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I. Grolllld ,qf ate Correlations of Nl_clei in Relativist, ic l-tandom Phase

Approximation J. A.._IcNeil, C. E, Price and ,J. K, Shepard

Relat, ivistic (I)irac-equation-based) approa, ches to nuciear ph.cnonmna have c.n-
joyed some successes in recent years and have provided a common framework for

understandillg nuclc.ar st.ructtlre and scattering. 1 The simple relativisl, ic mea,n field
approach (QItD-I) bears the closest resemblance to _on-relativistic approaclms in

that t,he dynamical vacuum is excltlded. This model's degrees of freedom include
nucleons and two isosca]_r lnosol_s, a Lol:entz scalar (sigma) an,l a. Lorentz vector

(omega). The sl_rucl, ure tlleory ha.s been successfully applied t.o closed shell nuclei",

deformed nuclei a, excited sl)ectra. '1, a.nd nuclei near closed shells 5,

In this work we examine the ground state correlations implied by the randorn

phase approximatioi_ reported in severalrecent articles 4, In this study we ha.ve
a.ssurned t,hat vacuum fluctuation effects are approximately accounted for in the
adjusted mesonmasses a,ncl n_eson-nucleon Cotll)ling constants, and therefore need
not be included explicitly. '.l.'his theory is very similar t,o sta,ndard non-relativist, ic

approaclxes al td we al)ply tlle 'nany-body correlal_ion methods of Thouless (3 and
others to t.he present QI-tD 1)roblcnl.

Tlm specitic quanl;ities.of interest are i) the shift in t,l)e ground state energy

, due to correlations, 2) RPA correlation corrections to the ch_u'ge density, and 3)
occupancy alid vacancy numbers due to 2p-2h configurations in t.he correlated

, ground state. \'re have calculated t.hese quantities for 160 and 4°C_ for which
comparisons to previous nonrelativistic calculations are possible (fox'further deta,ils

of our calculat.ions see ref. 7). Ali examination of tlm isoscalar 1{PA excitation

spectrum in 1¢_O shows thal_ the 1- and 3- states are t.he most affected by the
' RPA correlations. Therefore the correlation qua,ntities will I)e dominated by these

modes. Calc llla,tions includi_ag the 2- and 0-pimnons differ only slightly t'rorn
those with the t- a.nd 3- only.

In Table I we pcesent several quantities of interest t.o our correlation study of

160 . \Ve include the 1.- and 3- phonons tl l) to a S0 Nicr. ".['he Sl)_lrious l- is
c..xcluded"" ";"1lrsto note the lnagnittlde of l.he renorm,:tlizatioll factor which measul'_sc,.

1or the R1)A to be valid we sholll(l have tllisthe overallstrength of the correlations.
factor less t.llan unity, r]21_epresent value, wllile less l,han one, is still al)l.,recial)le
indicating tl!,at the correlations are fairly strong in t.his case. Ncvertlleless',vc iind

that the shift in the ground state elmrgy is only -::I.'2:! _Ie\! compared to the Agassi 8
result of -7).,108 MeV. It is already well known t.hat 1)irac XlFT sigllificanllv ullder-"3 .,

binds l(iO (1)3, about 2,5 MeV" per nucleon , rh(:, corrcta.t,_on shift is thus m_lch too
small to res()lve this discrol_ancs'.

i 1



I

_J

O_ant;itv Dirac RPA A ,,'a,_..;sis

Energy shift -3,22 MeV" -0,105 i"vleV

R,EIS l_aclius 2.753 fm --

Nor.mtdization 0.598 0.408
_. ._

Table I: Dirac-RPA C,orrelation Quantities for 160

\_"e next examine the 160 ground state charge density. Figure 1 shows the
effect of correlat, ions due to the 1- and 3- phonons as discussed in the previous
paragraph compared to the Dirac-Hart_ree mean field result and a fourier-bessel

fit to the experimental data 9. As expected, the 3- phonon correlat, ions remove

charge from the int,erior region and move it to the .surface region while the 1-
phonon correlations add some charge to the interior through population of the
2sl/i orbitM. The net l'esult is a slightly larger root-mean-square radius of 2.753

fm compared to the mean field value of 2,700 fm. The shape of the correlated
charge densit_y is not appreciably affected by the correlations.

Table Iipresents the occupancy and vacancy numbers for 160 compared wiI;h

the values of Agassi s. (These expressions are normalized to the la,umber of particles,

not the probability). \,Ve find numbers of a.pproximately the same magnitude as
Agassi giving a net 0.3_4 particles removed from the MFT ground state due to
correlations compared to Agassi's value of 0.357.

Vacancv Numbers Occupancy Numbers

Orbital Dirac RPA Agassi 8 Orbital Dirac RPA Agassi s

')lst/2 0.021 0.019 lds/2 0._00 0 172

lpa/: 0.158 0.1S0 2ds/2 0.010

lpl/o " 0.205 0;158 ld3/? 0.063 0.082

Sum 0.384 0.357 2da/2 0,028 0,035

3d3/0_ 0.013 0.015

Stim 0.31-1 0,3,19

Table II. Occupancy and Vacancy Numbers for 160

In summary, we found that the shift in the ground state energy for both 160
and 4°Ca was quite small, only -;].'22 _IeV for l°O and 2.95 MeV for 4°Ca .

For the charge densities, in 160 the 1- and 3- contriblltions largely cancel in the

interior while for 4°Ca the 3- contribution reduces the central density to give a
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reasonal_le description of the cia,ta. We also calculated t,he occupancy and vacancy
nunlbers for t,het, wo nuclei, and where compa, risons are available our results agree
rea,sonablv with similar nonrelativistic calculat, ions. This is not surprising given
the nature of the me_m field _pproximation used in the p:-_.sent Dirac case.

1. B. D. Serot a.nd J. D. Walecka, Adv. Nuc. Phys. '16, 1 (1986).
2. C,. J. I-Iorowit,z a,nd B. D. Sefor, Nucl. Phys. A368, ,503 (1981).
3. R, J. Furnstahl, C. g. Price and G, E, Walker, Phys. Rev. C36, 3,54 (1987).
4. R. Furnstahl, Phys Left 152B, ,_13 ( 985); J. R. Shepard, E. Rose and J. A

McNeil, Phys, Rev. C40, 2320 (19,°,9); J. A. McNeil, R. J. gurnstahl, g. Rosg,
and J. R. Shepard, Phys. Rev. C40, 399 (1989).

,5. R. J. Furnstahl and C. E, Price. Phys. R.ev. C40, 1398 (1989); J, A. McNeil,
R. D. Amado, C. J, Horowit, z, M. Oka, ,J. R. Sh.epard and D. A, Sparrow, Phys.
Rex,: C34,746 (1986); J. R, Shepard, E. Rost, C,-Y. Cheung, and J. A. McNeil,
Phys. Rev. c37, 1130 (1987).

6. D. J. Thouless,The Quan.t_z'm_l[echan,ics of Ma n,9-Bodsl STjsterns, Academic, New
York, 1961.

7. J. A, McNeil, C. E. Price and J. R. Shepard, submitted to Phys. Rev. C.
8. D, Agassi, et al., Nuc. Phys. Ala0, 129 (1969).
9. I. Sick, J. B. Bellicard, J.M. C,wedon, B. Frois, NI. Huet, P, Leconte, _ P. X.

H6, and S. Platchkov, Phys. LC _. 88B, 2:_5 (1979). Fourier-Bessel fits to the
experimental data can be fouI_[ in H.I)eVries, et al., Atom and Nuc. Data
Tables 36, ,5'21 (1987 .
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Fig. 1. Charge density of 160 . The solid curve is a Fourier-Bessel fit, to the
experimental data 9, the das!led curve is the Dirac mean field theory result, the
dotted curve is 10 times the correlation correction, and the dash-dot curve is the
full correlated charge density.
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'2. Instability of Infirlite Nuclear Matter in the Relativistic Hartree
Approximation C', l_,.Price, ,l. R, Shel)ard and J, A, McNeil.

'Fl_e relat;ivistic mean field model obtained from quantum hadro.dynamics t
(QI-tD) has been very successful in describing tlle ground state properties of a wide
variety of nuclei. _2It has also been extensively used as the basis for IRPA calculations
of nuclear excited state properties a and for investigations of sc_t,tering processes. 4
Anappealil_g, feat,ureofthis model is the small number of freeparametel_._,'._ These
paramet, ers are the couplilig consl, an:l;s (:ifthe meso.n fields (scalar and vector,)and
the mass of the scalar meson, Generally the coupling constants are tit to tl_e
saturation density and binding energy of infinite nuclear matter so that only one
parameter remains whicli can be a,djusted to reproduce t,!_e properties of finite
nuclei. This procedure assumes that the ground state of the infinite system is
uniform and may b,e described in terms of tile t)lane waw_.solutions of a Dirac
ecluation which includes the'uniform meson mean fields.

In our earlier work, 5 we demonstrated that, at, the mean-field level of QHD, the
uniform nuclear matter ground state may be unst_d)le. Our calculations revealed
a lower energyconfiguration of nuclear matter which contained periodic spatial
variations in the nuclear density. We interpreted thesedensity oscill_tt,ions in terms
of nuclear clustering anddemonstrated that the instability is sensitive to the value
of the scalar (sigma) ,meson mass. Eor low values of the sigma mass the nuclear
matter ground state is uniform and for high scalar masses (greater than about 690
_[eV) nuclear.matter crystalizes into a.lpl't&particles arranged on a cubic lattice,

In the previous work, we restricted tt'e calculations to themean-field approx-
in,lation (which ignores \'acuuna polarization contributions) a11d only investigated
the dependence on the scalar mass (keeping the vector mass fixed), Sil._cea consid-
erable amount of work has been done irl mean-field models which treat the vector
(omega) mass as a parameter ° and in models which include at least some of the
vacuum polarization effects, 7 it is important to determine the range of both me-
son masses for which the assumed ground state is unstable both with and without
vacuum polarization,

To do this, it is most efficient to utilize the random phase approximation (RPA).
]: If the energy of the lowest IRPA excited state is less than zero then the assumed

ground state is not the lowest energy state of the system, therefore the boundary
of the region of instability is rnarked by the locus of poiIl.t.s for which the lowest
energy t:{PA stat.e (assuming a uniform ground state) is at zero excitation. This
connect, ion l)etween the RPA and the direct solution was demonstrated in Ref. 5.

\\"e have identil3ed the region of insi.ability for various values of the scalar and
vector masses by finding the monlentuln transfer for which the R.P,-\ polarization
insertion has a pole at zero excitation energy. The momentum transfer controls

-_- the period of t l_e oscillatory stl'_tcture in tlm densities of tl,e non-uniform state of
nuclear matter (see ref..5 for details).

The RPA polarization insertion is given by: 8

[I _l'" = I-I+ [_[L) II rt'" ( 1 )
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D_(q) = [/[q_- ,n s - gI_"C(q)] (2)

D,,(q)= l/[q; - - "o ,,,, (3)

In eq. (1), 1-[is the usual mean-field polarizM.ion insertion (see, for exa.mph._, ref. 9)
mid l]V"C(q)is given by'

3gg ,, 1 ,
FF,'a_.._(q) _ 27r_- _i2 + 3_I'" -,IM'M- -6q"

1 j,/,2 , ,, } (4)/ ,, ( -c_(1--c_)q')- cia' [At*" - a'(1 - a')q2] In Mu
0

and
1

[ , M.2 - -
:-I"acu(.q)- _'2,]dc_a'(l-a')In( j./2 ,) (5)

{}

where we have assumed that the isospin degeneracy of the vacuum is two. The
difference between MET and RIIA is that, for MFT the 1-l_'"_--_,v are set to zero in order
to eliminate the vacuum contribut, ion_.3.

_' 9v/mv enter; so, as weIn uniform nuclear matter only the ratios gs/ms and _ _
vary the meson masses, we keep these ratios fixed. This insures that the nuclear

matter saturation properties (in the uniform state) do not change. If we wished to
examine the der,ailed structure of the non-uniform solution it would be necessary
to refit the parameters (in the non-_miform state) for each choice of m.s and my.

In fig. 1, we show two views of the boundary of the region for which the unifornl
ground state of nuclear matter in the mean-field approxima.tion is unstable. Below
this surface there is a non-uniform state characterized by density fluctucLl,ions of
frequency q which has lower energy than the spatially uniform state. Clearly, for
the lower values of the scalar m_tss that are typically used in MFT (e.g. ,550 MeV)
the uniform state is stable for a wide range of vector masses; however, as the scalar
mass increases the instability is present for increasingly larger values of the vector
mass. Also the value of q for which the uniform state is most unstable is rougtaly
1.6 times the fermi momentum (k_ = 1.3 fm -t ) and is only slightly dependent on
the meson masses. By taking ,_ cut through the surface in fig. 1 at my = 78:1, the
results shown in our previous paper s can be obtained.

This same surface, obtainc_d from calculations in the relativistic Hartree ap-
proximatioil, is shown in fig. 2. The most stril<ing dif['erence is that the RIIA
uniform state is stable for ali values of the vector mass greater than about .100
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MeV regardless of tile va,lue of the scalar mass, This can be ttnderstood by consid-
ering_eqs. (2) and (3), The "effective r_nges" of the sc&lar _nd vector interactions
are not, controlled solely by tile Corresponding masses _s they are in the mean-field

t ' "llimit, I'lle inclu.sion of the of t.he vacuturt polarization le_cls to effective masses for
the scalar and vector fields that, are given by:

m._/ / _._+ fT,',,= ,_r.f _, ,,,,,:• = --s , m ,-,z,_+rI v (6)

anc_ depend oil q. Tlle vacuum polarizt_tion insertions in eq. (6) are generally less
than zero. and roughly sca,le with the corresponding masses, This means that for a
given change in the "bare!' meson masses, tile effective meson m;.tsses change much

less, Thus, in contrast to the _[FT, the RHA-RPA polarization insertion (and
hence the onset of 1,he instability) is relatively insensitive to moderate changes in
the meson masses.

