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ABSTRACT: Analyzing powers and cross sections for the scattering Of polarized 

protons from Si have been measured at eight energies between 17 and 29 MeV. 

The analysing powers show an "anomalous" behaviour and an optical model ana'lysis 

yields a non-monotonic effect in the spin-orbit potential. 

derived optical model parameters. 
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I - INTRODUCTION 

The interest of the results reported here is twofold. Firstly, the 

development of a Si pOlarimeter l ) requ~red precise measurements of 

. proton polarization analyzing powers and cross sections for the scattering 

of silicon above 15 MeV. Secondly, the region between 15 and 30 MeV of 

the p - 28S; system corresponds to the giant multipole resonance 

energies in 29 p 2,3) 

Nuclear reaction mechanisms and the structure of nuclear states have 

been studied extensively via proton producing reactions such as (p,pl), 
3 3 4 (d,p), (He ,p),( H,p), (He,p), etc. Th.e experimental results consist 

predominantly of cross sections. However, when particles with spin are 

involved, it is well known that additional observables must be measured, 

for an adequate testing of theories used to interpret experiment, for 

the determination of relevant parameters of the reaction mechanism and 

the structure of the states involved,. One such observable is the polari-

zation of the outgoing proton, and to measure it a suitable polarization 

analyzer is required. Since yields of protons produced in nuclear reac-

tions are inevitably low, an analyzer with good energy resolution and 

also with high efficiency is indicated. The conventional helium or 

carbon polarimeters 4,5) do not meet simultaneously both requirem~nts. 

lhe possible usefulness of silicon detectors as proton polarization 

analyzers was first pointed out by Miller 6). Recently, various repOI"ts 

on polarimeters using Si detectors as analyzers have been published 1,7,8) 



2. 

The system described in reference" 1 is intended for proton ener.gi~s 

higher than 15 MeV, typically in the range between 15 and 30 MeV. There 

was thus a need for d~tailed experimental information as a function of 

energy and angle, because some existing measurements at 17 and 29 MeV 9,10) 

were not of sufficieht accuracy and angular detail, although they permitted 

to forecast the usefulness of the polarimeter in this energy range. Below 

15 MeV it"has been shown by Hardekopf et al. 11) that there are rapid· 

variations of the analyzing power as a function of energy~ limiting some-

what the applicability as a polarization analyzer. 

The energy covered by the present experiment includes the region of 

the giant dipole resonance in 29 p 3). Other studies have been carried 

out in such regions for p + 24Mg , -+ 27Al d ~ , 325 12) Well er et p + , an p T 

al. 13,14) have studied -+ l4C and -+ 56 F and they found, from p + p + e 

phase-shift analyses of the data, that a single partial wave amplitude 

had the most significant energy dependence in each case. They then 

showed that this energy dependence was consistent with a resonance whose 

parameters were appropriate to those of a giant dipole resonance. It 

has been established through inelastic proton scattering from a broad 

range of nuclei that just below the giant dipole there are also quadru

pole and monopole resonances 15). The proton widths of these resonances 

imply that they should affect the proton elastic scattering, and should 

'be observable provided that the shape elastic scattering described by 

the conventional optical model (OM) is not dominant. The scattering of 

protons above 10 MeV (unpolarized and polarized) from nuclei 

heavier than helium has been traditionally analyzed by the OM witn 

varying degrees of sophisti.cation 16,17,18), and th9 resulting pai"a-



meters and wave functions are extensiv~ly used in the distorded wave 

Born approximation {DWBA) calculations of nuclear reactions 19). 

However, experimental data and corresponding OM parameters are availa

ble at rather widely spaced energy intervals, and in applications ~ 

monotonic variation with energy is assumed to provide the necessary 

interpolations or extrapolations. However, the validity of the latter 

and ~f th~ resulting wave functions may be seriously affected by 

resonances in general and, in particular,·by the giant resonances 

present in nuclei. The region of the giant dipole resonance for 29 p 

is located near 20 MeV in the 28Si +p channel, and the evidence for 

quadrupole and monopole resonances in other nuclei would centre them 

about 2 MeV lower in energy 15) 

3. 
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II - EXPERIMENTAL DETAILS AND RESULTS 

The polarized proton beam facility of the Berkeley 88-inch cyclotron 20 ) 

was used to measure relative cross sections and asymmetries in the scatte-

ring from Si at 2 MeV intervals from 17 to 29 MeV inclusive. The natural 

Si target (92.2% of 28Si ) was prepared from crystalline high purity material, 

and the t~ickness was determined t~ be 6.5 ± 0.2 mg cm~2 using a method of 

a-particle transmission using a source of 241 Am . Although ref. 20 contains 

most of the details of the standard experimental procedure~ a brief summary 

is presented here for completeness. Figure 1 shows the layout of the 

scattering chamber, detectors and polarimeter. 

