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Differential cross section and analyzing power measurements have been made for 200 MeV inelastic proton
scattering fron?®Ni. Using the codeEa, neutron transition densities have been obtained for fyrdhe 3,
and five 4" low lying states. Charge transition densities obtained from electron scattering were used in order
to minimize the nuclear structure uncertainty, along with a recent 200 MeV empirical effective interaction.
Two types of calculations have been used in comparison to the data, one in which the neutron transition
densities are obtained by scaling the charge transition densitied/By the other in which the neutron
transition densities are allowed to vary to obtain a best fit to the data. Multipole matrix elements are obtained
and compared to collective model analyses using both intermediate energy protons and pion scattering results.
The radial shapes of the neutron transition densities for the lowest lyingr@l 3~ states are compared to
those calculated using the energy density meth§6556-281®8)06810-1

PACS numbd(s): 25.40.Ep, 27.40:z

. INTRODUCTION tained for low lying natural parity states #i0 [9], 3°Si[10],
345[11], “8ca[12], and®sr[13]. In this paper we report the
The radial shape and overall strength of both neutron andxtraction of neutron transition densities for fout,2one

proton transition densities can be used as an important test @f-, and five 4" states in®Ni in a manner similar to Refs.

various models of the nucleus. Inelastic electron scatteringg—13].

for many years has been used to obtain charge transition |n Sec. Il we will briefly describe the experimental setup

densities[1]. Unfortunately, electron scattering cannot befor the inelastic proton scattering measurements. Section Il|

used to obtain neutron transition densities since the electrogontains a description of the model inputs and fitting proce-

interacts only very weakly with neutrons in the nucleus.dures. Section IV presents the data and the resulting neutron

Therefore, hadron scattering must be employed to obtaifransition densities. Section V summarizes the results and

neutron transition densities. Until recently, the use of hadrorpresents the conclusions.

scattering to obtain neutron transition densities was plagued

by the lack of an adequate hadron-nucleus interaction. With- IIl. EXPERIMENT

out such an interaction it is not possible to unfold the effect

of neutron density from the interaction. Recently, Kelly and ~ The experiment was carried out at the Indiana University

co-workers have completed a program aimed at determiningyclotron Facility IUCF) using 199.0 MeV protons polar-

empirical effective interactions for intermediate energy

proton-nucleus scatterinf2—8|. These empirical interac- g

tions, which are obtained from examining states in self- 1o+ 145

conjugate nuclei such d80 and“°Ca, are then used along ] 8" 5.12 _

with charge transition densities obtained from electron scat- 10°4 4% 2.46 L

tering to determine neutron transition densities for a variety 3 i

of nuclei. Neutron transition densities have already been ob-
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FIG. 2. Cross section and analyzing power data for thestate at 1.45 MeV, along with the neutron transition density derived in this
work, and the charge transition density from inelastic electron scattering fronj¢fThe dashed curves are the result of using a neutron
transition density that is obtained by scaling the charge transition densiN/By The solid curve is the result of allowing the neutron
transition density to vary to provide a best fit to the data.

ized in the direction normal to the scattering plane. The scatgiving a solid angle of 1.1¥0.01 msr. Beam polarization
tered protons were detected by the K600 magnetic spectronjyas continuously monitored usind in-beam polarimeters
eter[14,15. The energy resolution for this experiment was[17]. Differences between spin up and down polarization
25-30 keV for most of the data taken. A typical spectrum ismagnitudes were periodically checked by using-4He po-

Sh0\|/<vn in Fig. 1. Our mleasurementfs extend from the ilaSti%rimeter which is inserted into the beam line between the
peak up to approximately 15 MeV of excitation energy; NOW-jnia 1o and main stage cyclotron. The magnitude of the po-

ever, in this paper we examine states up to an excitation. .__.. : -
energy of 4.75 MeV, which is the limit of the available elec- Egﬁ?tlon varied from 0.69 to 0.75 throughout the experi

tron scattering data on2 37, and 4" stateg16]. o . . . .
Forward angle measurements were taken at 8°, 10°, 12°, The normalizations obtained using the mformgﬂon above
ere then used to calculate absolute cross sections and ana-