The results from tile tZHA indicate that the problen't of Ciaeinstability of nuclear
matter is much less severe than for IVIFT; however, that cannot be interpreted to
mean that Ciaeinsgabilit, y can be ignored, Even in regions where the RHA uniform
ground state is stable, the nearby instability can still effect calculat, ions in finite
nuclei. \,Vhile it is true _h_t the farther the meson masses are from the region of
instability the less pronounced the effects on finite nuclei will be, it is by no means
obvious that the effects can be entirely eliminated. In fact, it is likely that the
subtle structure seen in the interior of nuclei using the standard RHA parameters
can be interpreted as a retlection of the nearby non-uniform state of nuclear matter,

Clearly, care must be taken when analyzing any calculation that relies on the
assumption that infinite matter is uniform. Specifically, for calculations in both
MFT and RHA it is probably unwise to adjust the coupling constants so that the
saturation properties of uniform infinite nuclear matter are reproduced, A better
procedure would be to fit the MI,_T and RHA coupling constants directly to tlle
bulk properties of finite nu¢:lei,

1, I3, D. Serot and J, D, Walecka, Adv, in Nucl, Phys. 16, 1 (1986),
'2. C. J. Horowitz and B, D. Serot, Nucl, Phys. A368, ,503 (1981); R. J. FurnstMal,

C.. E. Price and G, E, Walker, Phys, Rex'. (3 36, 2.590 (1987); Y, I(, (._ambhir and
P. Ring, Phys, Left. 20'2B, ,5 (1988); R. J, Ftlrnstahl and (2. E, Price, Phys, Rex,.
C 40, 1398 {1989); 1.1,I-{ofmann and P, Ring, Phys, Lett, 214B, 307 (1988),

. " . . , , 909); .3. ,] R. Shepard, g [lost and J A. McNeil Phys. Rev. C 40 2320 (1 _- R. d
Furnstalll, Phys. Let,t. 152B, 313 (198,5); P. G. Blunden and P, McCorquodale,
Phys. I'{.ev.C 38, 1861 (1988)

Schwandt Phys. Rev C 2a,.t.L. G, Arnold, 13, C, Clark, R. L. Mercer and P, _ ' , . ,
1949 (1981); J. R, Shel)ard, 13. l:{ost, E, R. Siciliano, and d A. McNeil, Pllys,
I'{.ev.C 29, 2243 (198.1),

,5. C, E Price,,]. R. Sllepard and J. A,'NlcNeil, Pllys. Rev. C (inpless),



6. P. G. l?.einhard, M. Ruf,_, J. Marulm, \,V, Grelner _md J, Friedrich, Zeit, Phys.
A323, 13 (1986).

7, (2. J, l-lorowitz and B, D, Sefor, Phys, Left. 140B, 181 (1984).
8. (2, ,J, I-Iorowitz a.nd ,1 Piekarewicz, Phys, Rev, Left. 62,391(1989).
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Fig. 1. The region of inst, td)ility of ulliforrn nuclet_r matter ii_ the mean-field a,p-
proximation (M I"-'T) a,sa functioll of the scalar and vector masses and the frequency,
'I'he region below the surface rna, rks the a.rea, in which the ul_iform state is not the
lowest energy stateof the system as del, ermilled in t,he I_PA. For clarity, the upper
and lower panels show LIle same sllrt'ace from different viewpoints,{
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Fig. 2, The regio n of insttd3ilit, y of uniform nuclea,r ma.tter in the relativistic
Itartree approximation (R,IIA) .s _ f_:nctk)n of the scalar and vector masses and
the frequency, The region below the s_lt'fa,(:e ma.rks the area, in which t,he unifortn
state is not the lowest, energy st.ate of the system a.s determined in the RPA. For

clarity, theupper a.nd lower panels sllow the same surface from different viewpoillt, s.
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3. Charge Density Differences for Nuclei Near 2°8pb in Relativistic
Models (5. E. Price and R. J. Furnstald

There are recent data 1,2 on the charge densities of various nuclei near e°8pb
(e.g, 2°6Ph, 2°5T1 and 2°4Hg). The difference between the charge densities of two
such mlclei that differ 1:,',-one or two prot,ons should be dominat, ed l..,vt.lle cha.rge
density associated witlt l_he la,st occupied proton orbital. For t,hese nuclei near

_°8pb, the last occupied proto_ state is the 3sl/_ orbital, which has a characteristic
two node shape with a large ce_tra/ma, ximum. This shape should prov.ide a unique
signature for ',he effects of this orbital in tlm charge density difference, and should
make it possible to identify a,ny deviations frol_l gl,e pure single particle picture.

There are a,t 'least two etfects that are expected to cause the charge density
difference to deviate from the pure 3st/2 shape. First, the removal of even a single
proton will induce some polarization in the remaining core orbitals so that the
charge densities of the cores of two neighboring nuclei (like 2°ST1 and _°6pb) will
not ca.neel exactly. Secondly, the occupation numbers of the least bound proton
orbitals need not be identical tsr these heavy nuclei. For example, rather than
being dominated by the removal of a single proton (or pair of protons) from the
:3sl/2 orbital, the charge density difference may be p: ima,rily due to the removal
of a "fr.action" of a proton from ea.ch of the 3sl/z and ,kla/_" orbitals (or a.ny more
complicated fractional level occupation schemes).

In this work, we study the charge densities of -_°6pb, 2°5T1 and _°4lIg in the
context of quantum hadro-dynamicsa(QflD). This model has been very success-
ful in describing a wide range of nuclear ground state properties throughout tlm
periodic table, and typically provides agreement with experiinent tha_ is on the
same level as that obtained using non-rela,tivist, iC Skyrme interactions. 4 For t.hese
calculations, we have used both linear (I.,) and nonlinear (NL) parametrizations of
QHD.

Figure 1 shows the charge density differences for e°6pb-'-'°ST1 and 206pb__O,ii_[g.
In both cases the general shape of the calculated density difference is similar to that
of the experiment: however, the calculations overestimate the size of t,he oscilla-
tory structure: Thi_ overestimation is particularly evident in the central maximum
where the calculations are two to three times larger than the experiment. This
central difference strongly suggests that either core polarization or fractional level
occupancies are playing an important role in the charge density differences. 'I'he
calculations shown in fig. 1, a.re very similar to those obtai_ed fcom non-relativistic
Hartree-Fock calculations using 1)henomenological effective interactions (see ref. 1
for 2°5T1 and ref. 2 for e°_I-Ig). In these earlier calculations both core polarization
and fractional level occupancy had significant effects on the charge densities.

h.l order to demonstrate the effect of core polarization, we w'ill focus on 2°6pb
and e°ST1. Fig. 2 shows the cha,rge density difference obtained from experiment
(solid line) along with two results obtained from the linear model. The dashed
line sliows the full calculation (as in fig. 1) and the dotted cLlrve shows the charge

1.].
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density cont, ribution of the :3sl/2 proton orbital of 2°6Pb. These two caJculations
Would be identica,1 if the core polarization wa,s negligible. Clearly, there is a.bout a.

10% difference at r-0 t.llat pel:sists to ali r. Notice that the pure 3sl/, 2 result lies
above the full Ca,lculation, indicating t,hat tlne'core polarizaltion ha.s already reduced

• g'|'_l'l ' S •the discrepancy with. experiment. _tl.,l, reduction actually arises from two distinct

sources. First, t,he absence of the valence 3sl/2 proton in '2°5'.I2ieffectively reduces

the size of tlm potential well. that .is seen by the remaining.core orbitals, These
orbitals then h.ave a slightly different spherical distribution than the' corresponding.

levelsin ._06Ph. This a.ccounts for roughly two thirds of.the core polarization seen in

.. _ _ core, Since removingfig. ') 2 la,:.remainder a.rises from the deforma, tion of the  °Z'rl
a single proton lea:es an incomplete outer shell,.'2°sT1 is not constrained to ha.re

a spherical shape. The cal'culation shown in t36. 2 (dashed line) a,llows for the

possibility of L = 1, 2, and 3.deformations of the '2°5T1core (higher deforma.tions
were observed to be unhnportant), and these deformations contribute one third
of the tot, at core polarization effect. Most importantly, notice that while the core

polariziation does 1hove the c;1]cutations away from the pure :3sit.2 result, it does
not begin tO expla,in the large discrepancy with experiment.

In order to understand the discrepancy, we now consider tile effects of fractional
level occul)a.ncy. Slnc_ we are only interested in the cha.rge density d_Jferen.ces, it

is sufficient to lea.re the l.xcl filling of 2o6,, "_ Pl) fixed and only vary tlm occupal_cy

: of the least bound levels in eitb.er 2°5';F1 or _°4Hg. In tits, 3 and 4, we. show the

cl;a.rge density differences for '2°6Pb-2°ST1 a._ld 2°6Pb-2O"_IIg obtained by varying
the occupa,ncy' of tl_e h.igh lying prolton orbitals, 1.o1' these calculations, we have
assumed, that the neutron occupa.ncies axe not affected and tha, t th.e changes in the

proton occupa, ncies are restricted to the 3sl/_" a,nd 2de/, 2 shells.

For 206pb_'20ST1, we used the occupancies suggested by Frois's 1 comparison of
t.he experimel_tal results with the mean-field ca.lculations of Can_p.1 et aL s Specif-
ica.lly, there are.0,7 protons removed from the 3s shell and 0.3 protons removed

-, ' • ' (:1from tlm 2d shell. This level occupancy is mininaally sufticl :ht to bring our QItD
results into agreement with the experimental density, Our centra.1 ma,'¢imum is
still slightly too high and the oscillatory structure remains slightly enhanced. The
agreement could be iml)roved by using depletions of 0.6 and 0.4 for the 3s and 2d
levels respectively, This larger 3s occupa.ncy is supported 1)3, the theoretical calcula-

'.,ion of Pandhal'ipal_de 6 in which t,he occupation probal.)ilities of shell-lnodel orbits
in the lead region axe estima,l, ed by !,he addition of r andon',-1)ha.se al)l)roximation.
corrections to nuclear matter results.

For ::°6Pb-2°4IIg, we lla,ve used the occul._ancies sllggested in ref, '2, 1)a.sed
on the a.\'erage of the occupation numbe1's required to l_ring three separate non-
relativistic calculations into agreement with " e" ,".exp..tlnl(.ilv Nan:ely, --_ 1.0 prolon
removed from the 3s orbital and _ 1.0 proton relnoved from the 2(t orbital (this

corresponds to a fractional occupancy of 0,5 for each of t,he3sl/.., " levels). Again
this occupancy is sufficient _,o bring our results into minimal agreement witll ex-
perimenl,,but the agreement could be iml)royed by removing sliglltly fewer protons
from the 3s level. Since the three calculations of.ref. 2 had a spread of about ±10%,
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such a reduction would still be consistent with the non-relativistic ca,lcula,tions, lt
is important to point out that, pa.rticularly for an even-even nucleus like u°4I-Ig,
the fractional occupa.tion of the levels near the Fermi surface should be included
via the pairing al_proxiJna, tion as has been used by Ring et al.7 rather than by the
simple occupation mlmber variation that we have employed here. \Vhile ii: is not
expected that the pa,iring effects would alter the qualitative features of our results,
it; is 11,,,d3,that the simple picture of the charge density difference in terms of only
two levels (the 3s and 2d) would be changed.

1. 13. Frois, J. M. Cavedon, D. Goutte, M, Huet, Ph. Leconte, C. N. Papanicolas,
X.-H. Phan. S. [(. Platchkov, S. E. Williams, \¥. Boeglin and I. Sick, Nucl, Phys.
A396, 409c (1983).

2. A. Burgha.rdt, PhD Thesis, University of Amsterdam. ????
3. B. D. Serot and J. D. Walecka, Adv. in Nucl. Plays. 16 (Plenum, New York,

19sc ).
4. C. J. Horowitzand B. D. Serot Nucl. Phys. A368 503 (1981); S. J. Lee et al.,

Phys. Rev. Lett. 57, 2916 (19S6); 59, 1171 (1987); C. E. Price and G. E. Walker,
Phys. Rev. C36, 354 (1987); W. Pannert, P. Ring, and J. Boguta, Phys. Rev.
Lett. 59, 2420 (19S7); R. J. Furnsta,hl, C,. E. Price, and G. E. Walker, Plays. Rev.
C36, (1987) 2590; U. HofmannandP Ring, Phys. Lett. 214B, 307 (19S8).

5. X. Campi and D. \'V. L. Sprung, Nucl. Plays. A194, 401 (1972).
6. V. R. Pandharil)ande, C. N. Papanicolas and J. \'Vambach , Phys. R,ev. Lett. 53,

1133(1)s4)
7. "F. I(. Gambhir an.d P. Ring, Phys. Lett. B202, ,5 (1988) and references therein.
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4, Meson Exchange Current Correct, ions to Magnetic M.onaents in
Quart tuna Hadro-Dynalnics '.P. 1_'I, Morse, C, E. Price n.nd ,J. I]. Sll¢;p-
_.t1'd

In t.he early' Qua,ht, urn Iladro-l)ynarnica (QI-tl))l ca.lcula.tions of ¿,he magnet, it,

'momc, lli:s ,,l; ,.'lc>cd sl_ell ..i:. Iltlclc, i, ''':_ t,h(:,r(: wi.ls a signit:icnl_l; diS, agt'(:elTlelll; wit, li
both e×periment a,nd tllenor>rela.t,ivisl:,ic Schmi{lt moments, '1?his disagreement
was due t.o a.n enhancelne_l{; of {,he convection currenl; conl, ribubion I,o the magnet;it
n_oments, whi'cll was a.n indirect result of the reduced ntlcleon el['ecl, ive rna,ss in

QHD, Subsequent calc ulat,Jons 'l showed tllat problems with the isoscaleu' magnet, it
'momcnCs were a.n. artil'acl, of the tt'ea.tment; of the unpaired t_ucleoll, '.Phe ea,rly
calcula, gions had assumed thetl; the ttnl)aJred nucleon could be l;rea,ted a.s a, Valence
particle in the.nea, rby closed shell syst.em, _.Phis assumption effe,ctively ignored the
pola.rization of t;he closed shell core due Lo the presence (or a,bsence) of the valence

nucleon, McNeil .e/, al, 4 showed that, by including this (isoscalar) core pola.riza,tion

in the ra.n,_lorn phase al._l)!'oximat;ion, ,;he enhancement of the convection Cl.lrrc'lll,

wa.s elilninated a.nd good a.greemmtt (<_ 5%) with expt;rilnenl; was obt,_,ined for
the isoscalar magnet, lc moments, Fina,11y, in a, fully self-consistelll_ ca,lcul_t, ion that;
included t,he respol._se of l,he valellce pa,rticle to the polariza.tion oi" the core, l'urn-

stahl and Price s a.lso obtained reasonable a greelnenl; wit, li exl)erimcnt, (:t:10%) for
the isovec.tor ma,gnet, ic momenl, s, r['llis la.st result is surprising since l,he lnodel does

not include the etfects of tlm charged mesons and it is expected s's that the meson
exchange currents (MEC) due to charged mesons, especially pibns .... will h_ve a,
significant effect on the isovector moments,

\\% have considorc_.l l,lle corrections t,o t,he QIID magnet, lc monlents due t;o a,

single ctlarged pion exchange within the rmcleus, 'l?lle QtI1)-II Lagra.ngian 1 includes

the il:tcractions of Imcleol_s with sigmas, omega,, rho and pi l-llesorls (alld Coulomb
illteractions); however, in many applications the pi meson does not contribute. For
example, in llniform nuclear ma, t,ter, spherical nuclei and even-even deformed nuclei

- the pion mean field va.nishes. In the current calculation the pion can cont, ribute ill
tWO ways, First, even if the pion mean field is zero, it, is still possible to exchange
virtual pions between two nuclei and the exchange of such cha, rged pions give rise
to the MEC corrections considered here. Secondl3q in a, COlnpletely self consistent
calculation of a.n odd-A llucleus, the pion field does nel, vanish, so t,hc pion can
enter the c._=dculat,ion l,llrough t,he det, ails of the inea.n-field ha.sis,

The pion exchange contj'ibutiolls to the magnetic rnomenl, are descril)ed by tl_e
r 3 i

two [;'eyr_man diagra_ns shown in figure t. [hesc diagrams will lla,ve _._non-zero
contribution to the magr_ctic mome_t,s only if one of the nucleon lines corresl_onds
to the va,lence _,ucleon (diagrams that do not involve the valence t_ucleon will ca_cel

when the _q)propria.te sun_na.tion over core states is carried out),

Using t.he 1)'oynman rules, it is simple to write down coordinate spa,ce expres-
sions for t,he electro-magnet, it currents corrcspondi_g t,o l liese l,wo diagrams wl_ich
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can be used t_oca lculaI:c I;h_ lnagnet, ic mom_nt.,-J, \\Io obt_a,in

. •v__1',,(_'l)
Z'_/l"_etigull = l"_J 2 J l(I

, ,

' 1 c--,,,,lV,-.a... ;_./*(,s>)_ _, (1)

[I.[!.d

' '" 1' .- _1I*(_)5t_.i,,-ll,:s/,t.=-2i(_y.l_"s <l:_'_(7ar2 dap_l'_'(F_)_"_-'/7-__l""'(_)t_

