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Isoscalar spin-transfer excitations have been measurdirand 2°%b by inelastic scattering of vector and
tensor polarized 400 MeV deuterons in an excitation energy range from 2.5 to 43 MeV and 2.3 to 23 MeV,
respectively. For%Zr, spin excitations were found between 7.5 and 10.7 MeV and in a large structure in the
continuum(18 to 28 Me\). For 2°%Pb, spin excitations were found at 3.55 and 5.85 MeV, between 6.5 and 11
MeV, and spread over the continuum. Elastic scattering cross sections and vector and tensor analyzing powers
were measured between 3.4 and 24° for Zr and Pb, and optical potential parameters were derived. The
experimental results are compared to DWIA/RPA calculations. The transition densities used are generated
using the continuum random phase approximatj@9556-28189)06301-3

PACS numbgs): 25.45.De, 24.76:s, 27.60+j, 27.80+w

I. INTRODUCTION mation (DWIA) calculations done with transition densities
obtained within the continuum second random phase ap-

Spin excitations have been extensively studied in manyproximation(RPA). These predictions should give us a tool
nuclei from 12C to 2°%Pb using different reactions such as for understanding the isoscalar spin response in the con-
(p,n) and @Hey) charge exchangEl—4] and electror{5]  tinuum of nuclei. We also performed elastic scattering mea-
and proton inelastic scatterii@—11. However, very few Surements in order to derive optical potential parameters

isoscalar spin states are known, because all of these reactiofgeded for our distorted wave calculations.

excite either exclusively or essentially spin isovector transi- /" S€C. |l simple expressions for the spin observables are
tions. In inelastic proton scattering, isovector spin transitiong/Ven and the different derived quantities are explained. In

are favored because in the nucleon-nucleon interaction, th%ec' I”. a b.”ef descrlp'tlon qf thg continuum random phase
isovector spin force is at least three times larger than th pproximation calculations is given. Section IV contains a

isoscalar one. As deuteron inelastic scattering can excite on rief description of the experimental setup. The experimental
. L Y ng results are given and discussed in Sec. V; the summary and
isoscalar transitions, it is probably the simplest and bes

. . 0 _ %onclusions are presented in Sec. VI.
probe to study isoscalar spin excitations. A detailed study o
polarization transfer in inelastic scattering of intermediate
energy deuterons allowed us to find a robust observable that Il. SIGNATURE FOR SPIN TRANSITION
uniquely select$s=1, T=0 transitions. This signature was AND DERIVED QUANTITIES
successfully used in mapping out the isoscalar spin strength ) e
in 12C [12,13 and “°Ca[14]. These results are described at !t has been shown in Refgl2,14,19 that in (d,d’) scat-
length in Ref[15], where the theoretical issues are also ex_termg_ a good signature for |so.scallar spin 9’?0”3“0” IS a
tensively explored. Previously unknovB+1, T=0 transi- guantity closely related to the spin-flip probability:
tions have been observed at low excitation energies in both
nuclei and the spin strength distribution has been measured 4 2 )
in the continuum up to 50 MeV. Si=3 1 3Aw 2K} . (2.7
The purpose of the present work is to extend the study of
isoscalar spin transitions to medium and heavy nuclei. We
chose to study’Zr and *Pb because these two nuclei have A, is the tensor analyzing power of the reaction
been extensively studied by different reactions and’ff?b s the vector spin transfer coefficietthe lower index refers
an isocalar 1 state has been observed at 5.85 MeV. Usingo the incident beam, the upper to the scattered beam
the measured spin-flip probabilit$| and some approxima- Double spin-flip is suppressed at low momentum transfer
tions (described in Sec. )) we will extract from the mea- and to a very good approximati@ is equal to zero for spin
sured cross section, ti&=0 andS=1 cross sections. transferS=0 and it is different from zero for spin transfer
The data are compared to distorted wave impulse approxiS=1. The detailed algebra relating the different asymmetry,
polarization, and spin transfer observables is given in Ref.
[16]. The complete microscopic description of deuteron-
*Deceased. nucleus scattering based on the distorted wave impulse ap-

0556-2813/99/5@)/11811)/$15.00 PRC 59 118 ©1999 The American Physical Society



PRC 59 ISOSCALAR SPIN EXCITATION IN °%Zr AND 2%ph 119

proximation and of the signature for spin-flip transitions canmined from Eq/(2.6) without reference to spin-flip probabili-
be found in Ref[15]. We will briefly recall some simple ties ora. In the PW or DW calculations based on the RPA,
definitions. all o5 are calculated individually and Eq&.3) and (2.6)

Let o, and o, be respectively the isoscalar cross sec-can be applied directly.
tions for a spin transfer of 0 and 1 to the nucleus. Assuming When presenting the data, we will always show two sets
S is equal to the isoscalar spin-flip probabilifgrobability ~ of spectra. The first set, called directly measured quantities,
to have a change of one unit in the deuteron-spin projectiogonsists of the differential cross section, the signature and the

on they axis normal to the scattering planeve have spin-flip cross section as a function of excitation energy. The
A A A A spin-flip cross section is just the product of the cross section
Si=(a”a!(opet 019, (2.2 and the measured signature. The second set, called derived

A ) . . quantities, involves the assumptions mentioned above and
where o is defined as the spin-flip pmbib'“ty for a pure ¢onsists of thé&&=1 cross section, th=0 cross section and
S=1 transition @e=0). The value ofa™ depends on tnhe relative spin response as a function of excitation energy.