14°, 15°, and 17.75° using a Faraday cup internal to the ~. o lizati q hecked
spectrometer scattering chamber. Using an external Farad INg powers. LUr hormalization procedures were checke
performing an optical model parameter search on the elas-

cup and beam dump, measurements were taken from 15° 1t : ! . " )
50° in 2.5° steps, and at 55°, 60°, and 65°. The target was tic scattering data obtained during the experiment i,

rolled foil of 99.9%58Ni with a thickness of 3.1 mg/cThe These parameters were then used in a deformed optical
beam current on target varied from 1 to 130 nA dependindmde' calculation usingcis79to obtain the hadronic defor-
upon the angle of the spectrometer. The beam current wa®ation length sy for the 1.45 MeV, 2 state. Previous
adjusted so that the live time of the electronics and acquisiwork on *®Ni has shown thaty, for this state does not vary
tion computer was always larger than 90%. The angle caliwith incident proton beam enerd@$78—-1047 MeV and that
bration of the spectrometer was measured by using a coms$;=0.82+0.04 [18]. The value fors, determined in the
posite natural C and®Ni target and by measuring the present analysis is 0.84, which lends credence to our absolute
kinematic crossover of the elastic peakd€ with the 1.45  cross section measurements.

MeV, 2% state in®8Ni. Using this method, the uncertainty in The energy calibration of the focal plane was determined
our laboratory scattering angle is approximatel@.1°. The by using well-known states as reference energies and fitting
solid angle of the spectrometer depended on the size of ththe spectra at each angle up to a quadratic term in momen-
entrance apertures employed. Two apertures were used, ofvem. Using this method, the excitation energies are reliable
was a 0.93-cm hole giving a solid angle of 0.145to =15 keV up to approximately 10 MeV; for the higher
+0.001 msr; the other was a rounded slot 2.54 cm on a sidexcitation energies, this value s30 keV.
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FIG. 3. Cross section and analyzing power data for thestate at 2.77 MeV, figure description the same as Fig. 2.
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FIG. 4. Cross section and analyzing power data for thestate at 3.04 MeV, figure description the same as Fig. 2.
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TABLE |. Laguerre-Gaussian expansion coefficients for the best-fit neutron transition densities.

a, 2,%, 1.45 MeV 2%, 2.77 MeVv 2", 3.04 MeV
1 (4.540+0.289%10 2 (2.773:0.325%x10°3 (1.086+0.089 %102
2 (—2.904+0.140x10 2 (—2.887+0.187x10 3 (—1.294+0.060 X102
3 (1.648+0.075%x10°2 (—1.230+0.080x10 3 (—3.596+1.520x10 4
4 (—1.293+0.222 %103 (4.516+0.404 <104 (5.225+0.70)x10°°
5 (—6.8600+2.023 X104 (4.029-1.8349x10°° (5.871+2.152x10°°
6 (—1.472+1.015%x10 * (—4.081+1.059x10 (—2.449+1.118%x10°°
2,7, 3.26 MeV 37, 4.47 MeV 4%, 2.46 MeV
1 (2.456+0.133 X102 (2.829-0.153 X102 (1.066+0.046 X102
2 (—1.245+0.062 %10 2 (—1.233+0.062x10 2 (—3.611+0.202%x10 3
3 (—6.185+1.664x10™* (5.549+1.160x10* (—2.737£0.413x10™*
4 (4.096+0.906 %104 (6.313+6.757x107° (5.126+2.709x10°°
5 (6.230:2.927x10°° (2.060-0.297x10 4 (1.181+0.169x10 4
6 (—1.792+1.4279%x10°° (—1.054-0.189%x10 4 (6.039+8.2179x10°6
4,%, 3.62 MeV 4%, 4.29 MeV 4,%, 4.40MeV
1 (7.990+0.470x10°3 (4.410-0.240x10°3 (9.688+0.493 X103
2 (—1.962+0.129x10 3 (—1.116+0.089x10 3 (—3.098+0.159 %103
3 (—3.990+0.423x10 3 (—5.407+1.445%x10° (—8.554+0.846x10 4
4 (—1.223+27.49)x10°© (5.710+0.923x10°° (—2.227+0.674x10-4
5 (7.451x1.790x10°° (6.946+2.366x10°° (—4.015+4.214%x10°°
6 (2.115+0.765x10"° (—7.271+1.687x10 © (—1.634+1.465%x10°