- r_ (2)1. e-,,',,l_-V_l F × 0,, 1 e-m"l'rS-fl ' M*,r.2) _,

' lO

wimre 't/,i_ a,ncicleori wlwe flinct, ion (p t'o1'l)rot;oll, ri for i_el.li:l'on)>.qTrand 7-n_rare the
l)i-ln_uc:lec,ll coupling and l,he I)iOil I]/&SS> i111([ 2_1 (Al*)is I,llc lltlC]OOll l]li./ss (ell:c_ci:ive
II1/:I,SS', !_'.1 ll'iilltlS t, he sigln'a, IT1C'SOll lilea.til field), [n derivii:ig t_hese (,Xl:)rc'ssions > we

Have a.ssumed l._Set.ldo-vect;orc.Oul)ling for t,lle l)ion-Imcleon interactioli and have
obtained t,he phot,on couplings by iTllniinM slil)stitul:iorl, \'Vc have eva.lua,t.ed those
oxpressiol:lS iii t,lle closed shell • 1 systenls near A.-= 16 a.lld A =,:l.0, ilsillg t,lle 'Sl:,lierical
Ilai't;ree basis wa.ve-['llllct.icillS (iri QIID-II) a.pi)rol:>rlat.oto the nearby doubly closed
shell nllcleus, By doirig so, we Iltwe neglected t,he <:,frectsof core polarizatiori on
i;lle MI',(..', correcl_ioris, 'lJhis ,.,trect is expect(_d to I:,esmall coral>areal to DIle t,ot,al
ma,gnet, ic momenD, \,Ve have a.lso neglect, ed the eft'cots of t,he l_iorl Iriean-field in
the odd-A system, Since t,his effect has not yet; Dr,en sl;lidied and could alter riol_
only MECI correct, ions I)/.lt;also the self-consistent QHD lnagnetic inomei_t,s tll_t
we have used as our sta.rtillg poirit, it is diii]cult l_oa.ssess ilJs impor_al_ce. The
adclitiorial corrections due to properly including the pion efR-'.ci;siii t,he full odcl-A
waveRlncl;io,ns will be the sllb.iecl_ of i_future investigal:ion,

In Table I, we sllow t,he QIID pion exchange current correction to I,lie magnet.lc
mornents oi' e.iglll;riliclei nea.r A =16 and A=40, '.rho self consisW._t QItD lnagnel, ic.
momcl_ts _tl'e ['rein rc[. 5 alld a.re iri ctua.lita.t,iw._agreellient wil:h the non-relativisi, ic
Schmidt lnonlerits and t,he experimental va.lues, ']?l_eMEC correctiolis (from this
work) are relatively small and are of rougl:lly the santo magnii;ude a.s the t,ypica.1 dis-
crepancy 1)et,weeil tlm QtlD inoinent, s and the experirriental values, Unforl,iinat.<_ly,
t.he sign of l:lle COl'reel;loll is (._lbpositeto l,ha,l;ofthe discrepa.lacy,

Iii order i,o get a, mol'o acclll'at, e picl,ure of these correctiol_s, ii, is convellient l,o
recast our result,s iii terms of t.he isoscalal' and isovect,ov magiietic, li-lOlilt?lli,s, '.['liese

_ results _11'(_sliown in tl.";_l).lc,s II arid III, Froirl '['able II, ii, is clear that, llae QIII) I'('-
st.ilts are iii rat, her close agi'ceITl(_rit with exl)erill?ellt alid t,ha,t. l,lle Ik'IEC (,orrecl iOliS
are nL'gligil:)leas is expected based on tile isoveetor lltl.ttll.'eO[ tile piori cxclia.rige (l.]lc
isoscalar corrr,cticJl_swould vanisl_ orlly i[ we liacl igilored 1,1ledifrer<_ll<:(:sbet.w(:.'cii
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lJ,xpt;Schmidt QHD N,II);C_ QIII)+MEC -'
i, lr , , , ,,,,

1SN -0,264. n ')_,0 0,1.02 -L,i118U, "_qJ

--- __ , ........

'_() 0,638 0,6,18 -- r),101 0,,547 0,7 l 9
.... : , ,. , '.

_70 -l,91:3 .--9,O3 (.1,162 -2,19 --11.,8!),1
_f

t7F 4 _93 4, , 4,722," ' 89 -0 1,10 ,5,03

39K 0,12,i 0,380 0,11.73 0,5,53 0,391.
,,. _ ....

q

39(_;:'t, 1.,ld8 0,9,10 --0,174 0,766 t,022
- , .... _ ...... ,L

4tC,a, - 1,913 __...,...990 0,-77') --'),.,.-,,,'_ - 1,595

41Sc 5,793 6,08 -0,263 6,?;.1. 5,,1:)10
-- . ] , , .... , ........

'Fable I, Magnetic moments of closed shell :t:l nuclei in nuclea,r _nagnet;ons,

eK QIII) MI£C, QHI)+Mll,;C I)3xl._l;
u. , __

715 I),l!)9 ('/,001. 0,200 0,21.8
.........

17 I,,13 -0,01.1 1,,12 1.41,[
,' .... ,, , •

39 0,6(:;0 -0,(]01. 0,6,59 0,706

41 1 94 0,007 :t,93 1,918
- ,_.

':Pal._le:II, Valence (QH1))and one pion exchange corrections (M]!',C) t,o isoscalar
_nagnct, ic FllOl'll(_ll tS,

the neutron and prot.on basis slates which are due to Couloinb efg_:'ct;sa lid the rico
lneson inl,eract, ion), From Table Iii, ii, is clear t,hal_ the _liscreparlcy bel,ween l,he
QHI) isox'ector molnents axial t,he exl)erimental values is somewhat larger t,h.a.nt,he
corresponding discrepancy for tl_(.',isoscala, r moments, and that, the. meson exchange
currents colltril_ute a, significant correction to t,hese Inonlent, s, For ali of the sys-
tems tlla,t we studied (A=IS, 17, 39 and 41), the ME(" corrections significantly
degrade the agl:een_enl, of llle QIID moments wil,h eXl)erilnent, 'lPhis degradation
is l)articularly large for ll_e :-\=1:5 and 17 syst,ems wllere the total inagnetic lno-
merits are fairly small, These calculations could be irnl._rove_l l_y including l,lle
etf'ecl,s of core l)olarization on the NIEC corrections, including pion co rlt.ribtll, ions
1,otl_e !Iartree basis and by incl_ldir_g additional isovector correcl, iort sucl_ as isoba,r
cuI're_lt correctiot_s and excl_ange c_rz'ent correct, iol_s _ltlc'. t,ooilier n_esons,
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A QHD MI!;C QtlD-t-MI_C Expt,
......
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[able III, Va,lence (QIID) and one pion e.xclla, nge corrections (MI!',C) to isovect.o'r
magneLic ln.olrtel._Ls,
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2. L, 1). Miller, Ann, Pilys, 91, ,10 (197_5),
3 J3. 19, ''_ , , ., Se.rot, Phys Lett_ 107B, 263 (1981),
,l., J, .\, 5icNeil , 1_, 1), ,-\ma,lo, C',.J, l lorowitz, M. Oka,, ,.I, l:_, Shep_Lrd and I), A,

Sparrow, Phys, Rev. C a4, 7,16 (i[986),
i 9 i (" •5, R, J. Furnst, ahl a,nd C, lD Price, Phys, Rev, C 40 [3,78 (1989)

G. R....J. [,uri-ista,hl a,nd B. D, SeroL, Nlicl, Phys, A468, 53f) (198:), ,I. II,, Shepard
E. Rosl;, C, Y, ' '_Che IlG and J, A, McNeil, Phys. Roy, Oa'7', 1:[,<!0(1988); S, ]icl-iii,

193 (1988); lt, ,], 1)'urnst,a,hl, Phys,\V, 13ent,z a.nd A, Arima, Nucl. Phys, .A487, _ <
ltev. C,88,370 (1988),
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Seagull In Flight

Fig, 1, '7:Imt,wo F%,'rllnail diagrams (s,,;,<,'l_ll,.,...,.<o-" _l.lldill-flight)v,,'llicll dcscril:,e (,lie piori
c.xchange Cl_lrl'CUll,S tiseci (,o ca,lcula,l,e the l'l'lligllCl, iC lllOITICIll.; correct, ion,
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5, A, nalysls of the 0 + -.-_ ()- R_,actioN ai; Internlediat;e Energies I)_, l:_os(,J

_llcl P,I), l(Itllz

Tile 0+ -_ O- Ll'ansit, iort by rnodiuril-ellergy prot,oll ill(,las(;ic sca, tt(:;ring i_ _ po.
tenl:ially ricll source of m_w ntlclc, ar structure informa,_ion, A gml_:;ral ill(_la,s(,ic sc'_-

(c,riilg r,;actioli ro, luir( s I l!lr<_'(:I_)lc'.l(,,_r,_t,r_lct_lr(., (lerisil, i(>s', l)t(: _,l:,il_-iiltl,'.l.)(,)l(lelit,
longitticliilal ,:l(_llsit,y, (,li¢_,_l)ill-(l(2p(._lld(:,lt(,t,tarlsvel'se tlc:nsit,y and (,lte Sl)in-.dC:l)c,n(:lelfl;
lorlgit, uclinal derlsit, y, For a. 0+ ---v0- l,l'a.llsi(,ioll only (,li(:;la.s(; l,(_l'in [,<j.rlori-zero and
/icl-ice.carl bo studied iii isoli_i,ioll ft'ore t,lie or.her, gerlerally large,r, I,(_rrlls, li'he
arialysis i.isllaily il:lvolves t_ 1)et't_urlJa.t,ioi_ t,l'(_a,t;,ril(._llLwit, ll s(;)lll(:_fC.)l'i]l (;ii' dtst;ort,ed
wa.v(:;iilll)lllSe ill_l:,roxil_lat, iol_ (D\VIA) wl:l(>,r<_only t]rst-orcler ott'ecl.s ai'(.: c,ollsid(.,red0
Since sllc,ll _-tilalysc-'s_ ,lo flot, agree w.lcil(,he ria.ta, wew(;i'e iilot:iva.l;ed Lo consider a,
<i._,oric!ra]izal,lorl o[' the I)WIA lo ii_,cll.lcles(.,.corj,d-order {,(_rri-is,

(.)ill' a,ilalvsis errlploys _ siml)lifiod ])\VIA wlllch ui,_ I;iase.don a, lll.lC[(..,Oll-llll(,'l(!c)il
/,-1vl_tt;l'ix <:.if (,i:i(._' ['o1'111

i:,,<v(,_,c)):--.,,l+s:_<7_,<_..+ r;'(_+J,.,),_.+/:>(_,<7)(_,:..;,<7)+s;.'(:_,Q)(:7_,Q), (1)

wll(.'re 4 = l,'i--l,',f, (2 := ki -t- kf and 'Fl,= (7x Q, l,qtl.a.t.ioii (1) is al)proxilaat, ed by

, iNN(q,Q)_ I"c'(q)+I/"(q)a_' _'2, (_)

The ta,st, t_;:'vin il_ 17',q,(1) irivolvirig (") ('il.l-inol_ 1)Oa.ccorlloclated iii _ local _.-lllai;rix
['orin arid is igrioro(l iii t,his work, \Ve llave coiisiclc'r_:d l.lle t'oi..irl,]l t,<-.'.rrYl,wllich is
I.)_sically _ t,erisor interact, ioi-l, a.ild c.a,rl (:'.Mcula.te t,l-ie DWIA wii, li ii,, l'[(_wever it,s
<-,lf'ecl_is coinl)lei, ely negligible for t,ho 7"-- 0 t,ra.nsitioris iri i,lii,s work, 'l.'lle (,hiM
t.,l':',l'fll, [I, iJwo-I)ody spin-orbil; i:(21'fll_ iS ileglect, ed here for ca.lciilat, ional :,tiniplicit,_,, \,Ve
hope Lo repair this defect, lat,er, \,Ve llot, o' tiittt explicit l;l'Oi.i,(,lltC'lltO{' (:×cllaiige is I1O(,
illcluded irl this ca.lcula.l,lon--ilow<_ver some irnplicit (.ffecLs of (._.XCilitllglJai'O I)l'(;s(.'.liD
since I,lio e.xl)erimellt, al NN a.lnl)lil;i.ides are il,¢;.'ed,

':1:1_o(:()lnl:Jlex vc"(q) _-tlld V"(Cl) al:nl.ilit, lide,_ are kri<>\vri t'l'OlTl NN s('.at,teriiig arl(l
are fitted ad;etccil (._l'lel.'gy ])y _l, Sl_lfll <.ii' Y_ilcawt_ fOl'lIls

'_ I4'i [.,,r<,4 _<._q'-']-'
l"J = 't'-r(h<'):_ _ .tid" ' "' + Ii, , (3)

i

= , l_,), 50, 5,')0, 900 ail(:l 1500for j' (::; and cs"and ['or iSOSl)ins 0 alid 1 l;'iv( rll_:tsses(';J_ :.!
XI(';\ ?') \v¢.,l'(:, f()tllld li:.),!_ive till a{le(ll,iatc', tit, lo lile forwill'(l ;lll/;._]<-.' (loss thai, (]0°) NN
"clal,a", ,,\ Ioca,l pselir.lo-fJoteiitial Iil_-/y (,]_ell 19(:;wrilteli
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li

I

[li = ,,/ V_;'(,,,)--t-1,'"(7')<71,_;,_ (,i)
i

W h(-_t'e

3

-'l,v(!itj"

'/"::-_[,,_"c"_+ :/"_7:_c_/7]i/'_ (_-"))

nncl .'/_is t,llc illcidont, prot,on (:nc,l'._y iii t,lie lnborntory SySl..(:!lil, 'l)lie COl:i[i,l_tlt'il[,iOll';

Sl)_.cccpot;eiit, iais life t,l'i(-'l'i

TIT.iCl'

i.=-I

roi, j = C,'and o.,

I)ist, orl, ed wa.,'es are ff(:llernl, e,d ['l:om optical potx.,nl_ials which lia.ve fiLLed elnsLic
scal,tel'i.ng cl_._ta, etf, ,'t00 MeV t,he ot)t,i(::nl l)at'nme.t(-,rs are l_,hlo,7,11form t,li<ewol.'k of
Al_dul-Ja,llil et <ll,a; at 180 lkleV we. ndopl; it "global l)_lranlel;riz_-il,ion ot' Scl_wan<lt,
:st oI,`t,

'.l._hcru.iclear sl.,t'ucl;ul'o ['Of l,lle 'P 0 -,. = , ,iTr._()- sl, a,Lc; or 16() is believed t,o be very

r .-1 :_] coul]gtira, tloii, \Ve. descril)e i,he siilglesiinple _ arid dolnirin.t, ecl l:J$,Llie Cpi/,.eSl/
particle oi' hole sl_nles iii l.(.'l'lllS cii' slieli-illodel WaV(_,l'i.lllCt{OliS ill ii, \Voods-,cga×ori

well of radius 1.,25 × (16)1/:1 fill arid dif['usivril, y 0,6<5 t'm, ,,\ st.arldai'd 'lT'honla,s-fc_rlll
spin-ol'l._it, t,e.rm of sl;re.rigth ,\ = 25 is used, 17'inally t,lie dept.ll of l,lle well was
adjusted so l,llat, t.lle biridlng one'" ,"' l gics followed experimented eliet'gics [t;akeil _ts t,he

, i _"' i_average o[' pf'oi,on a,lld noilLIJorl F.,art,icle (or hole) eitel-','gies,},' ']?hese a.re 1.-,.]'= (-20, I,,,

-13,,t0, -2.37, -1,68) for l.lle (1:),1/2_PI/'2, cl5/o,_ Sl/2) orbitals li . 1.'esults l,hal;
follow are largly irisensil, ive l.o the precise det, ails of sucli choices,

'I:wo reaction lnecha.ilisrr_s are considered;

(1) A siri.gle-sl_eI) i:.'xcit.at.ioil of I;ll.e 0"- final sl.a,l,e;

