa:+%73a’:+% Tsazféasa/:‘F%

T = LJ LJ 8
- _ 1 _ 1 __ 1 __ 1
Sa=+175,8 -3 Sq=—7%,8 -3
Ty T gy e

wheres, = i% ands, = i% refer to the spin projections of particlesanda’ along thez and
2" axes, defined in Egs. (3) and (4), respectiyéhe matrix7,%°*" is related to the relativistic
(p, 2p) transition matrix elemerity, ;i (sq, Sar, Sp), defined in Eq. (2), via

Ty = Z Tran; (Say Sars So) - 9)

My ,sp

3. Comparison of non-relativistic distorted-wave impulse approximation (NDWIA)

results with experimental data

Theoretical cross section and analyzing power energy-sharing digiribytredicted by the
NDWIA were compared with experimental data for the react8Rb(7,2p)?°" Tl at an incident
energy of 200 MeV. Calculations were performed with the codrEEDEEOf Chant [7].
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Fig. 1 Energy-sharing cross section distributions forgt%b(p,Zp)207Tl reaction at 200 MeV, with coincident protons
observed at coplanar angles of’28nd 55 on the opposite side of the beam (as implied by the negativedithe second
angle). Results are shown for knockout of protons from tistel model orbitals as a function of the energy of the proton
observed at 28 The curves represent NDWIA predictions for the free nuelaacleon interaction and distorting optical
model potential parameter sets of Schwd@ik (solid line), Nadasef9] (dashed line) and Han{d 0] (dot-dashed line).
Arrows indicate the position of minimum (essentially zer@joil.

Ingredients of the theory, which are derived from investigations whieluarelated to this
study, which could possibly affect the predicted distributions, are theewunction of the
bound proton which enters into the expression for the distorted momentum distmuibtlite
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optical potentials parameters used to generate distorted waves, eaimdiilence of nuclear-
matter density-dependence of the nucleon-nucleon interaction.

As mentioned by Milleret al. [11], the values of potential-parameters that are used to cal-

culate the bound-state wave function, are constrained well by electatterscg data. These
were taken from the work of Mahaux and Sartor [12]. The results were faubd insensitive
to other choices for the bound state.
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Fig. 2 Energy-sharing analyzing power distributions fcs%ﬂ8Pb(p,2p)207Tl reaction at 200 MeV. Other details are as
indicated in Fig. 1, with the three curves representing iptixhs of the different optical potentials adopted, asitded in

Fig. 1.

Different sets of global optical potentials to generate distorted waees investigated. Rep-
resentative results are shown in Figs. 1 and 2 for three sets. Thesddra set generated by
a Schrodinger equivalent reduction of the global Dirac analysis of Hara [10], a set from
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the work of Schwandét al. [8], and the parameters of Nadastml. [9].

We find that the results are relatively insensitive to the distortingntiade with regard to
cross section energy-sharing distributions, as shown in Fig. 1. Thenagnébetween the pre-
dictions and the experimental values is reasonable in all casesigatest with spectroscopic
values which are in fair agreement with expectation. However, tiadyaing power energy-
sharing distributions shown in Fig. 2 display a larger difference, apéeaally for knockout of
3s, /2 protons, none of the theories succeeds in reproducing the experimentaldisis.
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Fig. 3 Energy-sharing analyzing power distributions fm%ﬂSPb(p,Zp)207Tl reaction at 200 MeV. Theoretical distributions
are presented for the free nucleon-nucleon interactioshithline), the Kell3[14] density dependent interaction (solid line)
and the Horowitz and Iqb4(L 3] formulation.

The density dependence of the- b two-body interaction was explored in two ways. The
first was to introduce modifications to the two-badgnatrix in a local density approximation
according to the method of Horowitz and Igbal [13]. The second, alternapipeoach, was to
use an empirical density dependence as found by Kely. (See Ref. [14]).
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As can be seen in Fig. 3, the alternative treatments of the density depenagmoee the
agreement with the experimental analyzing power distributions to roulgélyame extent. Not
shown are the cross-section distributions, which are affected neghbllge introduction of a
density dependence.