nuclear structure and is therefore model dependent. It cann@lj of these spectra are compared to the DWIA/RPA.
be determined experimentally in the continuum, siSecel

states cannot be isolated there. However, in the continuum
where different multipolarities mix, we expect an average
value of a® very close toa™® calculated for free deuteron- Transition densities used in the distorted wave calcula-
nucleon @-N) scattering. Making this assumption, we cantions of observables were generated using the continuum
factorize the cross sections as random phase approximatigiRPA) [17-2Q with the ap-
A e proximate treatment of 2p-2h cor_1tribut_ions of_ Smith a_nd
oio= Nerfiooio » (2.3 wambach21]. The form of the residual interaction used in

. . o the RPA calculations was a zero-range Landau-Migdal inter-
whereNg is the effective number of participating nucleons action[22];

(supposed to be the same in both channé|s the isoscalar

Ill. RPA DESCRIPTION

. . . f N N >
nuclear response in the spin chanieknd aio° the d-N V(1) = Colfo(r) +goo- &) 8%(P), 3.1)
scattering cross section calculated for the momentum transfer
q of the deuteron-nucleus inelastic scattering. Then with Co=150 MeV fn?. TheS=0, T=0 part of the inter-
f f f action, fo(r), is density dependent. Fo®Pb, the param-
Si=(f10015°"™)/ (f 100155+ fooogg) - (2.4 eters offy(r) were chosen such that the compressibility of

) ) nuclear matter and the position of the first &tate (4.1
From the above relations, one can derive for 8l cross \jev) were reproduced by the RPA calculations. The giant
section the following expression: quadrupole resonance is predicted to be at about 9.5 MeV,
about 1 MeV lower than experiment, and the giant monopole
o :i d_‘fsy (2.5 resonance is predicted to be at about 12.5 MeV, again about
107 free dQ) 0" 1 MeV lower than experiment. Fot%Zr the parameters of
fo(r) were chosen such that the compressibility of nuclear
whereda/dQ = ofy+ o’ is the experimental cross section. matter and the position of the giant quadrupole resonance
It should be noted that the magnitudess@f andoy, depend  (about 14.5 MeY were reproduced by the RPA calculations.
on the approximatiom®~ «™¢. The parameteg,, which determines th8=1, T=0 part of
The relative isoscalar spin respori@q is just the ratio of  the residual interaction, is believed to be snja#,2q and
the isoscalar spin-one response to the isoscalar total resporfdas been set to zero in all calculations shown here. The effect

and it is given by of the parametegy is to shift the isoscalar-spin spectrum and
our choice of zero has negligible effects on the calculations
RO= f10 26 when compared to any other reasonable estimate of its value.
Y ot oo (2.6 The methods used to generate the hole states required in

the RPA calculations were different for the two nuclei stud-
Rg is a nuclear structure quantity, a measure of the relativéed here as described below.
strength of isoscalar spin-dependent matrix elements at dif-
ferent excitation energies and momentum transfers. Note that A. 208pp
a value of 0.5 forRY would be expected if the nucleus
responded like a noninteracting Fermi gas. One of the major
objectives of this work is that of determiniﬂgg experimen- 1 df .1
tally. V(N =Vof(N+ = q-Viso [ +5(1=7)Ve(r) (3.2

From Egs.(2.4) and(2.6) we obtain

For 2%%b a mean-field potential of the form

was used, wheré(r)=[1+exp( —ro,AY®]~1. The param-

2.7 eters of this potential were determined separately for protons
and neutrons by performing? minimization fits to the ex-
perimental root mean squatens) radius and experimental

This equation is used to determine theperimentalval-  single-particle energies of orbitals near the Fermi surface.

ues of RY, but thetheoreticalvalues of R can be deter- The rms radius was taken as the electron scattering value of

S
RI=

Sl ( O'flrge/ a'gge)] + o™ O'flrge/ O'g(e)e) .




120 C. DJALALI et al. PRC 59

5.5 fm[23] for both proton and neutron wells. The neutron beam is vector and tensor polarized in four different states,
orbitals fitted were the By, 3ps., 2fsp, 2f7,, and  the polarization state changing with each beam pulse pJhe
liyzp.  The  proton orbitals  fitted were the andp,, values of the beam were measured regularly with the
3sy2, 2ds, 2ds,, and thqy,. In these searches all dif- low energy polarimetef31], they were found to be stable
fusenesses were held constant at 0.67 fm and the Coulomvithin a statistical uncertainty of 3%. They were equal to
and central radii were held equal to each other. The depthg,=0.28+0.01(giving a polarization efficiency of 83%and
and radii of the central and spin-orbit potentials were variedp,,=0.94+ 0.01(94% efficiency, the errors being only sta-
simultaneously. tistical. In the second modé&he “‘two-state” mode, the
beam is purely vector polarized and alternates between “up”
B. 97, and “down” polarization states. The value pf, was regu-
) ) _ larly measured and found equal to 0:68.01 giving a po-
For Zr the hole states required in the continuum RPA[arization efficiency of 95%. The “four-state” beam was
calculations were generated using a Hartree-Fock densityseqd in order to measure the tensor analyzing pONgr
matrix expansion(DME)' [26] calculation. The rgsulting which appears irS). Determination of analyzing powers
ground-state wave function has a fupg, proton orbital and  joes not require measuring the polarization of the scattered
an empty oy, proton orbital. As explained in Ref15], the  paricles, so data were taken rapidly in this phase. When
resulting energy-weighted sum rUBWSR) for DME calcu-  gnough data were acquired to determig for each angle
lations differs from its usual form, and range of excitation energy to be studied, the “four-
H2(VP,(F))2 state” beam was discontinued. The remainder of the experi-
ml:f dr. a Po(F)' (3.3 ment was run using the “two-state” mode, which doubled
“ 2M the vector polarization of the incident beam. The intensity of
the beam was on the order of #@euterons per second.
whereP , is the probing functionM is the nucleon mass, and  Absolute cross sections were measured using two inde-
po is the ground state density. The difference is thhis  pendent monitors. The ratio of the counting rates of the
replaced by am-dependent effective mass which results inmonitors remained constant tb6% during the whole ex-
all EWSR values being increased to about 140% of the usugderiment. The absolute calibration of the monitors was per-
values. However, it is known that conservation of particleformed with the Carbon activation meth§82]. The uncer-
number requires that the EWSR must be the value given btainty on the absolute cross sections is estimatetl H5%.
Eq. (3.3 for the S=0, T=0 channel. In the present work The uncertainty or§; comes essentially from statistical er-
the transition densities for this channel have been scalef, s onkY’