(2) ':i.'wo.st,epexcit_,cio,,vi_<_:-,,.,int,e,',n<:,diate[i:,7/t,edr,/,e]a-.,.'t_<c<_.,,
l.hc ;_- sl,ai,c; is sl,rollgly <,xcii,ed iii (p,l j¢) reactiolls arid is ri,;l_lily <:iilc_llgd,ed iii
i,lie I-)\V.IA model, l)'igut'e 1 shows i,lle cl'oss s<ct,ion l'or (I),P')t<i, 180 NIeV calcu-
lal,ed wit, li l.he il-ill:ll.ilse al:lproxillllltlorl W}IC'I'I':' iile c_llculaled ci'oss sc'['l,i(Jll lltls I)ot:ll
llli.iit.il)lic'd I:)y ;:l t'acl,of of 2 t,o I:ICCCIIIlI{, [Cii' otliel.' ('t)llli<t_lll'il{iCJll_, t)l' e<ll.livnli:,lilly,

soil-le collectivily, 'Pllis one-st,el_ excii.ili.ioll wllich proc.eeds tiirlJii.gll tile V d' t,orlrl
iii Eq, (2) is reasollal)ly described iri O1.11' sJ,rrll)le rriodel, l:or the ,:le-exc.it.a.t.ion of
iile 3- st.al,e i,c_the final 0- st,ate, _:_sl)iii-Ill l) t.c'rlll is reqtiir(:'_:l, i,e, i.lir: lrlillSilioll

involves I,=2, S=.I,, ,]=3 illl_l l_i'oceeds via tile 1,''°' ICl'III Of l_ 1, '", \Ve #ISSUIill7 l.lie
'.'_alill._ faclor of two ulllllillr?i:Irleril, llure its iii lhe e,',:cilatio.ii process,
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1t, is Ilmr l_ossil_lc.',t,o ca.lc,ulat_._a, ,_-,c;ond..ordcL'I)\'V[;\_ eJt,llc:,rnlollc,,(L:_Ur_I,wo-
s_,ep)or in collerent; _',onlblrla.l_lollwi[,ll t,lie, one-st..er_I)WIA, ]n l!i'igs, '_ and 1.3we
sllow t,lle olle-step_ t,wo-st,ep_ _:lll(.l collc,rent, cc_n_l:,ina.l,,ollI)\,VIA c:alCllll..ll,iolls I'of t,llc.'

exc.il,a,l;iou oi.' I,lle O- stixt,e by 180 MeV _,l_d ,100 Mt;V pl'Oi, OllS_ t'c.'.Sl:_ect,ivc-,ly,']Pile
cnlcul_t, eci c'.ms_ssect,iorls ('Az_llll)i-trc'./.T.Swell wit,h t,he clat'i:Las oi,lit'r, more sopllisl, icn,ted
I)\'\IIA calculnt, iolls,

I.I_: a l_a.lyzivl,!._pow_.,r l'esuit, i_ I' ie;_ '_ and 3 ,give l,lle _osl, sig_ilicn_l, r_,sull, _,I
tllis work, ekll,l_c.,_Igl__I_ two sl.c:_pcross sc,ct,i_l_s lie al_ ord_;r _, l_aui_il _tcl_'b_,h,w I.Ii_,
c,ne..Stel:, I)\VlA (;_lld l,lle ,,la.ta), t,l_e col_'t'enl, su_n oI' one-_.t_.l l,wO-st,C;l_l_mC_.,ssc:s
i_;_,I,;ofor sul_,stnl_t,j;,dell'eels in the, cnlct_la.ted n,nalyzil_g l;_Owc'i's,'.['l_oone-st,ep cnl-
c_la.l.,iorlgives ',',c,ro ,L,_valuc,_;.for _-_local int,era.cl,iol_ as r_._avi:_ ri_;orously sl_mv__;
(our SL_all vnlues are clttc., tc, a. slight, r_ol_mnt,um dilfcrc:,nce I:,_'_l,wee_ i_tlt.ial alld
linal systems,) ].,.;a.rlic,l.'wc,rk"rI_as al;l;ellll)t,c'd tO explain t,he clearly _lol_-zero expe.r-
iiriehl,al \,alLies wit,Ii ttolT-loca.l (e,g,, spin-.orl)it and excl_angc,) t,erms inI.l_eolm-st,el:_
i_lt,el'acti0n, llowevc'.r (,lte ell"c-.'ctof l,wo-st,ep proc.'esses_ altho_lgl_ I.IllilllpOl'l;illll; for

l.hcicross sc'c.l,iol_s, sl_ould not; be {g.:norc:.'clil_ such a.nalyses,

1. \V (.:,,]:,ove¢.:t,.etl,,iil l:>'_'c.,cce:di_Xl,_o1'l_te.rua.tio_al ' " ' ' ., ,"' C,¢.)'_J_e1'cz.,ce o'_,. ,51.1,U I_)a!C'itrttiO'_*r,%

_'""'_._::_uri_lc.'.,('I(3_.,ecl_tocl I_y Ie,l_e(,rovLcl__c,t_1, (1982)
'.2',1'_,I_ost, i_ 51'e.chuical1-",'oust.,.',l_el;o_'t; I./'__.'it,cT's_l.!lof (...'olocado, N PI, l0L56,80 ( l !)8!))
:3, I.Abdul-Jalil and l),l_'.Jacl<son, J, Phys, C.:a,_,1(;99 (19'/'9)
,.1,1 ,Schwandt ct ¢'_/,Pl_ys, l_.ev, '--"-'",¢"_ca,.5,5(198P_) .
5, \;,(.--,'lie;t,and N',\/]_I_ Nia.u, N_tcl, l"l_ys ,._4,:]91 (1!)i[_,l)
I"; S,S,Ikl',\.\Zov_g_:'tal,, Pl_ys, [,ell,, 1.,IgB 29!)(198,1)
7, ,],l_ic.,l<arewicz, l.'ltvs., Iii.v, v..,,o,"'"r.(17,'5(1,1)8.7)
8, J,J,I(_,lly c.'.t¢_1,Pl_,!,'s,l'(ev, C41,, 2,50.1 (1{)90)a_ld privi_l.e c:o_l_l_u_ical.ior!.
9, ,],l(.in,g', private colnrnul_ica.l.ior_
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Fig, 1, I:_xl)erimental and theorel, lcal cross secticms for the excitation of t,he li,la0

MeV :]-,level level of I°O by 180 MeV prol;ons, The _.l_t_ are t,al<en from ret', 7, 'File
theoret, ical curve is ol)t,ainecl from _ simple first-order iml)lllse a,s al)l)roxim_l, ion

, (lescril_ed in t,he t,e:<t and includc:s _ renorm_Jizatlon t'_ct,or of 2,



p + 180 to O- Ep = 180 M,eV (b)

0,5 ,' , , r ', --:

0,0

0 i 2 3 4

(fm

Fig. 2, Exl)erimental and t,heoretical cross sections and anMyzing powers for the

excitation of the 10,9,57 MeV 0- level of 160 by 180 MeV prot, ons, The data a,re
t,aken from ref, 8, ']:he da.slled curve is obtained from _ simple fi,.'st-order impulse
approximation described irt tlle text, The dotted curv.e is obtained from a second-
order I)\VIA via, an int.et'mediate 3- state, The solid curve is oBt,ained h'onl bor,li

one- and two-step processes,
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p + _SO to O- Ep = 400 MeV (a)
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Fig. 3. ExPerimental and theoretical cross sections and analyzing powers for the
excitation of the 10.957 MeV 0- level of 160 by 400 MeV protons. The data are
taken from ref. 9. The dashed curve is obtained from a simple first-order impulse
approximation described in the text. The dotted curve is obtained from a second-
order D\VIA via an intermediate 3- state. The solid curve is obtained from both
one- arid two-step processes.
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6. Contributions of Reaction Channels to the 6Li(p,7)7Be Reaction
P:D.I(unz

At low' bombarding m_ergies the strength of tlae 6Li(p,'7)7Be read, ion to i,he
ground ;,n_l I-irst ,.::,:cit.cdstat.e..i.s larger 1.,3,;._['actor of t,wo t,h,an l:llat calculated
from _ simple direct capture model 1, In l;]_ismodel a,n effective potential model is
constructed for the intera,ctlon. The ")'-r_y tra.nsition is dominated by tlm elecLric
clipole transition from the cont,inuum ,ssf, a,f,es to _ p state inthe final nucleus' '_"' _, 1 11(-_

Spin 1/2 channel gives the main conl;ribution to the cross secA;ion because of the
si'nail amplitude ofthe sl)in 3/2 component in 'rBe. The pol_ent,ia.1'model is t:itt:ed

separal:ely io the ,s wave scatt eri!_g leng'ehs for t,he spin 1/2 and spin 3/2 6].,i nr-
p Cha,nnels.. q'he sca.t_tering length for the spin 1/2 system is la.rge and positive
and irs potential support, s.a bound sta,te of a few. Me\/ binding energy. [Iowever

the experimental evidence for Such a_1/2 + level in 7Be is lacking, In a.(ldition t,h.e
, fitted potential must; con'cain an imaginary part t_oaccount, for the breakup reaction

6Li(p,aHe)4He. The result, s of calculations.with t_l'.issimple model describe the
energy dependel_ce of the (P,7) cross section but fa,il to fit t,he _nagnit_ude of the
di.Ca,

An open aHe + 4He channel can give rise to a large eft'ect but _ simple lo-
ca.1potential model with an imagina,ry component may not. describe properly t,he

" remora.1 of flux from t,he initial channel. Therefore we consider a self consistent
m.odel for tlie rea.ction whicla ta.kes into a,ccount, 1._ol,l_,capture asld 1orea.kuI) pro-

9

cesses. T'he la,toter process can be considered to be a deuteron excha.nge process"
between tile proton and 6Li or, equivalently, a6Li(p,atIe)4He reemt.ion. If tlle aHe
+ 4He channel is coupled back into the initial clla.nnelthen the eff'ecl,s of the a,b-
sorption can treated in a mo,re nat,ural wa,y than by relying on a.n imaginary term
in the potential. The rea.ction is depict.ed as

6Li + p ____aHe+4 tie

6Li + p__+7 Be + 7

,in a, coupled channels formulation. The equations can,be easily formulat, ed and
solved using the coupled channel code CHUCI(3. In addition _._contribueion to l,he
gamma ray transition a,lso results from the brealCup channel

aI te-5 4He_7 Be+7,

This colnponent is coherent with the direct, Capture process and has 11oextra, sup-
pression from the Coulomb barrier since tile channel has a_l energy of al)out, ,1
_le\;.
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Prelilnina,ry calcula.lfions ha.ve studied t,he ef[ec_ of the explicit inclusion Of t.he
breal_:up rea,orion chamm], The paramet.ers of tile model a,re a.djusted to reproduce
the known breakul) cross section. The most, sensitive paramet.er is the st.rength of
the channel coupling. The fit to t,he breakup cia,ta gives t;he sc;_{t,ering le.,_gths for
the two spin channels withln 10% a.nd closer agreement maly be obta.ined 1:,3,a.cliust;-
ing t,he range pa.rameters in the two-nucleon transfer form fa,ctor. Tllis agreement
illvolvc,s '1,o addit,' .ta.1 pc, tcllti.!,l t,'_'tns in /l_e init,ial 1_+ _l,i channel, ek pn:,limillary
calculation a.lso shows bet;tor agreement wit,h the ma.gnitude of t,he capture cross
section.

1. F.C Barker, Austr, J. Phys. 33, 159 (1980)
'2. H. \,Veigmann and P. Manakos, Zeit,schrift fftf Physik, A289, 383 (i[979)
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7, Deformed Cl._iral Nucleons C,. E, Price a,nd ,1. R, Slmpa.rd

The l'undamel_tal field theory of the strong interacl;ion, QC,1), has not yet
evolved to _, form which nla.kes 1._ossible qua.ntitt._l,ive, first-1)rincii)le.c.alcul_l, ions
of low-energy hadronic properties. Nevertheless_ there is general agreement that,
when such calculations are done, they will be consistent wil;h l;he ideas of quarl¢
confil_elnent, arid hidden c.llira,l symmet.ry. _/[ttC}lel:fort, has been e'<pencled to (le- ,,
velop l)henomenological field theories which are _t once ca.lc'ul_tiona.lly tra.ctable
and also to some degree compa.tible witll QCD. A familiar exa,ml)le is t,hat of the
Skyrme moclel 1 whicla can be interpreted a,s 1,he large N_ limit of low-energy QC',D'2
and whose topological solitons possess both theproperties of a,bs01ute confinement
and hidden chiral symmetry, It is both the strength a.n(1weakness of the Skyrme
models that they make no explicit reference _o qua.rl<s. Non-topologica, l soliton (or

hybrid) 'models a have been pug forward as alternatives which include quark degrees
of freedom throughout, lnese.models still possess hidden chiral symmetry but the
quarks are not; absolutely confinecl. This latter shortcoming, it, may be argued,
should not be distressing provided the binding energy of I,he quarl_s in hadrons is
large on the scale set by our definition of tlm "low-energy" n_dronic l;roperties we
seek to describe, In any case, such hybrid models, typica.lly based on elabora.tions
of the Lagrangiart of the c_-xnoclel,'1 can provide very economical de.scriptions of,
e,o., the N-/.X system. Eor example, the calculations of Birse and 13anerjee a and re-
produce with reasonable accuracy nucleon properties such as rest mass, magne, tic
moments, rms radii, 9A a.nd cia-NN with essentially two free pal:ameters, namely
the coupling constant 9 for the interaction between the quarks and the chiral field
(or equivalenl, ly, the effectivequarl¢ mass) and rn.,, the ma.ss of the scalar ineson.
These and virtually ali other hybrid model calculations employ the "hedgehog"
ansatz, This a.mounts 1;o assuming tha.t the pion field has the form 77- 7r7_ and

then calculating an intrinsic state in which isospin f and al_gula,r }nomentum f are
coupled to yield a state for whicl.1 the "grand si)in" Ik" i + or is a good quan-
tum numl)er. Since tlm matrix elements of the quark spin a.nd isospin operators
are readily evaluated for such _states, significant calculationa,1 sirnplifica.tions are
a.chieved. More significantly, it has been shown that, the hedgehog is a local min-
imum of energy ag least with respect go some restricted variation. I[owever, it is
also true t,hat the hedgehog is an unphysical object and physical sta.te.s with well

defined /_._nd f must be projected from it much as, inthe standard t.rcatment of
deformed nuclei, states of "good" angular monmntum must be projected from a,
deformed intrinsic sta,te,

With these difficulties in mind, we have developed an alternative to tl_e hedge-
hog model which utilizes techniques employed in calculations of del'onned nuclear