457, 4.75 MeV
(1.354+0.079%x10°2
(—3.317+0.183x10 3
(—5.944+0.599x10 4
(—8.252+39.67x10 ©
(1.224+0.28) %104
(3.863+1.241)x10°°

O WN P

local density approximation which has been shown to be
valid for intermediate energy proton scatterirgg].
Both the optical and inelastic scattering potentials were
obtained by employing the same empirical effective interac-
_ All of the calculations were performed using the ced®  tjon. The interaction used was the PH3 parameter set as
(linear expansion analy3ig2-13,19. Details about this |isted in Table Il of Ref[8]. This empirical interaction was
code can be located in Ref—-13. We will present only  ohained by simultaneously fitting botfO and “°Ca 200
t_hose details of the code that are rt_alevant for our calcuIaMeV data for well-known low lying states and is based on
::ggf .p-rort]:n?ig;nv(\j/:;afbg:ﬁ;%e 3§nm$mgzg[£%]gigﬁlrgtih%p' the Paris-Hamburg interaction which has been shown to give
a good description of intermediate energy proton scattering

Fourier-Bessel coefficients presesented in Refl]. The 58 1« S
neutron ground-state densities employed are the round-staf{gm NI [_24]' The PH3 par_ameters are similar to the pa-
9 oy 9 rameters given in Ref25] which also fit'®0 and*°Ca data

charge densities scaled byZ. The charge transition densi- "¢ .
ties were obtained from inelastic electron scattefihg,22  Simultaneously at 200 MeV. A recent pafjé2] on obtain-

and have also been parametrized as Fourier-Bessel coefffld Neutron transition densities féfCa using 200 and 318
cients. The proton transition densities were unfolded fronfMeV polarized protons studied the effect of using different
the charge transition densities. The knock-on exchange wanpirical effective interactions in the extraction of neutron
handled using the zero-range approximationLizn. The  transition densities. The differences in the neutron transition
Cheon rearrangement fact®3] was used in all of the in- densities obtained using the PH3 interaction or the LR3 in-
elastic calculations. Coulomb excitation was included in theteraction(Love-Ray, Table Il of Ref[8]) were between 6%
calculations for all of the excitations. The density depen-and 18% for the peak of the transition densities and between
dence was incorporated in all of the calculations using thé% and 11% for the integral moments. Referefit2 con-

Ill. CALCULATIONS

A. Distorted wave calculations
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FIG. 5. Cross section and analyzing power data for thestate at 3.26 MeV, figure description the same as Fig. 2.
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FIG. 6. Cross section and analyzing power data for thestate at 4.47 MeV, figure description the same as Fig. 2.
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TABLE II. Neutron and proton multipole matrix elements extracted for stat&&Nn

PRC 58

State M2 M2 Mn/M g2 M /M ° M /M M /M °
2," 24.37-0.83 1251 1.940.07 1.02012  1.2%0.05 1.40
2, —0.0810.102 0.706  —0.11+0.16

25" 4.11+0.19 3.947 1.040.05 0.86-0.23  0.95-0.04

2, 5.09£0.22 5.057 1.0%£0.04 0.81-0.19  0.96-0.21

3 71.43+2.61 48.74 1.4%0.05 0.70:0.17  0.95-0.12 1.39
4, 232.7-10.2 113.46 2.050.09 0.91-0.33  1.15-0.37

4, 97.69+7.26 125.14 0.780.06 0.46-0.19

45" 58.76+4.09 96.22 0.6%0.04

4, 134.0-8.57 107.00 1.250.08

45" 170.9+10.8 126.26 1.350.09 0.98-0.20

8Present work, calculated usinga, 5% uncertainty assigned d, for the calculation oM ,/M,.
bReference 18] proton scattering results.

‘Referencd27] proton scattering results.

9Reference 28] pion scattering results.

cludes that the use of these different interactions does nathere x=r/b, with the harmonic oscillator parameter
significantly alter the extracted neutron transition densities.b=2.20 fm for *®Ni; L represents the multipolarity of the
excitation from the ground statd €0). The terms inside
the sum are the Laguerre polynomials with expansion coef-
ficientsa, . It is these expansion coefficients that are varied
in order to simultaneously fit the cross section and analyzing
power data.