iown to preserve 100% of the usual EWSR; 81, T 49 background rejection was obtained by setting hori-
=0 channel, however, has not been rescaled. Although thig,na| and vertical windows on target and focal-plane vari-
is somewhat arbitrary, there is evidence that channels othejj,|as of the scattered deuterons. It was shown that. for a

than the scalar-isoscalar channel overexhaust the sum ru'&éuteron energy of 400 MeV, POMME can cover an excita-
for example, the giant dipole resonance is generally acggp, energy range of 21 MeV’.

knowledged to exhaust more than 150% of the EWSR and
there is evidencg9,11] that the isovector spin dipole reso-
nance also contains substantially more than 100% of the v. EXPERIMENTAL RESULTS AND COMPARISON

EWSR. WITH RPA PREDICTIONS
This rescaling is only required fof%Zr since the?°%Pb L _
calculations did not use Hartree-Fock wave functions. A. Elastic (d,d) scattering at 400 MeV
The cross section, vector, and tensor analyzing powers
IV. EXPERIMENTAL SETUP AND PROCEDURE were measured with the four state pOlarized beam from 3 to

24° in °%Zr and from 3 to 22 ° irf%Pb. The results foP%Zr
What follows is a brief review of the experimental set-up and 2°%Pb are given in Fig. 1 and Fig. 2, respectively, and are
and techniques used in the present experiment; for a detailebmpared to the best fit optical potential calculations.
description of the techniques used, the reader is referred to The optical potential parameters were obtained by fitting

Ref.[13]. the data assuming the following shape for the potential:
The data were taken at the Saturne National Laboratory,

using the facility’s 400 MeV polarized deuteron beam, the V(1) =Veout UrFgr(r) +iW;F;(r)

high-resolution magnetic energy-loss spectrometer SPES1 , .

[27] and the acquisition system described in H&B]. The T[VsGsd ) +1WsGisol 1) LS,

polarization of the scattered deuterons was measured with
the large acceptance focal plane polarimeter POMME. Th here
use of POMME as a vector polarimeter for deuterons is de-
scribed in detail in Ref429,30. The energy resolutiofdue
mostly to target thicknegsn the focal plane of SPES1 was
of the order of 200 keMFWHM) using a 40 mg/ci’%Zr Fi(r)=
and a 20 mg/ci?%%Pb target.
The experiment made use of two different modes of beam
polarization. In the first modé&he “four-state” mode, the  with k=R or i,

r_RkA1/3 -1
oo A
ax
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10% grrr e [ T T TABLE I. Optical potential parameters for 400 MeV deuteron
g 00 E - a0 elastic scattering of°Zr.
s Zr(d,d) ] il ]
ot E ¥ os
Tg=400 MeV = E E Re Ur Rr ar Wi R; q;
o108 - r 1 00 fm MeV fm fm MeV fm fm
2 : ] bdleoleoaliad.d,, 125 2133 1341 0789 -21.59 1171 0.817
S F T e '
GE E E ! ! ! ! 1.00 Veo Rso Aso Wso Riso Qiso
Zot _ E E . MeV fm fm MeV fm fm
3 BE Jos0 —4.62 1.151 0.722 2.767 1.039 0.604
< [ E
100 3 — —ozs
) E Lol Y S J0.00 B. Inelastic (d,d’) scattering at 400 MeV
o-t Loolovn b b e Bl
0 5 10 156 20 2% 0 5 10 15 20 25 The measured and derived guantities are compared to
Ocm. (deg) Ocm. (deg) DWIA/RPA predictions. The calculations have been done
FIG. 1. The measured elastic cross sections and analyzing pov&[Orn 510 50 MeV '_n, steps of 1 MeV of eXCItatlorl ene+rgy.
ersA, andA,, for *Zr compared to théest fitcalculations ob- Al . _mlilt'p_maf't'(fs . up to J7=3
tained with the optical parameters given in Table I. (0-,0,17,1,27,27,3°,3") have been included. Higher

multipolarities are not included for two reasons. First, their
contributions at small momentum transfer are negligible,
G(r)= EEF (1) and, secondly the computing time becomes prohibitive with
k rdr K7 the current DWIA code. For botf%r and 2%Pb, the pre-
dicted S=0 cross section is by far dominated by thé 2
strength followed by the 3 strength. The&s=1 cross section
with k=so or iso. is almost two orders of magnitude smaller and is dominated
The elastic scattering data have been analyzed with thBY the 2° strength followed by the 1 strength. The predic-
codeseARCH[33] which can add to theS potential a tensor ']E;)Crgrare compared to the data without any normalization
potential S)2+ 1L S—2L2 that is supposed to play a non- '
negligible role at intermediate energig34]. However we 1. 97
found that the additional tensor term had no effect at all on
the fit and therefore was ignored.
The fits of the vector asymmet#y, and the tensor asym-