- ground states in the framework of quantum hadrodynamics (QfII)6), a, relativistic
quantum field theory of nuclear structure. \Ve 1._eginwith the st,andar(l l,agrangian
of the non-linear cr model (see, e,9., Reference :3)including a clliral symmetry break-
ing term that generates a quark ma,ss (tllrough the non-zero x,ac.uu2n expectation
value of l..]mo' field). Our reel,hod dive.rges from the hedgehog al)l:_t'oac.llin that we
assume our tl-lree-quark wave functions have spin-isospin structure corresponding
to tlle usual SU(6) wave funci,ion t'or a. spill-up proton, Our solutions therefore
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possess the prol)c.r spin a.rid isospili p rojectiol_.s by coristruct, iotl, l"t.tvt,ho.rmore, if
' the i4illgle quark wave functions were dege_mr_t,e, our nl.tcleon wollld lia,vc tl_e col'-

feet total isospin, a,s Well, If we assume tile quarks are.in ,s-states, the ¢.!(lUa,tion of'
motion for t,l'mnelttra, l.pion field implies rrrl c< coso wller¢:.,0 --='l;, :2is t,lle tlstlal
polar a,ngle (clmrged pion mean fields a.t'¢_excluded in this model), 'Phe pi-:-quarl,:
intera.ctiol_ can then cot.li)le , e,9, , the lower con_poner_t of n,lt sl/u _.luark wave func-
t,i0.1lto the Ul:,,pet; colnportellt c)fa ria 2 wa\,e functiot:l, '[:llis totalis t,}:latthe neutral
pioll field can induce deformat, ic,l_s in our mean-field solutioll for t.lle l_lc:leoll. \,\re
a.llow for t,his possibility in.our calculat;ions anti t:ind single qua.rl,: wrwe fullctions
whose energies are split by t,lmir interact, ion with the rr0 field which changes sig n
upon flip of c'iCllel.'Sl>inor isospin, lIowever, this splil, ti.,.!f:.is not la.l:geand we have
est,inlated isospin projccl, ioll by itself I,o be a,5 tc, .1.0% effect; a.t,most,, If we igllol'e
this small violation of isospill symmetry, we conclude .that we lla,ve calculated an
object intermediate between the hedgehog int.ril/sic st;ate wl_ich is ;-_.mixture of
various sp,ills a,r_.dis0spins and t,he physical stt_te which has unique values of spin
and isospin, Of course we still face the task of proiecting physical states of good
tot, al angular momeritum as is done in standarcl tl'eatmenLs of clel'ormcd nuclei,

In Table 1, we compare the result_ of our calculation of' nllclc'orl'Prolael:ties witli
those of Birse and l?aneriee a and with experilnent, Our (13irse and 13anerjee's)
calculations _tse best-fit parameters mq = 11.200(500) l_le\/ and m,, = 600 (1200) i
MeV, \Ve show two sets of our results, one designated a,s "sl)herical" ,,vllicl_includes
only s_/2 quarl,: wave ft_nctions and a.notlmr labelled "_teformod" xvhich a,llox,,,sup
to 9r/u admixtures, In the deformed (spherical) calculation, t,lte o_ field has L = 0
and 2 (L - 0) mult, ipoles while the 7ro field has L = 1. and :._(L = l), \'Vc have
determined empirically thathigher tnultipoles in either the ¢luarl,: wave functions
or Ciaemeson t_ielclsare c,f negligible irnportance. T.he major difference I_el,\veen t,he
spl::rical and cleforl_ed calc,tlat, ions is due to the presence of the d:_/.2 co.n_po_el_ts
in the quark wave functions. 'il?l_eamount of cleformat, ion ma,y thus be qual_t,ifie.d
in terms of the amplitude of the d3/2 compormnt of t,he quai'k wgwe functions a_d
is found to be 14% for the deformed calculations presented in'li'able 1. Another
measure of the depart;ure t'rom sphericity is the standard det'or_nation parameter
which is/32 "-0.26 (for the quarl,: scalar density) in the present case inclicat.ing an
oblate deforrna.tion, As the numbers in the table show, l,l_is _noclest deforntation
has profour_d effects on the nucleon properties. Deformation redt_cc's the ul/d l
versus ,_l/dl. splitting by 6!)0 _Ie\: (to only 224 MEV), increases the total mass
by 353 XleV, cl_anges t,he magnetic mome_ts by about .15(/_,and reduces gA and
(21rrNNby nearly a factor of three l:,utting them in esse_ttia.lly exa.ct agreement with
experiment! (Note that 9A a._d 9,rNN are constra.ined to be l)rOi)ortional by the
C;oldb..rger-I'r_ennar_ i'elation 9:IAI 9,rA_N/_, which is realized at the level of
.'/AA:I/g_rN,VI%= 0.961. (0,785)for c)ur deformed (sl)herical) calculation,) Perl_aps
the moststriking difference 1-,et,,vee_our calculations and those for the l_edgehog is
that our pion field (a_cl hence, its contribution to the nucleon _na.ss)is lllttch sl_a.ller
than tlia.t of the hedgehog, The weakness of our :,rotield is closely connected witl_
t.lle det'ormation ot' t.l,(.,quark wave functions, l.lecall that t,l_e rr0 ti_:ld has a cos 0
sp_:ttial dependence and is t,herefore sl,rongest at tl_e nucleon "poles" al_d vanishes
at tl_c "equator," Though the into,faction of the ctuarks with l.l_is tield is al,tractive
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for ,rl,i and d I _md I'ep'ulsivo oCher.wise, l,lle t,ot,_l n_tc:.leon c;net'gy is rniJlinlized by
Ininirnizillg tile ,"r0-qllnrl< illtc_t'a.ct,ion, III i,[lc,l)rc-!senl; model, t,/lis is a.c.c:ollll)li_:hed by.
nn ol_l_te _let'oL'nla.l,iorl wllich ell'ecliively conc.:c:nl,r_d_,s (,lie qun.rl<s in t,he "c!qu_:_t.orinl'
regic, ll, In t,urn, t.his weakens l,he vr0 source nrlld tilla.lly t,lle _::eera.ll _'0 .(ielcl s(,rengi, h,

li_xcel)t for' I,l_e ma,ss wllich i_ s_tbjecl_ t,o sizezd_le rccluc:t;iowis due t,o cc_nl,et'-ol'-

mnss col'rect, ions, t,l._e,defot'med calc'_llnl, ion's of t,he 1)ml._C.wt,iesoi' t,l_e lluclc:oi_ npe
i,u cxcellclll; itgl','('lll(:lll, wit,h C'Xl)e.t'itnenl;, l')"url,l_erlnc;ce, rio pa..rnn_ei;er co_nbil_n,t, ion
collld be [otllld. which gn,ve even '_'emotel!l co'nli._ar_dalc::agreen_ent, [or 1;l_e.sl)heric_l
calculal;ion, ])et'orma.t.,icm is eviclenl;ly n, cruc:ial degree of freedom in t,l_is inode.l!
Aga.i_ cxcepI, fol.' l.,he lna,ss, our defot'mc'd calcul_._l;ion ,.ct;ires a, __lesc"ript, io__ o17thee
l_uclcon wl_ic,h in t.llmost, evet'y insta.nce is COml)ar_d.)le or S_l)erior t,o t,h_t., of the .,
l_edgehog, The, vallle.S of c],4 _illd _rrNN ill l._tU't;iculatr are l'ntLc]l bet, tct accounted

['or by the deformed ca,lcttla.l, ion, Only ot_' value for the c:-uucleus c.omn_ttta.l;or, a'8,9

cr_rN, is in subst, a_,t;ial disagreerneni; wil, h experiment 9 _md in fact is some, wha.t, worse
titan t;he hedgehog result, R.ega.rdlc, ss of llow t,l_e t,wo modc_lst'a,re in cOn_l)a,risons
with cln.ta., perl_aps the most, il_l,e,resl;ing r(-.,,sult_is t,hzd, they require such diil:erenl;
il_l)Uts 1;o describe t,he nucleon, In fact, ou.r cedc'ula;ions do nol; gene_,t_l:e a bo_trtd
system when xx'_:_se l,lle l_irse'_tnd Ba.nerjee be:sflit; p_.ll'a.lllel,(:'.l'S, 'l.'hese differences
in Va,lues of _'v and _-_._are ditt_cull, t,o unclersl, a,nd a.nd provide _:t,sl,rc)rig iucent, ive
t,o undersl, a.llcl I_he.t'ormnl rela, tion bc-.'t,ween d.eforrned _:md hedgehog solul,ions, 'l.'his
will be l,l_e sub,iect of _ fl.it.,1.1re 1)ul_lication,

\\:bile differences beg_c.n " _'_" ' c.l l,he l_edge-,e besl;-t:it, pn._'amel, crs for t,,h¢_dc...[(_mc.d an .

l_og solut, ions _tl'e noteworl;hy in t,l_e.ir own rigll(,, (.he specific va lue.s we find ['or 'n_.,_
and nz_ ha,re t,heiv own interest.ing implica.t, ions, \'Vement, ioned a.bove l,h;_,t ILvbrid
models s_tch ns ours do not, give gd)solt_l,e continemenl;, The en.ergy scale o.n wl_ich
t.he quarks nrc e,/J'eciiw:,l_ confined is given by the quark 1.)indil_g energy, In l,he
Birse al_d t3ar_(_rjee lledgel_o,g, as shown in '.l.'a,ble 1, t,his eilergy is ,--,,1.70MeV, 1-35,

takiltg the ax.'e_'age of our qunrl,: bindi_g energies witl_ weigl_l.s fixed by the SU(6)
wa,ve t'uncl, iol_s, our Cluarl< b'i_clil_g e_e.rgy is t'ou_d l,obe 900 Me.\/ (1125 Nie,\:)

l) _ ' a ,for t,l,e cleform(,.,d (Sl:,l_erical) ca.lcule,.tion, Thus our quarks _:t_'es't_bs/:a.nt,ia.lly (_t.l,ct
confined t,ha._ l:,l_ose of t,he hedgehog,

Assessing wl_ich cr-m_-_ss is n_ost, physic_d is a, cha.llenging 1)rol)lc.'.rn l)rincipa.lly
beca.use l,he o is not; physic_-_l, However, most workers in 1,his field lt_zve t.heir own
1)reiuclices. 13irsc and Banerjee, for example, seem hal)py wiLh (,lac'ir va.lue of t200
l_[e,\: because ii; is consist,.nt,e' wiCh "i,ha,t observed from ,"rN scagt, t.'.ring t_nd (,l_c:.'.ob..
servecl ¢_(1.300) rc.'sol_a_lCe," Our l)rejudices are solnewl_al, dilt'erent, '['l_cu'e, ha.re long
been suggestlolls of et very broad o-resonance a.l, _d_oul, 600 Me\/, Not, wit, l_st,a.ndi_g
irs glaring absence from the Parl, icle Propert, ies l)a.l:a. Bool<lel,, l,his o'-lneson }ta,s
pla.yed a I_rO_ni.ne]_l;role in nuclear pl_ysics, In t'a.ct _nany of l,he argume.nt.s in fa.-
vor of using t;l_is mythical,, ct-meson l_a.ve t,he same tla.vor as l,hose tl,.cd,_t.o ,i_tst,ih,o

tl_e ,_.kyr_ne model and its ofl'sl)ring, [t,s l)l.c..c:,nc",s,'e:, is cenl,ra.l t.o tlie Qltl) inoclels ti
_nel_t.io_ed al:,o\,e wl._ere if: l)rovides t,he st,rong isosca, l.e_rat, t,rnct, ioi_ which, wl_en

I>alttnced I)y l.he. isoscala.r repulsion from l,he a,,, yields t_ll econo_nical r(._l;-_.t,ivislic. '
descril)t, ion of _]_nny aspect.s of nuclear dyl_amics, The rel;.t.t,io_sl_ip - it' _lly - 10(:-
1,we.en our o cOlnl>Onent, of l.he chiral fi¢.,ld ,-tl_<.ltl_e c.rof _clear l)hysics !_t_snot, be<.:rl
establisl_ed, ltowc.,ver, t,lle facl, that, l,l_eir m'ds,:,(,s....a_:. co_npat, ible in o_r mo<lcl gives .
_:_1,ler_.st,some encotlrag'elnel_t; to l)Ul'stlc l,l_is _lUeStiOn,
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\,Veha.vci_cc,tul:,tlt,ed t_tlcLc;otll,rc_l._c._rt.ic,srising a. Ilyl_rid chiral iI_c:,c:l_l,lvlst.c'ad
ol' olr_l,lc:,yit_gtl_e nod..g_.,'¢_hc.,ga.nsa.t.z,we lid_,,¢_c:ov_l_nto_la, Indian Iic.,.ld,_c:,ltit.io_l,,,,,ii,li
v,,,..'ll,.lo.line:,,.)'l.>ina.lld isospitl l>rOi,:'c:.t,iolls, Otlr lnocl_;lallows l'or Sl>a.t,ial dc;lbrnl,.i, ion
of i,lxo.nuc:lc:o_l, Ii_,,,elLt,hotl,gh t,lxis d(_forn_at,iorl ie_n'lo(h..,.st,,it; is c:r_tcial in I,,rillgiv_g
aboltL _l.grec_'lllC.'llL wit,h eXl)c_ri_lio,tlC,(2Sl._ec:iallylbL'quattt,iI,ios likt_ tnagnc:t,ic tnotltonl;s
at_cl9,,i, Our host,tit; involves cmly I,Wo l'rc._',el)a.ra, lllc.,,ix_rsa,fid is gc.vlOl'ally,', Stil_t_l'ic:_r.(0
t.lli_i, t_,t'tllo l_o_lgc'l_c,_Wit lh '..'rv ,Liltbrc,__t,,,';dtt_,st',_r i tu, I_ara.mc,f,c't's,()ttr sc:,ltliic,vt
_1::_o,.itlfi,.r_t'ron_t,hc.hedgc.,l_c.,gby l_aving a,n'_ttc.hweaker pion li_;l_l, I!',lttcidal,itlg t,li_::
i'ortnal c.,._v_.:vxec.t;i.nI,_.,(,,,vc,c.:nc,lt_'ddor_m,d sc:,lttt,ic:,t_r_n,.lt,lu_ I_edg_,l_ogis a. l_igl_ i_ri-
c,ri_,y for file l'uLurea.sare t,roa,t,nlcnt, of sea.qttat'l,: c_,lt'ect,s a.tld l,ho st,udy ot' a, l_Ossil_,Jc.'.
conliect;iovl bot,wec_nt,l_c_c:lliral field of L,l_o.mtclec,t_ avid i,l_o_-tic;lcl oi', c,,_./,,QI-ID,
Of l_igl_ost,i,ric,rit.y ts i.l_c:sl.tt¢lv of i.lte c,fl'oc,l;,sot' full spill a,_,disosi:>it_l:,t'c_i_'ct,ic.,_t,
'l'lxe l'ortl,cr C,Sl_eC_'ia.llyI_ay loa.clit,o major _uodilica.t,ions of t,lxc.,,ttnl_rO,i,c't,ed t'c,sttit,s

. 'l_resc_nt,ed here, Such l'._rojec't,ed calc.ula,'l,ton,_a,re i.u 1.,rogrc2ss.

'-_ iI 13 <"L, I., ,R., Skyrme:,. roc, f/,, ,_oc, 1;o_c.loll A200, 1°7 (1961),' Nl,clcar 13lo'sits al,
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' 17,× '_l)heric¢al l),_,forlned l{edg(.,llog pellr_ent,
n I | ._l_t l [ "'" iii i .LIL I ...... ',11 I II.

(/_'I,.-7tt.)l .... 1328 MeV -950 MeV -,169,5 ........

(E-. m) ,11.3,,XlnV 72,[ MeV _, .'r _,
....... :., ._--. _ _ , . ,

' j,33/1086 MeVAIN 114.9/693 MeV 1.502/.1.1.58MeV 1116 MeV _'
.... . , ,

o,71.rm ............
•...... i .......... , ,. , :. ......

(r"}_h:e 0,66 fin 0,70 fin .... 0,85 I'm
, , ___ ,, , ,__ - w............ : ............

pp 1,7!) nm 2,85 nln 2,87 llln 2,79 nln
,, ,, , ................

tt,_ -1,54 11111 -2,00 IlllI -2,29 nm -l,91 nm
...................

gA 3,63 1,255 1,86 1,25
, J ............ , .............. , ,,.. :

97rNN m_/2:lt 3,,17 0,98 1,53 1,00
, ........ , ........... : -

c%N II5 Me\/ 118 MeV 92,5 MeV 59 MeV
i ....