The incldent beam energy was determined by momentum analysis through 

a 1100 bending magnet. The centre of the target energies were calculated 

from such determinations and the measured target thickness quoted above. 

The beam alignment was monitored continuously with a split Faraday cup, 

requiring only minor corrections during the experiment. The beam polari

zation was measured with a helium polarimeter~ placed following the scatte

ring chamber. It consisted of a g~s cell and a pair of 6E-E counter 

telescopes set at opposite sides of the beam. The protons scattered from 

helium were detected.at angles corresponding to maximum analyzing effi

ciency that is 1140 to 1170 for energies of 25 MeV or higher, and 75.6 0 

. for energies below 25 MeV. The analyzing power of helium was known with 

great detail from recent accurate measurements 20). Typical beam pola

rizations were between 75 and 85%. Each asymmetry measurement was 

accompanied by a simultaneous beam polarization measurement. Four pairs 
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of silicon detectors placed at symmetrical angles with respect to the 

beam were used for the asymmetry measurement, spanning an angular range 

of 300 at 100 intervals. In order to correct for geometrical effects 

each angle was measured with two spin orientations of the polarized 

beam. The spin reversal was simply accomplished at the ion source 

reversing the current through a solenoid 21). The relative efficiencies 

of the eight detector systems used during the experiment were determined 

with an unpolarized beam, under identical conditions, by switching off 

the radio-frequency transition in the ion source, and measuring the same 

laboratory angle with the four detector pairs in succession. 

A schematic diagram of the electronics is shown in figure 2. Pulses 

from the eight detectors were mixed and routed 'to 256 channel ~ections 

of a Nuclear Data 4096 channel analyser. A typical run consisted of the 

yield of the eight detectors for one spin orientation, stored in 2048 

channels, and also for the other spin orientation, stored in the remaining 

2048 channels. The data of a complete run were transferred to Dec-tape 

by means o~ a PDP-5 computer. For all energies except 25.25 MeV measure

ments were confined between 150 and 54°. At 25.25 MeV a full angular 

distribution was measured, which has been published elsewhere 22) in 

relation to the ground state rotational band of 28Si . Figure 3 shows 

some typical spectra, and the data reduction was straight-forward. A 

first reduction was performed during the experiment as described by 

Plattner et al. 23), and a second, definitive one, was performed at 

Universit~ Laval using a PDP-15 computer. The analyzing power is given 

by 

A 1 r-l 
= Pb" r-:-l ( 1 ) 



with 
_ (L t R +) I/Z. 

r - R L 
t + 

6. 

(2) 

Land R are yields, Pb is the beam polarization and A is the analyzing 

power of the scatterer, the arrows indi,cate the direction of polarization 

of the beam relative to the scattering plane. A simultaneous measurement 

of asymmetries from 4He and Si permits the determination of the analyzing 

power of the latter. Errors of the calculated asymmetries are due to 

statistical fluctuations, to the uncertainty of the scattering angle, and 

to the error in the measurement of the beam ~olarization. The cross 

sections were calculated from the yields L
t

, R
t

, L+, R+ with a code 

written in FOCAL language for the PDP-15 computer. The errors of the 

calculated cross sections are due to the same first two sources mentioned 

above for the polarizations, and also to the target thickness uncertainty, 

to the error in the relative normalization of the four pairs of detectors 

and to the charge collection uncertainty. The absolute normalization of 

cross sections was carried out by calibration of the split Faraday cup 

located behind the helium polarimeter, using a removable one that can be 

placed at the exit of the scattering chamber (see Fig. 1). Two additional 

monitor detectors and also the helium polarimeter counts permitted a 

consistency check of the cross section· normalizations. Figure 4 shows 

comprehensive graphs of cross sections and polarizations, and tables I 

and II give their numerical values and errors. II 



III - OPTICAL MODEL ANALYSIS AND SEARCH ON THE p-WAVE PHP3E SHIFTS 

The cross section and polarization data were analyzed first with 

the code Seek due to Melkanoff, Sawa~a and Raynal 12) The parametri-

sation is made in terms of a potential 

V (r) c 

III 2 
= - e r 

for r ~ rc 

for r > r c 

7. 

le and lie are respectively the charges of the target and of the ~rojectile. 

r-r 
= - V/(l + eXPT) 

·r 
(4) 

where 

r = R M1/ 3 
r r t 

(5) 

with 



A Thomas form spin-orbit term is used 

The 

~2 
"2 [Vsr(r) + iVsi(r)J 

programme minimizes 

...,2 _ "V 2 ",2 
"'T - 1\0 + "p 

x2 
T 

= 2(Vs + i 

defi ned 

8. 