The analog of a spin "L excitation in °°Zr has been first
reported in ap,n) charge-exchange reaction at 45 ME35]

) . ) and has been confirmed bjHe,t) at 80 MeV and 120 MeV
meiry Ay, are very good in both nuclei. The fit to the cross 36,37. The existence of a large"1spin resonance was first

section slightly misses the oscillations at larger angles. If on@p < e q in%7r by 200 MeV (p,p’) inelastic scattering; it
forces a better fit to the cross section, it substantially dejg cantered at 8.9 MeV with a FWHM of 1.7 Me}38,39.
grades the fit to the asymmetries and gives unreasonablyyneriments performed at 319 MeV with a polarized proton
large values for the depth of the real and imaginary parts oheam(40] where the analyzing powek, and the spin-flip

the potential. The best fit by far is the one shown in thepropapility S,,, were also measured showed that spin excita-
figures and the parameters of the optical potential ¥&@r  tions are present up to at least 25 MeV. This{’) experi-

and *°®b are given respectively in Table | and Table Il.  ment does not separate isoscalar and isovector spin-flip tran-
sitions. However, due to the relative strengths of the
isovector and the isoscalar spin interactions, the observed

10° g S ERABAAREREEEEEDLRESN . . ! A :
LA B AL 3 10 spin strength is expected to be mainly isovector. Our moti-
ot L 208p1(d,d) - ] vation in studying®Zr by 400 MeV (d,d’) inelastic scatter-
]9° ing has been to search for possile1, T=0 strength at
108 [ 1100 MV 1 00 low excitation energy and in the continuum.
a ] Measurements were performed at spectrometer angles of
i 02 L ] J_05 4 and 6 °, covering the total angular range from 3 to 7 ° and
GE : ] 31.00 TABLE Il. Optical potential parameters for 400 MeV deuteron
%101 — - d05 elastic scattering 0R%Pb.
o F ] 050
100 = q0.25 Re Ur R ar Wi R; q
] 0.00 fm MeV fm fm MeV fm fm
VR OV I P PPV PP i
O TS o 15 20 w5 0 5 10 15 20 =25 1.20 —1225 1366 0.803 —1959 1.196 0.841
Ocm. (deg) Ocm. (deg)
Vso Rso Aso Wso Riso Qiso
FIG. 2. The measured elastic cross sections and analyzing pow- MeV fm fm MeV fm fm
ersA, andA,, for °®Pb compared to thbest fitcalculations ob- -2856 1.164 0.788 0.404 1.268 0.802

tained with the optical parameters given in Table II.
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250000 . ; : : ~ : — ,
- o
200000 | %7r 4° Missing' Mass spectrum E = (a) 7r, 4°, 400MeV
"2 150000 £ E f 20 b do/d0dw (tot)
2 100000 £ E a ok
© 50000 E )
g
0 = o
03 F® & 0.20
. 02k E Lo 015
< o1k = T 0.10
00 0.05
’ . 000 =
0.15 | (o E o () do/d0dw (sf)
= b
<t:B: 0.10 | E &
005 | E S af
0.00 1 1 1 i \E/ 0
0 10 20 30 40 0 10 20 30 40
w (MeV) @ (MeV)
FIG. 3. Results for°Zr at 4° (lab) as a function of the excita- FIG. 4. Results for”°Zr at 4° (lab) as a function of the excita-

tion energy.(a) The missing mass spectrurth) the A, spectrum  tion energy.(a) The missing mass spectrum binned in energy and
binned in energy and compared to DWIA/RPA predictiofts;the ~ normalized to give mb/sr MeM(b) the signatures); (c) the spin-
A,y spectrum binned in energy and compared to DWIA/RPA pre-flip cross section spectrum. All spectra are compared to DWIA/
dictions. RPA predictions.

the momentum transfer range from 0.28 to 0.8 fmThe  reproduced around 14 MeV, however too much strength is

three different magnetic fields for the spectrometer. The spin-flip probabilityS} spectrum is shown in Fig.

a. Directly measured quantitiesn Fig. 3@) is given the 4, e signature is essentially compatible with zero for all

missing mass spectrum taken at'4°lwith an energy resolutiO{he energy region below 7.5 MeV with the possible excep-
of 200_ keV. Below 6 MeV of excitation Energy, We SE€€ SeV-4ion of the bin centered at 5.2 MeV. All the strong natural
eral discrete states with the most prominent one being the