Table I erimental an , J.n_>spherical a.nd, l.?,xp d calculated nucleoll propeet,ies "_' ._
deformed cal.cultd:ions ,'(,:.f:.reto the present work with rnq=1200 MeV and m._,=(:;00

,'" , (, ','e e =500 hleVMeV l.he hedgellog ('alc.ula,t,ionS a,rc, from It_fetcl_(.: 3 and assure rn,q
a,nd m_--:1200 MeV, .1.1lec[uantity (I._- m.)l is the I)inding energy t'or the "1 and
dI si.llgle quark wave. t"unctions while (E ,- rn)2 refers to the ot,her pair, RMS ra_lii
for the vector quark density and t,lle prot,oll charge density are qL_otedalong witll
proton and neutron magnetic momellts, the axial vector (:.OUl._lingconst,an(, ant[
the rA:N coupling constal_t, _jLco'-nucle_ls comnlutatov c.r_Nis (liscussed in, e,g,,
l].efere.nces 3 a,nd 8, Both l,he tlucleon ma.ss and t,l_e average .N-A lna,ss a,l._l_etu"
fOPtile exl-)erirneI_t_l value of 3IN, Values wit.h and without; the (:enter-of-lnass
correction are displt_yed for our spherical anti cle['ormed ca.lct_la,t,ions,
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_, Vncuunl Polnrlzatlon in n l.'itllt, e Systev.n 'I.',CI, Ii"ert'ee.nnd ,J,];{,,,%.'ltel:_nrcl

'l.'lle ttttclc:ttsc_:_ttI-,evic.'wed n.s _. n_l_:ttly-I_c,_ly.'-;ysl,em oi' t_t.tclooIisittCernctivlg vi_t.
t.lxeo×clt,:tttg'eot' vit'l,ttnl lll(?,80llS, ll.lld [,Jl(2\,Vnltac.l<_Lilao(.lt,l (Q,I]I).-I) Ii,':tsI:,e¢,llvr.,ry

sttCc'essf'ttJ ill c.lc'SCl'iJ:_ing t,ho, IIILCltr3Lll' ,.':,t,t'Uc;Ltll'(' oi' c:losed-sllell systerns ['r()Ivl I,Jl[s l_oillI,

c,['view.[ t] 'l.'he llttcleons i.tt'et _,l,:,,ili,c,I,c:Spilt-:! I',C,itlI,l:,;trli¢'lc,_,lo.,'_'ril:,,,,JI_,,Ilio Dil',tc
, etlt.l;:tl.iorl, cotiplod t,o I:,oI,lt i itLcrrt3¢:'di;d:c_,rtt.ltgc.:,Lt,rnct,i x'e nl_d sllc)rl,-l'nllge l'C,1)lllsive

tnesolt fields, II, i,'.;well [,_.IIOWII t,Jlnt, t.lic.:I)ivnc C'qtla:l,J,iOll l)l'C:dict;s l:lte c-:xist.c:ttc:eo1'
no.g0.t.ivc:.ellt'gy pnrticles _vhicll c_tvltlol,I:,e igt_oved ill _, consistetlt; tl'C,/!ll.lla(eltt,()f t,Jl(3

probletn, lit' p_rt, iculnL', virt, u,d p_trLiclc:-atlt.il_nVtic'lepvtir pt'oduci, iott, oy vncttunl
polatt'izn,l,ion, ill the l_xc:.;on 1)roptl,r.rn:Lors('_.lll_:i_;nific_ntly iriiJl.l(?ll('.¢,' I/1.ICIOIll' SLI'tLCI,1II'(.',

(_'_t'Olllad SI, g.L.LOcz_lCulz_tionsi_ Q[:I1)-t usunlly erl_ploy t;lle self-consisL_,l_t,ll,ri, l'c:,e
nl_l)mxirnni,'ic,n, wl_icl_n,sstt___c,_-;i.h_ c,,acl__lttcleol_it_t._,rncLswit.h the ttt.tclc:,ttsI.l_rottgl_
I_a_.ckg'roundc.',la.ssicnlliieson Ilo,lois, So l'atr, V/ICI.LIIlll pol,.triz,tt.io_t l_s eil,llet' I)c-:enig-
t_ot'e_.Jc_lt,irely (MI.a'T) of included in v_triot.ls'l'llon_x.s-l)'cermi_tl:_l_rOXlttln.t,iotis (LIDA
_-_xc:lI)11i_;),[l_ is pos._ible, lic'_wever, t.o inclttde t.hc2i:f['ect,s of vnctltlm polnriza.tion
exactly wit.l,iti this model; l,his is known a,s the ]).',x_t(:t_llel_.t,ivist.ic', l-l_._a'trc:eApprox-
ivnation (I!',]'(..I-IA),

The inodel QtlI)-I is _lefined by i_ Ibngrnnginn _lc:t_sit,y in wl_icl_ the tiucleons
interacl; vi_, 1,heexchnnge c.,f;t repttlsive tO-.III(2SOIL \'(ICl,OI' field 1,7/'__tllcln.tt _._l,tt'ztc:tive
o..meson sc,_l,.ir field _t:,

L,

I 1 " "'V/' ' '--;;.(---1,),,,1;'/' ....r,_', I'/,) + L,:,

Both t,he vector ttnd sc,tla.r _esc:,_ls ave isoscatl,.t.rpa.t't.icles, Also ix_c.luded nrc.,,coun-
tert.erms whicl_ a_llow t,he rc'nornt,_liza, i,ion c:,fdivergc._nces _rising wheii l,he inlinit.e
numbce.t' of neg_t.tive energy nucl(:on st,a.tes is not, ignored, The coupling para.me-
t.ers .ga ;stv.lc:l:.lt,,ire del;ermined by solving l,he int:init.e nuclen.r m_-_.LLerproblex_x and
adjusting them ttL_Lilthe Ilttcleon densil, y n.nd the I;'c.t'milllolllc:nl,t.llll C:ClUed1,hose
given by expc'.riment,_t.1cla.t,t., Since t,he o'-meson is lici,icious, _t_..,,is ent,irely _. free
l)_l'anlet, eL' in this model, Note l,lin.Liri the vesl; .fr;tree of t,lie groutld static' nt.lclous,
I..','(,)=

As _ n_oc:Iclc:,_Icul_:t.t,iol_,\w-.,c:oi_sideri,heli_tit,e proble_inon_:2sI_nt,i_ldimension,
iinposingperiodicbotlnd_ryco_iditions,"I?l_eperiodisc:hoselai.,obe Inr'ge(20-:"I0
I'm)co_nparedtoi,l_esizeoi't,l_etulclcus,P;,rityist.l_e_.Il_I_gofanguI_u'inomeltt.t_m
inone c..lilnension,_llclI)ot,h nuc.lc..'on_.tl_dtnc-.,sonIicl_Isat'c::p_vit,y ,,igenfuncliol_sin
this c:;.xsc,.Also, l.here can Ive no illLI'insic spin ill c,tlc2_litnension silice t.l_,rc, is n_o
w;-_yt.o sa..Lisfythe _mgule_A'morn.ehi,urn Comlnttt_ttic, li velt_.tions,

_\"e lt_:tvesolved t.lie MI""]7'1.,voblcn_in one Sl:,_tti;._l_:limcnsion t'c_t'N:.-:%_tuclci witll
l tl_rougl_ ,l closed sltolls, In this ,:tpproncll, one I_egins wit,l_ t_.re_isoLl_._l:,legttoss for
the _n,.:'sonf:iclclsa_lldnunlel'ic,tlly c_;tJcUj;tl.es Lilt'nucl¢.!Olleigenst_xl.es, 'l'lte occt_l:,ied
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st,_di_st,hetl bec otne sottvcc,s for I,he lnea:,ll {iel_IS, In M ri'm..... , c,l_lv tlm i:,osll,ive etlol'gy

evolv_ l,o n, a.,ll'-coll_Jst.etlt,soltlt.lc_tl u,llich no lotlqet' _:l_l_c:,ll_ls,_.,nt,lie inll.i_:_Ll,.;tl_::ss
_rln.de1'o_'Ilie tnlc,so_ i:ic:lcls, I.aig_tre I. shows t,l_e rest_li.s i_l I,lxc.,,crisp, o1' I,hreo clo_i

sh,lls, ',vllicl'l is I.l_eone _lil_c:,tlsionn.lvmalc,!_c,l' 'l°C,n., l;_:_scdc,n t,l_c.,,sell'-_:c,llslst;e.nI,
_nc_sor_liolds c,_c:c'nn c.c:_ilf_[.t'ttcl,_1, I)nsiS oL'" IlUClOOll c!igc,_l_._i._dc's_1.11¢:c,ril_U_ol_nlil,y

l,oc,l l)en_it,y Apl_roxiln_ai,iot_ (l,l),,\),[_} Il_._t'c'the sc,_trc'c:.,,of I,l_escalnr fiel,:l i,_I,nl<c,t_
to hnve _ ileg_t.ivo c,lievgy cont,ril:,l.ttiorl eqll_:_llo t,l_n.I,in t,he.. i_llinil,e s,_,sl.,i:,vi-t_I:_tlt,
wl_c:'retilei,ltr,raciiylgn**_'l_,c,,l_,l_s:.__r_.':- '_.--L/..,_!_l'InsSl:,al,i_tl_lol_c'l_dc'r_co.I,l_rottgll
I.he,'-;caLnrIic.,I_I4'(a-:),

:,!/-)(,)= ....,,.,.*+.,.,,'I,.!'Z.'-]
"iF 1II,

solttt,iott. /\ qt.talit..,.l,ive ,lifl"c:.rence,however, is I.Ilal, in t,l_c,I.I)A solttt,ion t,lic-,,,-;c,tlar
SOtll'Ct'-_ 'iS sliglll.ly Int'gc,r lllntt tile vec.t, or s(Jt.ll°C(.31, _.l,q ,q{:"(!lt iFl .l:"igl.lt'¢_"2, 'I'}liS t'{:,'.;'l.lII, iS-

also u]_lil,:et,l_eI,I)A rcsttlI, irt t.lxt'_:edivnc.,ltsions, u'ltere \'_.lC::l.llllll l)olarizn.Ctc_tl_,rducc,s
lhc st,rellgl.}l of file sc.'alnr S_._UI'Ce, [}le. I)c.'t'iv;ti.ivc_l.,Xl);tllsiol_(})1',) is _tll il_ll:_t'c_vec:[
'.l'}loln_,..q.-l;'c'rln_inpF,t'oxi._lint,iolt whicl_ inclucles Ilte deri\'nI.iw:s o1' I,he _llc'sc:,lllic.:lds,
bul, stlill nsst__c's I.h;t.L,l,l_,::_t_c,leon wavel'tlllC.'.tiOllSI.,el'_tvc'.Iocnlly as I:_lnlle wnv¢:,s, [:-II

Work is; currc:nl.ty i_l l:_rogress t,o invesl.iga.l;e n. sell'-co_:isl.ent, nl,l:_lic,tio_x c,t' t;lle I..)1'3
t.c:,t.lie,one dil_ernsioual /i_it.e syst._.'n_,

'l.'l_e I_lost,i:,l:,vious _l'tet,l_oclof Ilnl_cllitlg V&CILIIllli:_c:,lnriznt.ion_,xnci,ly lrlztkes rise

,,t' t.lle ;.;[,<,<.'I I.'gll !.!',l.'C'Cll I'l.lIlCl it, II,

(1'

Ilo;re 1.liell'LeSC.II tield SOI.II'CC',Sinclude corll,ril_l.ttions t't'orrl t,h.eilifiliite r_url_ber of neg-
nl,ive e.liergy ,_tlc.'lc,olistia.te.sl<nown a.s Lhe Dirac so,a, Pc.,.ric:,dicI)oundnry _,ottdil,ic_v_s
diSC.l'eLize file _ll:,otind coiitinttum st.a.t,c-'.s,so I,lia.t,each st.ai;e lna.y be labeled n.ccord-
illg to noc.les and F,a.rit,y nlld solved for rlumericn.lly, '"" ,._.nc .I.)irztcsea, cont.ril)utiolis ;_v.'e
rendered .l:inil.oI:,3, choc:,si_lgcourll,t:,rLerms il_ sucll a,why l..llal,II-lerllvsc:,nSOIII'¢.?(:'SV_lll"

('tish in file vacuum. ,._ttrnnii_lgexpliciLly c,vet' art irlli_tii,e tittt__l:..erof tt_%.t,i\'e (,l_el'gy
sial, es poses ,t, iitll_lc.:rical I)l'C._}:_lelrl, but, at'Lel.' I'(:'llOl'lllliliZi!LiOll Lilt! r(,sttlls t,OllV¢_l'l_{. °

(")liCe(,llC J.liI,S lrOllq2",.l_:ep_:llot_,2;h"into l,l_e l)irac-' ,'_ - 5('. d,

,.\llc,ther e..',:acl,I_CI,llod makes use c:,t'tile. n__t_Sl:,oct.l',lg.t'_:_'llI'/lliCt.ic:_tl,['iI

C;'_' (.'', _';''' _ = _ [ ','' ',', (:'')r',J;_. (V)(_ (. v --:_' l)" _ ''I' _, ( _'' s) ''1;I_ ( V ) 0 ( ' ' ' .... 'V ) ] ( ' _ )

'l"his tnet.llod lldts l)c:¢_li al;Pliecl tc) a. finit.e syslenl [":'], I:,ul, ilc!\'er bc:'for_, in n. self-
. col.t,'.;istc.'rlt:nla_nc'r in(:ludilig I,ollx vector alid sc:alltl' Ill(._S()llS,
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'!.'.11<._,sp¢!c't,r_llund ilon,_l._(,¢',t,ral gr(:c_tl tuncl, l(_llm_t'(', :_,_'ctet.l?/(:,ClUlVa,l¢:_tll,_ _,,,lllcll
pr<Jvl(.l(,,_I_ll (;,xc_,ll(.'.1_l,v(,rillca.i,ic,l)of Lh(,;s(_(_IxJ('.i.tlr_Uion_4,'I:"I)(_tmrl_l)(,(.:i,ral _l_l:Jroil(:h,
llow(_v(.,r,will llz_.v(:,_.x(.Iv_alxl,i!_g(:_la._(:rwl_(::,r_li(:)rlliI_l ,.n(_d_(I_.I'A:)(,×cii.ai,io_l._(_I'[1_(,
[illli.(..'.sysL(:,n_ul'(_ illv(_,_ti_;_:_.t,(_d,Work i_._w(,ll ii_ l_r(_,i!;l'(,_,_llsii_!; l',('Jt,l_ I,I_(:,_lJ(_('.l,rul

t_;i'(Jlill(is{a,t.(:_,$,sL(.'lri,

1 I.],1) ,,(._i'ul,alld ,I I) \Val(-,('l<i_,,A<lv, Nllcl, I"liy_, l,fj ;t,.r<_(l!:)6(':i)
',] (:',,J, llc._i.'<Jwit,z aliCi l'],l), _(!l'cit,, l:'li$',_, I,(_t,l,,.1.,1(,I]],18l (11)_<1)

, " i) l_':._ I{,,I l"(:,rry, I:' 15',_ I,_,i.i,, I_ 18,.,, 2fJf.I(1!),.0)
, ..,, , , I-_ll$,,<J,I/._:_v,(,', _7_ I,1",]0,I ,J,'lL ,_li(:,l)ai'd, I"_,lt.osl., (" Y, (.ll_(:,tirig_,.I,,\ lklcN(,il, ,

( I<'<_<__,/t301

.., l_hy,_,lI(:v, (_I,l:t, .1_,'$:1,( l,{J!,)() )r) l:',(l .I]llill,l(:'ii,
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9, Seconcl Orcler Processes In t,he (c,e/d).I.tx._ac',tac_rl P,I), I(_ltl_ and l[,l',
, l:'llok (NlI'_lt 1;;.1!')