Examination of the charge transition densities shows that
some of them oscillate at radii far beyond the edge of the

B. Extraction of neutron transition densities

The radial form of the neutron transition densitipg(r),
is represented by the Laguerre-Gaussian expantiGik)

pn(r)=x-eSa Lk i 2x?), (1)
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FIG. 7. Cross section and analyzing power data for thestate at 2.46 MeV, figure description the same as Fig. 2.
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FIG. 9. Cross section and analyzing power data for thestate at 4.29 MeV, figure description the same as Fig. 2.
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11. Cross section and analyzing power data for thestate at 4.75 MeV, figure description the same as Fig. 2.
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FIG. 12. Neutron transition densities for the",21.45 MeV  state. The dots with error bars are from the best fit to the present
state. The dots with error bars are from the best fit to the preserdata. The solid line is the result of an energy density calculation
data. The solid line is the result of an energy density calculatiorfrom Ref.[29].
from Ref.[29].

tered near 4.2 fm, with a small lobe in the interior. This

nuclear surface. These oscillations are small, but may influshape is similar to the shape of the transition potential ob-
ence the shape of the neutron transition densities. To minf&ined using the collective model. A collective model analy-
mize this effect, for each transition we examined plots ofSis of this state describes the data quite i&. The dashed
pn(r)r*2 (which emphasizes the surfacand tried to keep ~curve in Fig. 2, wr_nch is the result c_>f using a neutron tran-
oscillations at large as small as possible. The codea  Sition density that is scaled byN(Z) times the charge tran-
allows for up to 12 expansion coefficients to be varied. How-Sition density, descrllbes the pverall shape of the cross section
ever, it was observed that beyond six terms oscillations a#ata, but smaller in magnitude at the smaller scattering
larger became large and were deemed unphysical. While signgles. To make up for this cross section deficit, the neutron
terms is less than that used in previous work, for all thelfansition density must be larger than the charge transition
present transitions studied it gave the most stable result§lensity. The best-fit neutron transition density is centered

More details on the fitting scheme employed are discussed iRéar 4.5 fm, and it exhibits an interior positive lobe centered
Ref. [25]. near 1.7 fm. Figure 2 shows that while the cross section data

are described much better by the best-fit neutron transition
density calculation(solid curve, the analyzing power data
IV. DATA AND RESULTS (especially at the larger ang)eare best described by the
Neutron transition densities have been determined fofcaled neutron transition density calculatiolashed curve
four 2* stateg1.45, 2.77, 3.04, and 3.26 Me\bne 3 state Figure 3 presents results for thé 22.77 MeV state. This
(4.47 MeV), and five 4" states(2.46, 3.62, 4.29, 4.40, and State is a good example of the overall improvement of the
4.75 MeV). The Laguerre-Gaussian expansion coefficientdest-fit neutron transition density calculation over the scaled
obtained are given in Table I. The uncertainties listed are &alculation. The charge transition density has a positive lobe
combination of three errors, statistical, incompleteness, angentered near 3.6 fm and a smaller negative lobe centered
normalization. After the first fit, the data were scaled bynear 1.5 fm. Also, there is smaller oscillation beyond 5 fm.
+5% and refit, then scaled by5% and refit in order to Therefore, one would expect the cross section data to appear
estimate the effects of uncertainty in the normalization of thequite different from that of the 1.45-MeV surface-peaked
data. The incompleteness error is associated with the truncHansition, and it is. The fitted neutron transition density is
tion of the Laguerre-Gaussian expansion. similar in shape to the charge transition density, but larger in
Two calculations are presented in the comparisons to thE'agnitude, especially in the oscillation beyond 5 fm. .

data for each level. Both calculations employ the PH3 em- The 3.04 MeV state shown in Fig. 4 has a charge transi-
pirical effective interaction, along with charge transition den-tion density shape that is between the 1.45 and 2.77 MeV
sities from inelastic electron scattering. The difference beshapes. The largest lobe is positive and centered near 4.1 fm,
tween the two calculations is in the neutron transitionand there is a negative lobe centered near 1.8 fm. The scaled
densities. The dashed line calculations are where the neutréiglculation is similar in shape to the fitted calculation at the
transition density was obtained by scaling the charge transgmaller scattering angles, as is expected due to the similarity
tion density byN/Z. The solid line calculations are when the in the surface peaked lobes. The neutron transition density
neutron density was allowed to vary to fit the data. Thesd'as a larger negative interior lobe than the charge transition
calculations extend to approximately 57° since this is thedensity, and this may be reflected in the differences between

range in momentum transfer where the electron scatterinf® two calculations in describing the cross section data.
data were obtained. The data and calculation for the 3.26 MeV state are pre-

sented in Fig. 5. The charge transition density is a positive
Gaussian centered near 4 fm; this is the only structure. The
fitted neutron transition density mainly consists of a positive