well known 2° state at 3.84 MeV. The known stafetl] at parjty staFes at low e'xcitation energies hqve signatures com-
2.75 MeV (3°), 3.31 MeV (2'), and 5.59 MeV (2) are patible vggth zero. Thl§ shqws that even in a hea\_/y_ nucleus
also clearly seen. A wide structufpossibly consisting of SUch asZr, where distortion effects are not negligib
several overlapping structudess seen between 6 and 10 femains a good signature. The barely nonzero value of the
MeV. The giant quadrupole resonan@QR) is clearly ex- signature at 5.2 MeV could be due to 4 &tate listed at 5.19
cited around 14 MeV. The continuum above 20 MeV isMeV in the Nuclear Data Tablegl1].
smooth and decreases slowly with excitation energy. Ahe From the nonzero values &, between 7 and 9.5 MeV
andA,, spectra are respectively given in FigsbBand 3c).  and for the strong peak at 10.7 MeV one can conclude that
These spectra have been binned in excitation energy in ordeome of the spin strength previously observed in this region
to get reasonable statistical uncertainties on the measurésiT=0. In the continuum a small enhancemengpfappears
asymmetries in each bin; the bin width increases with inbetween 19 and 29 MeV; it remains at a value of the order of
creasing excitation energy. The measufgdspectrum is al- 0.1 for the rest of the continuum up to 43 MeV. The calcu-
most structureless; the valuesAyf are positive and decrease lated signature reproduces well the data up to 20 MeV and
smoothly with excitation energy. The DWIA/RPA calcula- then overestimates it by almost a factor of two.
tion reproduces the magnitude of the asymmetry below 20 One way to look at possible spin-flip strength is to plot
MeV but overestimates it by almost a factor of two at largethe spin-flip cross section which is just the product of the
excitation energies. The calculatég spectrum shows more measured cross section and the signature. The spin-flip cross
structure than the measured one, especially a wide oscillatiosection spectrum is shown in Fig(ch We can clearly see
around the location of the GQR. The measubgg spectrum  the concentration of spin flip strength between 7 and 9.5
shows structure and relatively large positive values betweeNeV, in a narrow structure around 10.7 MeV and in the
6 and 8 MeV and at 10.7 MeV. The DWIA/RPA calculation continuum. The DWIA/RPA calculations reproduce reason-
reproduces fairly well the data below 20 MeV but overesti-ably well the overall shape of the data above 10 MeV. The
mates it in the continuum. main concentration of spin-flip cross section is predicted
The raw missing mass spectrum was summed in largesiround 12 to 14 MeV and is mainly due to Ztrength.
size bins in order to get reasonable statistical uncertainties on The measured cross section, signature, and spin-flip cross
the calculated signatui®;. The sizes of the bins are chosen section spectra obtained at 6° are shown in Fig. 5. The GQR
in such a way as to have enough statistics in each bin whiles less excited, so the wide structure centered around 8 MeV
at the same time preserving as much as possible the shapeisfmore visible in the missing mass spectrum. In the signa-
the structures. The binned missing mass spectrum at 4 ° isire spectrum, the structures seen at 4° are strongly attenu-
shown in Fig. 4a). As a result of the binning, some struc- ated indicating a decrease of the spin-flip probability with
tures are less visible than in the raw missing mass spectrunmcreasing angle. The spin-flip cross section has also dropped
The calculated spectrum reproduces the overall shape of thend is less structured than at 4° with some strength left be-
measured spectrum. The position of the GQR is correctlyween 8 and 10 MeV, at 10.7 MeV and in the continuum.
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. E T T S0 T T ol T T = T T 25
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FIG. 5. Results forP%Zr at 6° (lab) as a function of the excita- FIG. 6. Results for”°Zr at 4° (lab) as a function of the excita-

tion energy.(@ The missing mass spectrum hinned in energy andtion energy. The measured cross section is compared to the ex-

normalized to give mb/sr MeMb) the signatureS); (c) the spin-  tractedS=1 andS=0 cross section on the right side of the figure.

flip cross section spectrum. All spectra are compared to DWIA/ON the left side, thes) spectrum is compared to the derived spin

RPA predictions. response spectrum. All spectra are compared to DWIA/RPA predic-
tions (dashed curve corresponds to plane wave calculgtions

TheA, andA,, spectra are not shown here but are similar to
those measured at 4°. The main features of th&=1 spectrum are essentially
The calculations reproduce the overall trend of the datathe same as those of the spin-flip spectrum. At low excitation
The relatively fast decrease of the cross section as a functiomnergy the cross section is compatible with zero with the
of angle for excitation energies above 10 MeV makes it dif-possible exception of the level at 5.2 MeV which as men-
ficult to measure spin observables with reasonable uncertaiioned earlier could correspond to thé state at 5.19 MeV.
ties. This stresses the need to make measurements at verie spectrum is dominated by two concentrations of spin
small angles especially in heavy nuclei where distortionsyrength, a 2.5 MeV wide structure centered at 8 MeV and a
leads to a stronger diffractive pattern in the angular distribuy pmev wide structure at 10.7 MeV. Additional concentration
tions. _ o of S=1 strength is also observed between 12 and 18 MeV.
_ Because of the statiscal error 8], no angular distribu- At higher excitation energies the cross section fluctuates
tion could be obtained with smaller angular bins, therefore; .o ng an average value of 1.8 mb/sr MeV. The calculations
no multipolarity can be assigned to the observed excitationgy, ot reproduce the structures and underestimate the cross

However all the structures seen in the spin-flip cross sectiog : : :
: ection at all energies. The strongest predicté -
decrease with angle. The structure between 7 and 9.5 MeV s g gestp ¢Choss sec