'l'he (c, eld)l<I_ockouL venct, iojl lea,ring t,lm deuteron in it,s ground st,_:_t;eallow_
ovte t,o study certn.in asi)eL.ts of nttcleon-llucleoll corrc,ltcliions in lltlclc'i, l"(c'c.entsItigh
,lllalll v ,lal.n. t'roln NIKI-II:,I;'_lllows tlm Ol',pot.'l;tlniCvfor lhc e:<t,ract.ic_ltc._t'these fea,.-
I,tll'eS 0[' lltlClear sl,rt.lcLt.lre, _['lie tlet.lCeroll l,:nocl<ott_dil['et's 1'rein tile proColl I<nock-
oul; reaction irt (,had,Ciaeoi.tC going parCicl,' has sl;t'l.tcCl.lreal|d [Cs clecripClon is lltore

colnplicatecl, ['n order Co t'ellnbly exl,t'act t,he sl,t'ucLt.|re inforrnaLioll Ciaerc,aci, iola
lnccllal_islla Illtls_ I)(, tlliclerstood,

I.]y rleglecl, illg file, Coulolnl)dist,orCions l'ov the elecCrorl olle can use plalle wave
sCalx_sand Ciae'Cvansit,ic)n amplitude in tic'st; orcler 13orn appro×irnaCiolt may I)e
illoddlctl as ¢leuCc:rortpiCkUl)I)5' __llglaCtiLt,it,ieus parOle.le of naomentum q,

= I,t'0(a)I (l)

I.Iere f,(O) is CiaeC,ouloml)ampliC_tde, Xe(R)is a dlsCo:'t,ed wa,ve for cl:e cleuCero_x
c:¢:llCerot7lnass ntol, iola and q ,1¢iare t,he molnenCum tt'a,nsfer and init.al lllolne_tl:t.l_n
of t,l_e elect, rort respecLively, 'l.'he forln 1'actor ,lh is an il_.tt:gra.l of tl_e deut,ero_
ground sCa.tc wa,ve fut_ctiort r,_o(r) xvit,l_ the overlap bet,ween I,lle init,ial nn¢l linal
target st,al;es lt(rp, l:n),

./.(a) (¢,0(,.)Ic"k'",,,'p,,'..)}

'l'.'his a.tnpliCucle for [,lte l,:nocl<oltCreact,ion l)as l.he same ger_t::valst,v_lct,ure as (:l_(_
real, fix elc,rr_el_Cfor tlm two l_tcleon t,ra_sfc, r |'ea.cCions ('PH'f) s_t;lt as (p,a//(.),

lt, '_swell known ChaC1,1_¢,(l_rect,'first order C¢:rtn(lees nel a.¢lc.q.tnt,!.ly", _ , clesct'ibe _
ffl_ If If , . , ., i _tthe 1.i'q.t at::,_cClo_,.,and l.lla_;secon¢l order p'_o('¢._sscs..... s_t¢'ha,s seqt_enCial C|'n,nsfe|' are

r 3 :'1iml)ovta|aL, l.hc. derivation of the second order l)ro¢'ess¢'s..... la_ay be fot'mulal:.'d via,
l,wo dilI'c'rent, ariel,hods of exl)ansion of Ciaeexact, t,l'i:tllsiCioll aml)liCude, [n l;hc' lit'sL
of cl_cs, tile ve_t-' action may proceetI I)y the l,:nocl<oul;of i_ deut, eron l,c) _,nt: o1' it,s
co_t,inuurla states followed by Ciaetransit, ion Co its gt'ou_td st,aCe via, the il_t¢.,.racCiolt
of the clett_eron wil,tt file hi,clear lit'ld I)et'ore eSCal)il_g, In tl_e s(_co_¢l 13aet,t_od l,lte
ojectiott of t.l_e dc_tt,c,ror_ may Ive considered as Ciae I<_ocl<o_lt,_)t'a,l)rol, o_x wil.l_ I,l_c'
sl.tl.)Se¢lttenL l_icl<up of a. r_cltl.rOl)I:,y t,lte c)ttl.gOillg l_rotol_, If l.l_c'col'l'c,cl.ions t.o ali
orcler xvert: '_s¢:d in eaclt ot.'tile two _nel,ltods, t,llc,resull:ing C,I'OSS section,s wot_ld 1.,e
idc'x_li¢:a.l,llowex'( r, l runcalions incise bL, _.a(Ic' ill ot'tler to itllow COml)_t.at.ion of 1,1_o
rcsttll'_ alicl Io det.er_rline wl_ich _neCt_odgives a, 1)ct.tor descripl, iol_ (:,t'alto,veacl.ion,

11_l.lie fil'sC _ncCltod (.tllc_cc,t_l.it_tt_tl_l_xode:l), l.lte l.t'arlsit,iolx al_ll:,lit._ttle,c;llt I.,_.'
c,,',:l)rc'ssedI_ygeneralizing the outgoing (le_xtel'ortwax'c' for tl_e grecised sl, ltl, C' ill (1) 1.0

inclu¢le tl_c: ,;Olll.il-ll.llll]-iclxan_t,ls t'ov l.l_e d(_,_l('l'c)l-_il_tel'lla.l l-_lolioll, '['lto _rnl)lil, tlcle
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f (0) I ("/
'lt

where

./,,(It)=

Iicre, the slim on n denotes sun:matior: over the bound and in:egret:ion over :.he
con:ira:urn set of deuteron states. The summal,:on is truncated to include only

the s states and the distort, cd wa.ves X_(R) may be solved for by _ suita.ble

discretization 2,a of the co:_tinuum, ek prelin:inary calculation Of this process in
a schematic model is showl: in Fig. 1 a.s _ function of the nun:ber of continuum
states included in the calcula.tion. The ca.lcula.tion converges rather rapidly as the
numbe_' of channels is increa.sed and the main effect is to renorlnalize t,he cross

section by factors of 2-3 over the g:'OUl:d state only case (one cha,nncl).

In the sequential knockout method the second order ter_n can be tra,::sformed
by a post-prior interchange of :,he pickup intera,ction giving rise to a correction

term. This t,erm can be shown 1 tO exactly cancel the first order kneel<out ter1_:
lea,ring only the sequential knockout for the amplitude through second order,

= .r (o)(xo(R)4,o(,.)l
: (,3)

.l 7;- .ICp lJp

where tlm zzp and **,, are the fo:'l-l.l factors for t,lm knockout and pickup vertices in
the reaction.

Although this amplitude is of second order it may be calculated by recasting
it into a, solution offset of coupled equations. Inorder to facilitate the solution
of these equations a first order range correction to a. zero :'a.l:ge approximation is
u'sually made for tl:e interaction V,p. T.he result of this calcula.tion is shown in
Fig. '2 along with the7 channel result from Fig, 1 for comparison..As seelt in lhc
tigure :.he sequential knockout cross section is almost an order of lnagnit.ude larg(-,r
a,t, forward angles than the continuum case: \Vhile the range correction for a (p,d)
reaction on the energy-shell is usually small, the l?rOl?agator t'or tlJe i::lern:ediaie

protc, n state g:ves' :.ls:."oto a large off sl:ell coral?Oi:en: to tllc ra.:lge COl'rection 't
Prel:lninarv. calculations illcluding I.?oth of l.he off-shell te.rms to ti:'=st,order indicate
that tllis correction is as large as the n:ain term, This is in col:tta.sre 1o tlle (1),t)

reacl.ion 5 where t.l:e range correcl.ion is rather small. Since the otf-slicll correctio::
: is large, a, li:ore (:,xact n:et.llod ot, evaluating the transition amplit::de using full

finile ra::ge tecllniclues :_:ust l?e e:nployed.
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In Lq. 3 the knockout ver.tex is local and t,he intermediate prot.on wa.ve may
be' derived from a set of eel,ta.Lions wit;h a, source t.,erm,

(E,,- _(,,- u,,)x_(_:p)= ,u,,,(_,,)_,,1.r,, (4)

. wllere .k'_-(rp) has t,he I;oundary collditions Of outgoing wa.ves only, 'l?lte t'esull;ill_
t.rai_sit,ion a.naplitucle is

,1_= J;(o)(x;(a)vSoIr)_,,,,(rnp),,,,(_',,)X;(_',,)). .5)

1"3 "1Iht_ pickul) vertex 1Tlust be treated in finite range wit.la _ ,'eadily ;:Lv_,ilabh_finite
range distorted wa,ve computer program such a.s D\VUCK5 _. Work on tlm con-

' /,'ersion of the finite ra.nge progranl to a.llow for the calcula.tion of tlle tra.llsit.ion
aml)litude without t,he zero range approxima.l, ion is in progress.
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the 1 clla,nnel and 7 charlr_el cases for the rontin_lllm, model,

,t2



I

t

10. Sea COl_f_ri, butions in Dirac RPA for Finlte Nuclei ,J,IL Sllel_arct, C,,li;,
Price, 1);,.It,est, and J.A, McNeil

Quant,um hadro-dynamics (QIID) is _ relativlst,ic quantt_m field theory of n_L-
clear dynamics I One of the features whicla(tls:lngl.lislles it groin non-relativistic
formllla.t,ions is the l:)resc'nce of _Lilegative energy seaot' nucleons wllich can int(_ract
dynamically with positive energy nucleons and t,hereby affect l)uclear prop('.rt, i(3s,
.[hc earliest fornlul_i,tions of QItD simply ignored se_ effects; these are referred to a.s

mean-field theory (MFT) treatments. Later studies examined sea contributions at,
the one.-loop level for nuclear maltter_2, and--utilizing the nuclear mal, t,er results in
a local-cle_isit,y a.l)proximation (LDA) .... ['or finite nuclei, :_'l:hese models constit_te
the relativistic.Hartree al)proximation or RI[A. After indel)endent, adjustment of
model parameters, both MFT and RHA calculations yield reasonable <lescr;ptions
of nuclear ground slates and are both cllaracterized l)y t,he near caIlcell,'._t;iol_of
strong al,tractive scalar (ct) and repulsive vector (co) fields, RI:'A descriptions of
the nuclear response based on the MF'-I? ground states have been dev_,lopcd by

several a.uthors '1 includillg our group, s This MFT-RPA has been sllown to pos-

sess many appealing features including exactly conserved transition currents and
correct treatment of spurious 1- 2" = 0 excitations arising from violal, ion of trans-
lationa,1 invariance in l,l te grol.lnd state, ht addition, it fian been shown to l)rovide
quantitatively accurate descriptions of low-lying collective excitations in light to
medium closed-shell nuclei.

The RPA based on the RIIA ground state has been less well studi,al, lIow-
' ever, it, has been clea.r for some time that correlat,ions involving negat,ive energy

nucleons--which can be treat,ed in the RI-tA-RPA_are critical in describing, e.g.,

the elastic magnetic response of odd-A nuclei at: momentum transfers q >_ :100

MeV/c. lt ha,s also been observed that the longitudinal (e,e') response of i_uclear
matter is al)precia])ly quenched in the I_..I-IA-RPAwhich in turn affects, e.g., t,he
Coulomb sum rule. Again, the sea cont,ril)ut,ions tend to iml)rove t,he corr(,spon-
dance bel_ween theory and experiment. More recent,ly, IIorowitz and I icka.r<:,wicz'

have employed t,he LDA to comput,e t,he 1-{ttA-RPA (e,el) qua,sielast,ic response of
t.he finite nuclei I_C and '4°Ca. I-Iere again, t,he sea coiltril)ut, ions appeared t,o have
a salutary effect on the calculations, at, least for 4°Ca. 17lna.lly, Piel, arewicz 7 has

ml)ort,ed RHA-RPA calculat,ions for some of t,he same low-lying collective states
discussed above irl. connect,ions with the MFT-I{t_A. ltere the results are not, c'll-

couragillg since many of the nice features of t,he I\IFT-RPA sucll a.s exact current
consc'rvation and proper handling of spurious translational _nodes. are lost due to

- t.l_e LI)A. Furthermore these levels beco]ne inuch less collective than t.]_ey are in
r'_ ")eit,lter the MF I-1:1.IA or in nature.
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In order Lo understa,nd be.Lter the role oi' t,he nega.t,ive e11ergy sea.ln the response
/ - _ t._'_ ,o[ finite nuclei, we. ha.re extended our llor>sl)e(:tral 1)irac Ni1..-RPA s t,o include

' 1 1 1

vacuum, polarization efrecesat various levels of approxlmatmn beginning with Lhc
cxtreme LDA of Refs, 6 and 7, Our ca.lculat,tonal approach is based on the derival, ive
expansion method whicli has been frequently e.mployed in tlie RHA description of
the ground sta.t,es of fillite lltt(:lei, s'9 ln o,lr version of t,he 1_II,A-I_PA; we Onll)llasize.

consisLa.ncy between the ground state (or, more specifically, the singl e pa,rticle
basis) and t,he RPA. Because the deriva.t,ive expa:tls{on is still nn al)proximal, ion. to

{,al,hOleSt,he exact, renorma.lization of t,he finite system (see, e.g,, I(ef. 10), inconsia ' " "

cannot be entirely eliminated as they are irt MFT-]_PA.

The derivz._Lionof t,he deriva.t,lve expansion method for t,he t,reat,ment Of one-
loop vacuum cont,ributions in QHD has been given in many places, We present
here the important results required for development of our IHIA-RPA followi,lg
most closely the discussioll in Ref, 11, The one-loop effective action is given by

iL

P : [oc_+ [,,._+ ,,,_.o,,+ P_ (I)

where .I'.oct is the c.ont,ribut,ion from (,he positive energy nucleons, P,,eso,_ comes

from the free meson 1)art of the Lagrangian a,nd 1-'cfc iS the cont,ribut,ion from
counter-t.(:rms. The negative energy _s_'(=_cont,ribut,ion is

[ + (2)
, . f,''+ c&v(¢)t j,. + _

\. ]k /J

where m* = m 4-S= m- .q_o¢,q¢ (g,,) is tl_e _NN(coNN) coupling constant,
and ¢ (V") is the scalar (vector) field. As shown in Ref. 10, the coefficients of

rj

the deriwtive terms are proport, ional Lo the coefficient.s of a q" expansion of the
renorlnalized va.cuum pola.rization insertions, I-Ivi_ a1_d lI'v,_o. Specifically

Z_s -H _ Z_s = '"
= v,., -_.[V.,. (3)

Z1 V = q" 17I1 . "y,_,, Z,_,v = + [Ip,_,

where HJ is the coefficient of (q2)J.