As shown in Fig. 2, the first 2 state at 1.45 MeV has a lobe centered near 3.5 fm; there is also a smaller negative
charge transition density that is Gaussian shaped and celobe centered near 1.3 fm.

A. 27 states
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In all four cases the fitted calculation best describes th&ensity. Again, the smaller angle cross section data are better
cross section data, particularly the 2.77 MeV state. The fittedlescribed by the fitted calculation, while the larger angle
calculation also best describes the analyzing power out tanalyzing power data are best described by the scaled calcu-
about 35°; beyond that, the scaled calculation does a bettéation.

job in describing the data. The final 4" state analyzed is presented in Fig. 11. The
charge transition density consists of a single surface-peaked
B. 3- state lobe centered near 4.0 fm. The fitted neutron transition den-

) B sity is also a single surface-peaked lobe centered near 4.0 fm
Figure 6 presents results for the only 3tate analyzed, with a tail extending to larger radii. Again, the cross section
and it is located at 4.47 MeV. The charge transition densityjata are best described by the fitted calculation, while the

shape consists only of a positive lobe near 4.2 MeV. The&nalyzing power data are described equally well by both cal-
fitted neutron transition density mainly consists of a positiveg|ations.

lobe centered near 4.0 fm with a smaller negative lobe cen-
tered near 1.6 fm. Again, the cross section data are best
described by the fitted calculation. At the smaller angles the
analyzing power is described equally well by both calcula- The multipole matrix elements are defined as
tions; however, as with the "2 states, the larger angle data
are best described by the scaled calculation.

D. Multipole matrix elements

Mn,pzf paP(r)rt*2dr, 2
C. 4% states

Five 4" states have been analyzed; these are located at
2.46, 3.62, 4.29, 4.40, and 4.75 MeV. Results for the 2.4éVith pg°(r) being the neutron or proton transition density
MeV state are presented in Fig. 7. The charge transition der@ndL is the angular momentum transfer and can be used to
sity has a positive lobe centered near 4.4 fm with a smallegive an indication of the isospin character of the state. An
negative lobe centered near 2.2 fm. The fitted neutron trarisoscalar transition hasl,/M,=N/Z: deviation from this
sition density has a positive lobe centered near 4.1 fm with ¥alue can then be used to characterize a state as being either
much smaller negative lobe centered near 2.1 fm. The crosgrotonlike” (M,/M<N/Z) or “neutronlike” (M,/M,
section data are best described by the fitted calculation. The& N/Z). In our analysis the proton transition density is ob-
two calculations for the analyzing power are more similar totained from electron scattering, while the neutron transition
each other than they were for the’ 2and 3~ states; both density is obtained from a best fit to the inelastic proton
describe the data equally well. The magnitude of the positivécattering data determined in the present work. Table Il pre-
lobe for the neutron transition density is about twice as larggents our results for the multipole matrix elements along with
as the charge transition density. This is reflected in the calthe results of collective model analyses from Ré1s] and
culations for the cross section where the scaled calculation i27]- The last column presents results based on an analysis of
much smaller in magnitude than the data. pion inelastic scatterinf8].