) ton (0.5 mb/sr MeV is concentrated around 12 MeV, the
located in the same energy range as Ith& resonance ob- ) L
served in p,p') scattering[39] and therefore this would predicted 2 cross section is spread between 8 and 16 MeV

possibly correspond to the first observation of the isoscala\f\’Ith a maximum value of 1.2 mbysr Mev. _

component of that resonance. The 10.7 MeV spin structure Tgheexperlmentql/alu_es of the relative spin resporfRﬁ
has not been previously observed. The presence of high&®r °Zr are also given in Fig. 6, along with the theoretical
multipolarity spin transitions cannot of course be excluded. predictions. The figure show& ? calculated from Eq(2.7)

b. Derived quantitiesThe S=1 andS=0 cross sections (open circleg using theS} data(given in the figurg If we
have been determined from the measured quantities for deveplace in Eq(2.7) the «™® by the calculated DWIA/RPA
teron scattering. As described in Sec. Il, we have assumeg? we get different values ng also shown in the figure
that o*~a"® and used Eq(2.5. The free valuea™® is (triangles. The difference between these treaperimental
calculated for freed-nucleon scattering using the Arndt |5 es ofR‘l)are, due to the difference betweel®¢anda?,

phase shifts for the nucleon-nucleon interactié@] and a a1y 15 to 30 %. Theoretical calculations have been car-

Qeuaeégnlwa\aeSTgctlon Wh'cr:. mclude? th)etsf})te. Thﬁ de- . ried out both in plane waved®WIA/RPA, dashed curyeand
rived S=1 andS=0 cross-section spectra a are shown iny. oo wave<DWIA/RPA, solid curve.

Fig. 6 together with the measured cross section for compari- In the low excitation enerav regioR.° reaches a maxi-
son. The uncertainties in the derived quantities are discussed gy regiony

in Ref.[15]. These uncertainties might be as large as 30% aum betwgen 8 and 1,0 MeV mgllcatmg .the domma.nce of
the highest excitation energies but are small below 20 MeViSoscalar spin strength in this region. At higher energies, the
Below 6 MeV, theS=0 cross section corresponds to well relative spin response remains on the average constant
known natural parity states. At higher excitation energiesaround a value of the order of 0.6 fat? calculated with
the spectrum is dominated by the GQR and falls offa™® and 0.5 forR{ calculated witha®. Both theoretical
smoothly in the continuum. The DWIA/RPA calculations curves nicely reproduce the shape of #éaeperimentalre-
correctly predict the position of the GQR but give too muchsponse up to about 25 MeV. Except in the region around 10
strength in that region and underestimate by almost a factavieV, the effect of the distortion on the response is small and
of two the cross section in the continuu@bove 20 MeV. decreases the predicted values=b%0 to 20%. The fact that
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FIG. 7. Results for’%Zr at 6° (lab) as a function of the excita- FIG. 8. Results forr%Pb at 3°(lab) as a function of the exci-

tion energy. The measured cross section is compared to the exation energy(a) The missing mass spectrum binned in energy and
tractedS=1 andS=0 cross section on the right side of the figure. normalized to give mb/sr MeMV(b) the A, spectrum binned in en-
On the left side, thes)) spectrum is compared to the derived spin ergy and compared to DWIA/RPA predlctlor(s) theA,, spectrum
response spectrum. All spectra are compared to DWIA/RPA predichinned in energy and compared to DWIA/RPA predictions.

tions (dashed curve corresponds to plane wave calculgtions

Preliminary calculations indicated that the signature will
decrease rapidly with scattering angle in a heavy nucleus like
both experimentaresponses in the continuum remain close 2°%b. In order to be able to measure spin observables with
to 0.5 is compatible with a Fermi gas type of response indiimneaningful statistical uncertaintities, special efforts were
cating weak collectivity in the isoscalar spin channel at thesénade to go to the smallest possible angle with the spectrom-
energies. eter while at the same time keeping the instrumental back-
The S=0, S=1 cross sections and the relative spin re-ground as low as possible. Measurements were performed at
sponses derived at 6° are shown in Fig. 7 along with thépectrometer angles of 3 and 4 ° covering an angular range
theoretical predictions. The general pattern is similar to thédrom 2 to 5 °. Fortunately the present experiment could be
results observed at 4°. In ti8=0 spectrum, one notices the performed at such small angles with no significant experi-
sharp decrease of the GQR which is reasonably well demental background. The excitation energy range covered
scribed by the calculation. The cross section in the conwas from 2 to 23 MeV.
tinuum is still slighty underpredicted. Ti&=1 cross section a. Directly measured quantitiesn Fig. 8a) is given the
has a maximum around 8 MeV and is fluctuating around Zaw missing mass spectrum at 3° which is dominated at low
mb/sr MeV in the continuum. As at 4°, ti&=1 cross sec- excitation energy by the 3 state at 2.61 MeV and the2
tion is underpredicted in the continuum. The relative spinstate at 4.09 MeV. Some smaller and wider structures are
responseR ) has the same shape as at 4° and leads to thresent between 5 and 9 MeV. The GQR is clearly seen
same conclusions. centered at 10.5 MeV. Around 14 MeV, we barely see a
structure in the spectrum which could correspond to the
5 208y, GMR. At higher excitation energies, the cross section de-
' creases smoothly. Th, andA,, spectra are shown in Figs.
The concentration of 1 strength in?*%b was first pre-  8(b) and &c), respectively. TheA, values are positive and
dicted by Vergado$43] with two low energy states at 5.45 almost constant accross the spectrum, with the exception of
and 7.52 MeV. The low energy component is dominated bythe low lying states. The DWIA/RPA calculation substan-
its isoscalar component and is labelled the IT=0 state; tially overpredictsA, at all energies. The values 8§, fluc-
the high energy component is expected to be highly fragtuate around zero with a relatively large positive values at
mented. 2.6, 4.1, and 5.8 MeV. The two first energies are those of the
The existence of the isoscalar component was first estal8~ and 2" states. The 5.8 MeV bin has the largast, value,
lished at 5.846 MeV by a resonance fluorescence measurdees not correlate to any large structure in the missing mass
ment with polarized photorigl4] and confirmed by different spectrum, and could correspond to the isoscalarsiate.
(e,e"), (p,p’'), and d,d’) experiments. Due to the pres- The calculation overpredicts the asymmetry at almost all en-
ence of many other states in the 7 to 10 MeV region, it hagrgies.
been much more difficult to localize the high energy compo- The binned missing mass, signature, and spin-flip spectra
nent of the 1" spin excitation[45]. Spin-flip probabilities are given in Fig. 9 for 3° and in Fig. 10 for 4°. At both
have been measured with 200 MeV proton inelastic scatteangles, the missing mass spectrum at large excitation ener-
ing between 2 and 22 MeV showing a wide structure aroundjies is dominated by the GQR. The calculations predict the
7 MeV in the signature spectrum corresponding to differentGQR 1 MeV lower than its actual position and, as f8zr,
multipolarities [46]. Until the present work nothing was overpredict its strength. At 3°, the cross section in the con-
known about isoscalar spin-flip transitions beyond the 1 tinuum is underpredicted. The sharp increase of the calcu-
state. lated cross section at low excitation energies corresponds to
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FIG. 9. Results forr%Pb at 3°(lab) as a function of the exci- _FlG' 11. Results fof®Pb at 3°(lab) as.a “?”C“O” of the exci-
tation energy(a) The missing mass spectrum binned in energy and2ion energy. The measured cross section is compared to the ex-