"l.'he equation of motion for t,he scalar field is {'outed by requiring that the
variation of the total action with respect to ¢ va.nish. \'Ve express this field as
dz = rb0+ ¢ where ¢0 is t,he uniform solution for the value of m* at the point in
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t-.s,l_nce,. _d_out which we make our deriv_tive e×pans]oll _md _ is the v_u'intion I'ronl
(/'0 \,Vorkillg to second order inc_, tllc_equ_,tion c,,f.motion 17or(b is,

,

' ,, ,, t)_$v O_&,(m*)q,,

(,l)
where

' f d3k 2Ev(,_,*,A)= -A_ _=2-_o(At,,,)_ +,,_,*

is the unrcnormalized cutoff e.ncrgy density of the un.iJ!',r',_sc_._including M1 lew_ls-,t

with ]/,,,]= k _< A, Here ,\--,i is the spin-isospin multiplicity of (,he sea,, Note theft
P- r t _ a ,we haw¢ dropl)ed the Z.2_ trod Z.,w ternts, ]h<_ a.nalogolls equation of motion for

Lhc (time-Iii<e) vector field is

I )V_V ° _2I/° (5)- 1 - II V,_o + rr,., = g_opl:_

wlle'Ae /')L_is the baryon density. Tile equtd.ion of 111otioIl for the _tuclco_s is, a,s
1.IS11al

[__;,e .-(,,,,+,5')- ,:°v]_,=/._,/, (_)

whe.re' ,5' = -g¢,4), V = gw1° are the scala.r and vector potentiMs, respect;ive.ly.
Solving equ_tions (,1) through (6)self-consistently yields thc deriv_tive expansion
RIIA (or RIIA/DE _1) tor closed shell nuclei,

We now construct our 1UtA-RPA ba.,,mdon the RHA/DE, Following IIorowitz
_md Piekarewicz_,12,we write the full, renormalized RI-IA-RPA polarizaion insertion
&S

[I_e//A-_ePA 1I0 + I]0D01]!_ZA-._PA = cvYl'c_+ c_I[V (7)

where lI0 = I-[L)+ [[v is the free polariza.ion insertion consistii_g of ]ID due to

positive:energy nucleons and I-Iv is the renormMized sea contribul.io_x. Also, tlm
intermedi_te polarization II' is giwm by

11' = I-ID+ I-IDD_H' (8)

where the (generMized) v;acuum-_lressed me.son propagtttor D_ is given in terms of

• 45



II 1

i

i

tlm bnre propag_Lor Do by

./-Y= Do 4-Dol[v D_ = i),c_ (9)

Of

j 1.)1= I
t -- D01Iv .L)f), ( I,0)

1\ lllea,sllre 01! COllSlSLellcy \ViLli ottr RIIA/I)I:_ gt'outld sta, t,e is a,chetved by ma,klt_g

a q2 expa.nsion of l-Iv in tlm equa,tion for .D_ and keel)ing only tjlose l;erms w{l;b.
' 17,.,Scottlli;erl:,arLs retairied iii t,he deriva.Liotz of tlm o' and w equaLlons 'of tnot;ion, *-,-t..,(4)

and (5). We t,hus go to order q_ and write, e,g,, the vacuurr>dressed c,-prol)ag_tor
its

1 1.
l)l (q2 'm,*) ,-,_,

,_'-,,.,._- tl_.'((l_) (t - rtl<," °,,),z.... (.,-,,.?;+ liv,_) (1:t)' 1
: tta 2q - 11;

whct'e

, 17 - 1
. (12)o ,) - 0 '

/.,;:/4;(,,,,.')- ,_(,,,.*)[,,_?,+ IIv,_]

Similarly, for the va.cuum-clressed co l)ropagat;or,

,_ ].

z)[,,(q-,,,_*) _ ,,_q__ t.4
a,.,., a,.o(m*) _ (1 - H= IS,o)-'' (1,3)

The expansions of D_ and D_ through order q_ are quite accurate for ali relevant
values of rn,* up to at least q_ = -(500 MeV/c) :_ where the departttre from l;he
exact, results ,u'e st,ill less tha,n ,--,3%. These dressed l)ropagators are now simple

Yukawas whose ranges (ox tr-l) and strengths (c,xa/# '2) depend on the loca.1 value
of m*. This result is numerically convenient since Eq. (8)can now 'be solved for
the iIltermediat, e polarization insertion II _using techniques nearly identical to those
employed s for the MI!'T-I{PA. The only rnodifica.tions a.re, (i) a Slater expansion of
the effective Yukawas is required at, each grid-point (i,e., for ea.cll value of m*) and,
(ii), calctlla.tion of the nuclear response conta.ined in 111eltA-IePA requires additional
foldings of 1II wit,la a'.
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, _ ' ' ' ' ' ft,7,12
[0 ll"l_.ml,kO(tOlILaCL With t,[le, prevlotts work c)f lIorowltz a,ltd Ple,karewtcz,

We first; observe l,]la.t, tltelr lR.PA calcttlr_ti0ns are perf'orrned 'irt llaOlllOllt_ttl-llsi)aco
and, hence, in effect, .ll orders of t,lm q2 expa,nsion of t,he va,cuum l)olarlza, t,loll
itlsert, ions a,re 1.'eta,irmd i_z th,e sol',t.io'a of the I_1_/1¢:quation, l|lconsisl, e.ncies arise
1)c,ca,uset, lle ll,I-IA grottnd slat(-,, (or single particle basis) is colnpltl, ed irl r-space
usilag the (:xtreme I.,I)A whor,..', ,_,g,, t,lm cs equn.t,ion of mot,ion cot lll_a.rn.l:)leto l,hnt

pgiven it1 bcl, (d.)ts reducc, d t,o

i,e,, not even tim leading order contributions t,o the va.cuum 1)olariza,tiort insertions
enter into t,he det,e'rmi'tzation, of tl).e basis, Note t,ha.t ]Bcl, (1.,1) eV(elidiffers froH.!
the uniform solution in tllat the "vestigial" -V2qS0 t;erm is retailled in the former
where it; contriblttes due t,o the non-uniformit;y of pl),_ and pv,,7, As shown by
Perry8 a,nd also by \¢la, ssol]i 9 tile addit, ional derivative expa.nsion corrections'can
be at)preciable in finite systems which means that consistency is likely to be n_ore

' than a, formal nicety, Our I"{IIA/DIBground state ca.lcula,tions ......wllich differ in some
details froin those of Perry and of Wasson--are in progress a.lld will be coxnpared
with va.rious 0t,her calcula, tions including extrenae tDA a,s clnployed by l lorowitz
a.ll,:lPiel,:a.rewicz.
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11,, Mornerff, un_ Cut, of I_ 111 (',he _,?_._ J,[_., _ll(.!l)l.l,l'(.[_ (_I,].'_, Pr[(,,(_, li_, ]_.o,_jt' all(.l

,J,,\, McNeil

As elnpllasized in t'lie prec,_;ditlg sect'iorl, QfII)i_ dist, lngl.lisJled I'roI_lllon.rela,(,iv.
ist'ic aplJroachas, n.(ileast' iii pm't;,,h,y the t'act;t.llat' t'lle l'ovn'lalism ilnplies l;lle _:,xls..
I,e.'.nceof n, dynalllica, lly illl,cracl,illg Ilegnl,iVe _,lmrgy sea,of Ilucleons, '.l.'l_ep/_'//,,.'ical
relev_llce of t'llls sea,iu beillg hot,ly del;_a.t'_:_d,Mos_ o1't:.llec.c."_llt;rov,.rsy,Ilas 1o'_'usse_l
oll t,lle fact' tha,t, on a. s_na.l[ enough l(.ngt'l_ scale, t'he co_posit,_,,_ess o1' t'he n_-
cleon mttst; be reckoned wit'l_ i_t a, way l.l_a/,QII1) .......wllic.l_ SUl_l)oses tile, nucleon t'o

[:,e _ fur_dament'al, poi_l,-lil<e Dirac lield ....does _t)t (_COml)aS,_,l-a, All,l_ougl_ such
quest, ions are st,iii largely unresolved, t'h.t(_ <,t_ arn _ "1ie,,. ,-_ pie warni, gs t'l_al, a, t'era,l"

interl)re/;a.t'ion of t'he. QHD sea. iu problc, ma,t'ic, Perhaps t'he n_ost' .'_t'riklng exa,rn-
pie is l.he evidence, based ol_ l:l'tehuge (.,wo,.loop correct'ions t'o t'l_e (_lill) nucleoi_

, I.,xc_ at, t,he one'..self.,energy, 4-1_ l.l_a.t t'he loop e.Xl)a_sior_ iu ba.dly _[ivergc,n(;, ':' ,, loop
level of the l)res(211ti wot']¢, it, has long bee_ l_Ilownr-u t,lla(: Vat:tllllll il_st'_l)ilit'ies arise
a,t. spat.e-lille nlomer_t,um t,rar_sfers of [_1 ,-.o3 (]eV/c, in l,]le cont,ext' of t'l_e work
discussed a.bove, these instabili(,i ,s 'l'ested polc,s in vacl.tc,. are _nm_l as (,[._e tlm-c[ressed

meson propaga.l,ors,

\Vit.h t'hcse issues in _nind, we I_ave exa.n_iI_ed a,t, leg:tst'one alt'erI_n,t.ive t,o t,he

"lil,(:ral" l,reatnlc, nt, of se_ conl,ribut, iolts discussed so far, '.li'his a,pl_roa,(:h employs
a n_omentum cut'ofl' in t,he sca, retai_ing conl;ril:,utio_s o_ly i'ro_n negative e_ergy

' , • 'e , A "1' '" "sl,_:ct,eswith ,_l-moment'um less tlian A, the cul,olt' _notix-mtl.lrn lt't:_a.l l,t'ea,l;rne_lt'

of t'he vacuum corresponds I,o t'a.king t,l_e limit, A ---+_ i.e,, iticludlt_g all of t,he
sea, This lin_it' is a questionable one, ii"for no ot'her t'e&soll, ])ecn,use' we associate

co_tributtons from very l_igh moment'un_ nega,t,ive energy nt_cleons wit'h very short;
distance sca,les where nucleon cOn_l)OSit'eness must, st_rely play an essenl, lal role,
Q I-I1) ignores tl_is co.nposit,eness and t,heret'ore caa o_ly be expect, cd t;o describe

the l)hysics down t,o rh(-; sca,le set by COml)osil,eness whic.h _nust, correspond t'o an
inverse lengg]_ oi' a. few nucleon ma.sses al.'mo,vg, Since cont'ribt_t, ior_s from this
length scale are surely unpl,ysical, QIII) rts a nuclca', l)he'_.om,e_zolofl!Z, m_xy make
mc,re, physical sense wil;h cul,of['s, A, of (,he order of e_few (J(-.'V, [rnl_oslr_g such _

cuto[l' iu sl,raight't'orwar_l calcul,tl, lona.lly, \'Ve simply (.'\'al_lat,e Uo.//'(¢+6),.l-lv,_r,lIi.',w
or the (;oel[ici(.'.lltsof l,heir various {,'Xl_a_sionswit'h finit'e :\, i)(.'rt'orlni_g t'h{-'(:Otllll, f.!r-

t'erm subt'ract.ions ntlrne-ically,

lh_=.cul,ofF A is llOW _lll _uldit'iorlal l)aral_el, er i_ t'l_e t'l_eory, (,l_e varia.t'lon of

which Lakes us continuousl3' from tl_e MI,'T (A = 0) 1,ol,lle 11ii A (A := _) li_i(,, l:or
_,_y given cutofF, we llll.lSt'readjust, l,he remaini_g t'r_'e [)II,I'_IIII(:[,CI'S C)f [,Ill? _nodel ........
usually c/_, :,'_oand 7"_r .... (,o rC'l)rOduce fixed nuclear l>rOpert.ie,_', Table I lisl,s live
suc]_ l:)ara,n_(:,.erset,s, The first four were a.djusl,(_d (o yield I_I6'/A: = -15,75 MeV

48



,e
il

q

_tt,a, srtl,ltt'_t,lort dcrtl;_it,y(.... -.,C,llCSl_(')tldillglC,kl,_= 1,30l'nlt e,tldI,oyleld3,,18l'ttlf'_v

t,llo I_.MS ('.lla.rgortu:litts of 'tt)C_l, '.l?lle tif't,l t ,,,.:(_t,gives kl,' -= I.,33 I'111_tl, srt,t,ttrt_ti[()ll
:, f . , I.la.,_lrtd t'el_ro_lttce,_t,l'temost, t,c,cet lt, vttltlt,111()3,,1,51'1111'o1' file '10(?!,t_,('.llt'trge l'tldttl,q '' ('

di/l'erellcc'.s I:,c!l,weetl t,h(.',e×Lt'(tn_ loct_l dotlsiC_,,1l-, t,l (itlteN/I;',LI')A) ttf-ld (let'ival,irc;
e×l:_t_llslorl(]_IIA/I)I.,,) 19nrmllet,rlz,u,l,lt_ri15tit's; rc,leva.tll, ortly illt linll,e syst,en_s siltce

I cI c! c) _) G _ '

IIlc' I'at:l_,s ,q_.//'/t t,;, ,_llld _/_//ttlS.,,,t'tl'e idc'llt,tcal tc,r file I,wo i_tlrttl_ael,¢!rsel,_, :Ns all-,
l,ic:il_.l,e(l_ t,hesc:; t'id,ios for the Ir_.s_t,V,'oc'ttl,of[' ([:I.[[A/C().I31i",) I_tU'axnet,ev' sets iu'c,
rougl_ly midwta,y I,el;'w_-3er_t,he M I)"Fattd A = co. I:t,IIA valttes, 'l."laest_tae is Lt'_tel'of

I,Ile l_ttc'lenr ma.t,t,er m*/rn, t'_'_,t,io,s, '"' ,t l_e.vttltle of t,lae cut,off! l)ttvlux_.et,er A = 21_:1),ir_
the ll.lI A / C',O-I)l!",i_ cot_,_i,ql,etal, ',vil,I1tla_,getlertt[ rtrgtt_t_.f:,l_t,si_l,tl_e I)ogii_r_[ngof t,lli_
sect,iort _tud rotlgllly C,l_tivt_izosthe. ¢lescriF,t,iol_.c,f t,ll_; Sl_lt_.._t'l:,it,_plitt.itag of.,,s.'il_gle
l)arl;icle I_,vels wlaicl_ is Wpict_lly ovet'est, irnat,ed it_ t,l_oMli"l_,tt.rtd I.tnd,:rest,ila-_ted
it_.Lho ustltt,I A := c,_ 1UIA, (lt.,ecrt.ll l,hat, t,lto st,t'elaI,,l,lt of the ,'pl_t-orbit, ir_t,ct'_a,c-

t,io1_ rougl_ly scz:t.leswith Che cle.pn.rl,u_.'eo[' 'rn,*/_n.from t_t_iLy,) "l']_e exacL valtte of
I,Ixis c,tloff is, h.ov,'evc,r, ttrl:_iL.t';:iry;_.t_dw_.s set, t,o Lwict,,t,lae btu'e nucleot_, m_ass for
C.OIIVOII ieltCe,

Some of t,llo mot, ivtd,.lon for l)Ut'sttilig the c:tt_,c)fl'model l._t'c',ser_Ledhere emerge.s

from Circ.,cub)ft' clcl)el_clertce o1', c,g,, Ue/f and [)V,a(?r/,*, A) = °?-_k!n'A-t_o,-[;;' \'Ve fill<.[

l,laa._ Uc,ff, [_v',_ _ncl [1.° htr,rc t,lmir la,rgesl: co_t,ribul, ions from sea, sCt_,Ceswit,hV,o'

Irl >> ea.zi, ltl,, ,uadrI¢,_,,o rt,ugme_at,od by t_ mere '2,0%by i,hese sa,ne
contril:_utions, 'Flmse clel)enclences are _lltt'igulng becaatse, with _._cutoff of ,-.,2A,.[_),
t,lae I_H A / CO-ll)]-, calctllal, lor_sof grolirtd sCt_tel:._rOl)erCies(:'t_laI:,c,(r×pecl;ed 1,obe very
,,-:imilar (:o NII;"'Fvt,sulCs, bttL t,he va,cuu_n polariza, t,ion coltt,t'ibttl,ions lo l,he vec.t,or
polttt'izt_Cion i_serl, ion will be ltu'gely Ciaest_me rts in t:lte A -_ c,o lirniC, '.['hus (:l_emis
al_ lettsloChe p'pomi,se of ta,model wl_ich possesses t,l_e best t'ett,l;ures of hot, lt Llae AIF'I?
tu_d t,he usual A -+c_ I:H-I'A,The clesireMgle features of the MI.'T t,o whict_ ,,re refer

tlm l,lae strong spi_-orl.)it; split;ring and l,he high degree of colleclAvity in Lhc I_.I:'A
for low-lying collect, lye levels, "['hose of l_he,\ -_ co I_.IIA aa'e t,he quenching of t,l_c,
l,ransverse (reel;or) response a,t n_odertt,b_ rnomer_t,un_ t;ra.t_sfet's;i,e,, l,he qlle_clting
of l,l_e "froliC-flow" Ct.ttc[[ vacuu_r_ RPA cMcultcl,lons ttl'e in l)rogress; 1,11(.'.3',,viii

sho',,v t,lm ext;el_t, t,o xvlxich1;lalspronaise is t'ulflllecl.
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