Results for the 3.62 MeV state are presented in Fig. 8. Our values oM ,/M, for the lowest 2, 1.45 MeV; 3,
The positive surface-peaked lobe for the charge transitiod-47 MeV; and 4, 2.46 MeV states are larger than those
density is centered near 4.1 fm with a smaller negative lob@btained using the collective model. The scaled neutron tran-
centered near 1.8 fm. The fitted neutron transition densitgition density calculations when compared to the cross sec-
has a large positive lobe located near 4 fm, and incorporatintjon data for these three states are all smaller in magnitude
the error band in the interior, this is the only structure. Un-than the data at the first maximum. Therefore, one would
like the other states previously mentioned, the cross sectiogXpectM,/M, to be larger than the isoscalkt, /M, value
data at the smaller angles are best described by the scalefil N/Z=1.07. The pion scattering resultsvhich include
calculation, while the analyzing power data are slightly bet-only the 2, 1.45 MeV and 3, 4.47 MeV statesare much
ter described by the fitted calculation. closer to our results for proton scattering. In the remaining

Figure 9 presents the results for the 4.29 MeV state whosgtates (where comparisons can be madéhe values of
charge transition density is similar to the 2.46 MeV state M,/M, are in fair agreemerithough largey, and the scaled
with a positive surface lobe centered near 4.25 fm with ecalculations are near the best-fit calculations at the first maxi-
negative interior lobe located near 2.1 fm. The charge tranmum in the cross section. An earlier microscopic analysis
sition density also exhibits a small oscillation beyond 7 fm,[24] of the 2" states at 1.45, 3.04, and 3.26 MeV and 4
which may influence the neutron transition density. The fit-States at 2.46, 3.63, and 4.75 MeV obtained reduced transi-
ted neutron transition density is a single positive lobe cention probabilitiesB (EL) for these states that agree with in-
tered near 4.1 fm. Both the cross section and the analyzinglastic electron scattering resufts3]. However, in order to
power data are best reproduced by the fitted calculation. match the cross section dafta4], the calculations, which

The 4.40 MeV state results are presented in Fig. 10. Thassumed,(r)=N/Zp,(r), had to be scaled by 1.4 for the
charge transition density surface peaked lobe is centered neaf, 1.45 MeV state, 1.25 for the'4 2.46 MeV state, and
4.1 fm, with the much smaller interior lobe being negative1.34 for the 4, 4.75 MeV state. It is unclear at this time
and centered near 2.0 fm. The neutron transition density haghy for some states the scaled cross section calculations are
a positive surface peaked lobe centered near 3.8 fm with mmuch smaller than the data. It may be that these states are
negative interior lobe centered near 1.8 fm and about a factanuch more neutronlike and are not well represented by the
of 4 larger than the interior lobe of the charge transitionisoscalar assumption implicit in tHé/Z scaling procedure.
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E. Comparison with calculations based power data. One is where the neutron transition densities are
on the energy density method scaled byN/Z to that of the charge transition densities, and
Lombard and Mas have applied the energy densit;lhe other is where the neutron transition density is allowed to

method in calculating excitation energies, proton and neutrof&"y 0 fit to the data. In all cases except for one state, the

transition probabilities and radial shapes for proton and neuf_itted calculations best describe the cross section data and the

tron transition densities for the lowest lying 2and 3~ states smaller angle analyzing power data. The scaled calculation

for nuclei with N or Z=20, 28, 50, 82, and 1289]. They generally describes best the large angle analyzing power

use transition densities rather than wave functions to dedat@. The peak of the neutron transition density in all cases

scribe the excitation and constrain them to satisfy a sum rul?XCEPt one occurs at the same or smaller radii in comparison

along with fixing the energies of the isoscalar quadrupoleIO the c;harge trar_wsition density. ) ,
and octupole resonances. Multipole matrix elements have been obtained and their

Figures 12 and 13 present our best-fit neutron transitioh2ti0S compared to collective model and pion scattering
densities with those calculated by Lombard and Mas. For th@n2lyses. In general, our ratiosdi, /M, are larger than the
2+, 1.45 MeV state, the calculated shape is similar to thé:ollect!ve model analysis. The pion results are larger than the
fitted neutron transition density and even obtains a larg&P!l€ctive model results. L _
positive interior lobe. The calculation for the 34.47 MeV The lowest lying 2 and 3™ neutron transition density
state is similar in shape to the fitted neutron transition denSNaPes were compared to those calculated by using the en-

sity, but is smaller in magnitude, and the interior lobe peak£rdy density method. These calculations qualitatively de-
at a larger radius. scribe the shapes and size of the extracted neutron transition

densities. It would be interesting to have other model calcu-
lations of the neutron transition densities to compare to the
present results.

Data have been obtained for 200 MeV polarized proton
scattering fronP®Ni covering a Iarg_e range in both excitation ACKNOWLEDGMENTS
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