; ; g ; . - tractedS=1 andS=0 cross section on the right side of the figure.
normalized to give mb/sr MeV(b) the signatureS;; (c) the spin- . . . )
g D) g i (© P On the left side, thes) spectrum is compared to the derived spin

flip cross section spectrum. All spectra are compared to DWIA/ .
RPA predictions response spectrum. All spectra are compared to DWIA/RPA predic-
' tions (dashed curve corresponds to plane wave calculgtions

large concentration of predicted 2and 3~ strength in low

lying states. trum. At 4°, the signatures have drastically dropped; how-
The signature spectrum at 3° is dominated by the bin aéver, the strongest values still occur at 3.5 and 5.85 MeV

3.5 MeV which has an average value of 0.43. This value oflthough with much larger error bars. The structure between

the signature is almost the largest possible value expected fér5 and 9 MeV is no longer visible, illustrating the impor-

a pureS=1 transition and is as large as what has been pretance of measurements at very small angles.

viously observed for the well known*lstate at 12.7 MeV in In the spin-flip cross section spectrum at 3°, the and

12C [15]. This impressively large value of the signature cor-the 1" states stand out very nicely; additional isoscalar

responds to the known ™4 spin state listed at 3.475 MeV strength is observed between 6 and 11 MeV. The cross sec-

[47]. This state is not even visible in the missing mass spection then remains constant at 2 mb/sr MeV all the way up to

trum. This illustrates once more how powerful t8gsigna- 23 MeV. At 4°, the spin-flip cross section has decreased; the

ture is in detecting spin transitions. The other relativelyl™ state is still clearly seen, but the 4s barely visible in

strong value of the signature occurs at 5.85 MeV and correthe experimental tail of the large 3state. In the 6 to 11

sponds to the well established 1 T=0 state at 5.846 MeV. MeV region, only the strength close to 10 MeV is still vis-

All the strong natural parity states at low excitation energyible. At higher energies the cross section becomes compat-

have a signature compatible with zero. Large Value§%’0f ible with zero. The calculations agree with the data fairly

are also observed between 6.5 and 9 MeV. The signature Well at both angles.

constant and equal to 0.1 in the continuum. The DWIA/RPA  b. Derived quantitiesThe derivedS=1 andS=0 cross-

calculations reproduces well the overall shape of the specection spectra at 3 and 4 ° are shown in Fig. 11 and Fig. 12

together with the measured cross section for comparison. As
. . . . expected most of the measured cross secti@=§.

E 150 (o 208p1, 4° 400 MeV As in %°Zr, below 6 MeV, theS=0 cross section corre-
g 100 F do/d0dw (tot) . sponds to well known natural parity states. At higher excita-
S sof M tion energies, the spectrum is dominated by the GQR and
£ o falls off smoothly in the continuum. The DWIA/RPA calcu-
el WU i lations gives the GQR 1 MeV too low and with too much
o 0.15 | E strength. The strength in the continuum is again underesti-
@ od0 b 3 mated especially at 3°.
000 The S=1 spectra are essentially identical to the spin-flip
E af (@ do/d0dw (sf) 3 spectra discussed earlier. Previously unknown isoscalar
s OF =1 strength is clearly observed between 6 and 11 MeV in a
> f‘ region where the few spin-flip transitions observed in other
£ reactions are essentially isovector. At 4°, the strength be-

tween 6 and 8 MeV has dropped much faster than the

strength at higher energy, suggesting a low multipolarity.
FIG. 10. Results foP%Pb at 4°(lab) as a function of the exci- T he calculations reproduce the overall shape of the data rea-

tation energy(a) The missing mass spectrum binned in energy angsonably well. The predicted 1strength around 5 to 6 MeV

normalized to give mb/sr MeVib) the signatureS;; (c) the spin- has a maximum value of 0.6 mb/sr MeV. The &trength is

flip cross section spectrum. All spectra are compared to DWIA/Predicted to be spread between 6 and 12 MeV with a maxi-

RPA predictions. mum value of 1.7 mb/sr MeV.

w (MeV)
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T T T T
0.20 [ 205p}, 4° 400 MeV