Clearly the inclusion of a density dependence improves the agreenitenihe data in all
cases, however only knockout from the; 2dstate is reproduced satisfactorally. The distribu-
tion of the 3s/, state, especially, is described rather badly.

4. Results obtained with theréelativistic distor ted-wave impulse approximation (RDWIA)

Analyzing power energy distributions predicted by the zero-range RDWIAlaoa/n in Fig.
4, without medium modifications to the nucleon-nucleon interaction. In spitieeofieglect of
finite-range effects, the theory gives an excellent reproduction of the expeahdéstributions.
Although results for different global Dirac optical potential paramet¢s are not shown, they
were found to be insensitive to the exact choice of parameter set, withedi€es in the results
being of the order of the experimental error bars. (Again, as with the ND\Wie predicted
cross section distributions, which are not displayed, are in acceptablenagmewith the ex-
perimental data). Comparison with the NDWIA results of Fig. 2 clealgws the dramatic
superiority of the RDWIA, especially with respect to the 3ground state reaction.
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Fig. 4 Energy-sharing analyzing power distributions fcar%ﬂng@,Zp)QmTl reaction at 200 MeV, with coincident protons
observed at coplanar angles of’28nd -55. Other details are as indicated in Fig. 1. The theoreticalegirepresent
zero-range RDWIA calculations.

If finite-range effects are included in the calculations, the agreemihttiae experimen-
tal analyzing power distributions deteriorate somewhat, as shown irbFigowever, when in

8



addition we include medium modifications of the nucleon-nucleon interaction, thisrén-
prove, as expected. In fact, with the medium-modified coupling constadtsn@son masses
reduced by a very modest amount of 10%, we appear to obtain the best agreatheéhew
experimental distributions.
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Fig. 5 Energy-sharing analyzing power distributions f(ﬂr%ﬂng(p,Zp)QmTl reaction at 200 MeV, with coincident protons
observed at coplanar angles of’28nd -55. Other details are as indicated in Fig. 1. The theoreticalegirepresent
finite-range RDWIA calculations with medium-modificatioxciuded (dashed line), included with a 10% reduction (solid
curves) and 20% reduction (dotted line) of the medium-medifioupling constants and meson masses.

5. Summary and conclusions

This work focuses on a comparison between relativistic and noniistatidistorted wave de-
scriptions for exclusive proton knockout from the 3s2d;,, and 2d, states inft%Pb, at an
incident energy of 200 MeV, and for coincident coplanar scattering angge® ( —54.6°). In
spite of exhaustive corrections to the nonrelativistic model it failsctmant for the analyzing
power for 3g/,- and 2d,-knockout. Such a systematic analysis was also performed with the
finite as well as zero range RDWIA, with density-dependent corrections to khmtsraction
taken into account.

In this paper we have demonstrated the superiority of the relativistecEquation, as com-
pared to the nonrelativistic Schrédinger equation, for the description oktheséve (7, 2p) an-
alyzing powers, for proton-knockout frofffPb at 200 MeV, within the context of the DWIA.
This result is somewhat surprising, based on the relatively low incidenggrerd the sug-
gestion from elastic scattering investigations which imply that Wedpproaches should not
differ in practice.

Both relativistic ZR and FR approximations to the DWIA provide an exoeltescription
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of the analyzing power data. On one hand, the relativistic ZR predictions suthgeshe
scattering matrix for NN scattering in the nuclear medium is adequatpiresented by the
corresponding matrix for free NN scattering and, hence it is not necegsaonsider nuclear
medium modifications to the NN interaction. On the other hand, the relati#Ricesults
suggest that a modest 10% reduction of meson-coupling constants and meson masses by the
nuclear medium is needed for providing a consistent description of thg 2s;/, and 2d;
analyzing powers. In order to extract more conclusive information regattm ifluence of

the nuclear medium on the properties of the strong interaction, it may be agcésstudy
complete sets of polarization transfer observables for the exclusiveéxémof protons from
deeper-lying states in a variety of nuclei.
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