T between 6 and 8 MeV decreasing faster as a function of
(tota) angle than the strength between 9 and 11 MeV. In both nu-
clei, S=1 strength is present uniformly in the continuum.
The relative isoscalarT(=0) spin response’R‘{ have been
extracted and are quite different from the relative responses
determined in proton data on lighter nudé&b] (which con-
tain both isoscalar and isovector respor)uskrsparticulaﬂ%‘l)
values show no tendency to rise with increasing excitation
. 5=0) a6 energy. The fact thaR‘f values are of the order of 50% in

! 60 the continuum confirms our previous conclusion, obtained in
[

I

[

0.15 ]

0.10 I
=T
el d) H
0.00 +

—0.05

1.0 oy =

do/d0dE, (mb/sr MeV)

Ja0 40ca and'“C, that theS=1, T=0 response is compatible
20 with that of a free Fermi gas, indicating weak collectivity in
L PETET e TR the isoscalar spin channel.

© (MeV) © (MeV) Extensive microscopic DWIA/RPA calculations have
0 s . _ been carried out for both nuclei. The RPA strength in $he
FIG. 12. Results for%Pb at 4°(lab) as a function of the exci- —0, T=0 channel was scaled down fzr to preserve the

tation energy. The measured cross section is compared to the eX;,  rule in that channel. The calculations are compared to

giciﬁgsl:ﬁl s?gsst;;ycgosesctsrﬁg'?g sgn:thr;%httoSIt?]Z %fetr?\?eggsr?ﬁ the data without any normalization. This was not the case in
’ q SP P pIr lighter nuclei, where for comparison with the data, the

response spectrum. All spectra are compared to DWIA/RPA predic: - . .

. . DWIA/RPA predictions had to be normalized respectively

tions (dashed curve corresponds to plane wave calculgtions

by 1/3 and 1/2 in*?’C and*°Ca. This is puzzling because it

The experimentalalues of the relative spin res onEél) appeared that uncertainties related to the double-folding
are also gpiven in Fig. 11 and Fig. 12 anngwith tﬁe theoretmodel for deuteron-nucleus interaction, discussed in Ref.
) - ) Co ? T15], were responsible for the need to renormalize the calcu-
ical predictions. At 3°,RY calculated with«™™¢ (open [15] P

. ~ ) lations. The theory systematically overpredicts the GQR
circles, reaches almost 100% for thé 4tate, is of the order strength; this has also been observeda and*?C and has
of 80% between 5.5 and 9 MeV and drops to 60% in thebeen diécussed in ReffL5]. The S=0 strength in the con-
cont?nuum.R(l) calt_:ulated witha” is only meaningful in the tinuum is underpredictein some cases by a factor of o
continuum where it fluctuates around 50%. At 3°, both the-3 the signature is overpredicted at high excitation energies.
oretical curves strongly underestimate the spin response bgr\vever the spin-flip cross sectigwhich is the product of
low 11 MeV but give the overall magnitude in the continuum (1o measured cross section and the signatsrevell repro-
reasonably well. The effect of the distortion on the responsgy,ced. One possible explanation for these observations, sug-
is small and increases the predicted values®0 t0 20%.  gested previously for the lighter nucldis], is the following.
As in °Zr, the fact that botfexperimentatesponses in the ™ The DWIA is done assuming one step reaction inelastic
continuum remain close to 0.5-0.6 is compatible with agcaitering; however, in addition to inelastic scattering, con-
Fermi gas type of response indicating a weak collectivity inipytions from multistep reactions are possible. We can have
the isoscalar spin channel at these energies. At 4°, except f@pme two step reaction mechanism such as breakup followed
the 4" and 1" states, both experimental responses havey pickup but this contribution should in part be taken into
dropped drastically, and the uncertainties are correspondgccount in the optical potential. Other contributions coming
ingly large. from (d,d’X) reactions leading to multiparticle final states,
are probably on the average=0 and therefore explain the
VI. SUMMARY AND CONCLUSIONS observed excess &= 0 cross section. Furthermore, this ex-
cess of non-spin-flip cross section “dilutes the signature”
rclamd the analyzing powers, leading to lower values of the

__|_i.1/§|_

This first attempt at mapping the isoscalar spin strengt
has been carried out from 2.5 to 43 MeV {fgr and from 2 measure®. A andA.. as observed
to 23 MeV in 2%Pb. In °°Zr, we have the first evidence for R vy, '

localized isoscalar spin strength centered at 8 N8 MeV bet-:—/\?;((lerr:gtrt]getsheecr;ram:rzléstggocj:\ltcac?s,upéégigglz rzll]ggr;iirigtt_
wide), 10.7 MeV (1 MeV wide), and in the continuum. The y

8 MeV structure seems to have a forward peaked anguIa{[t(’er than in lighter nuclef15].

distribution and quite possibly is the isoscalar component of
the “M1 resonance” previously seen ip,p’') scattering.

In 2%Pp, the already known spin states 4t 3.475 MeV We are grateful to the technical staff of the Laboratoire
and 1" state at 5.846 MeV which are barely visible in the National Saturne for its efficient assistance during the experi-
missing mass spectrum, stand out clearly in the signaturenent. We would like to thank Y. Bisson, G. Chesneau, and
spin-flip, andS=1 cross section spectra, showing once moreR. Margaria for their help during the setup of the experiment.
how powerful our method is in extracting the isoscalar spinSome of the author«C.D., F.T.B., and C.G .were supported
strength. A previously unknown concentration &=1 by grants from the National Science Foundation and the U.S.
strength is observed between 6 and 11 MeV with the strengtBepartment of Energy.
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