W ) 1 d 1 (6) s r dr 
l+e(r-rr)/a 

as 

After an extensive search using this code (SEEK) it became apparent 

that it was difficult to arrive at an acceptable fit to the data. The 

spin-orbit diffuseness parameter in this code is kept equal to that of 

the real central potential. However, according to Satchler 24) a spin-

orbit parameter smaller than that of the real potential is preferable. 

Thus it was decided to try the code MAGALI 25) which allows the use of 

independent geometrical parameters, and also enables the use of either 

a gaussian or a Saxon-Woods derivative form factor for the surface 

absorption. The latter was used consistently in the work reported here. 

Table III contains the parameters corresponding to "best fits" of the 

experimental data (solid lines shown on figure 4). Figure 5 is a plot 

of the relevant dynamical parameters V, Vso ' Wd and W, showing a 

strong non monotonic behaviour of Vso' A similar trend is also shown 

by Wand Wo' but it is difficult to attach much significance to it 

because their sum is essentially independent of energy, and the quality 

of the fits depends on the sum and only weakly on the separate values 

" 
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of Wand WD. They do show a shift from volume to surface absorption 

.in this energy region. The distinctly poorer quality of fits 

obtained when Vso is interpolated linearly between 17 and 29 MeV is 

illustrated in table IV. As expected, the deterioration of the fits 

to the polarization data, as shown by the large increases in ~~, is 

the most marked. 

Since the standard OM calculation does not include contributions 

to the scattering from other than the shape-elastic resonances, it 

is possible that the anomalous behavior found for Vso(E) is due to a 

giant resonance contribution to the scattering which is not specifi-

cally included in the calculation. In their investigations over the 

giant resonance regions of 15N and 57eo via p + 14e and p + 56 Fe 

elastic s~attering, Weller et al. 13,14) carried out phase shift 

analyses of their data, and they found, in each case, an energy 

dependence of a single partial-wave amplitude that showed a broad 

resonance behavior which they interpreted to be consistent with the 

effect of a giant dipole resonance. Weller and Divadeenam 26) had, 

also, examined the phase shifts derived from the OM analysis of our 

data 3), and they concluded that the 99/ 2 partial wave exhibited an 

TI + energy dependence appropriate to a J =9/2 resonance at ELAB = 23 MeV, 

with a proton width of 1.62 MeV and a total width of 6.0 MeV. This 

clearly had no connection with the giant dipole resonance in 29 p, 

which is restricted to J TI =1/2- or 3/2- components since only these 
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can decay to the 1/2+ ground state via"an El transition. Then~ on the 

basis of a 2p-lh doorway state calculation, they concluded that a 

strong 9/2+ resonance, with an energy and a width appropriate to account 

for the data, was indeed predicted by the calculation. 

We find an alternate more plausible explanation for the behavior 

of the g9/2 phase shifts in -+ 285 . p + 1 scattering between 17 and 29 MeV, 

and we raise the question as to whether or not the resonance behavior 

seen in the p+14C -+ 56 . 13 14) and the p + Fe studles ' can be attributed 

unambiguously to the giant dipole resonances of those systems. 

Table V contains the phase shifts corresponding to the best fit OM 

parameters of Table III, and table VI has those corresponding to the OM 
... 

parameters of Table IV, where Vso was interpolated linearly between 17 

and 29 MeV with the other parameters adjusted to provide the best fit 

to the data. Figure 6 shows the energy dependence of phase shifts of 

particular interest, the p and g-waves. It is seen that the main effect 

of the larger spin-orbit strength is the expected larger g-wave spin

orbit splitting due to the surface-peaked nature of V .In order to . so 

examine the resonance-like nature of the partial-wave amplitudes, 

we have plotted their Argand diagrams in Fig. 7. It is seen that the 

anomalous behavior of Vso (Table III) does not result in a resonant 

behavior of fg 9/2 between 17 and 29 MeV which is not already present 

for the potential with the linearly interpolated Vso ' i.e. a shape 

elastic effect. It is, also, not clear that the energy dependence 
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of fg 9/2 can be described as resonant. Its trajectory certainly does 

not trace an approximate circle in a counter-clockwise direction 27), 

and the resonance-like nature of ng 9/2 in Fig. 6 is entirely due to the 

passage of fg 9/2 close to the centre ,of the unitary circle for ELAB 

near 22 MeV. Thus, the ascription of the 99/2 phase shifts of Table V 

to a doorway state resonance is questionable. In order to investigate 

whether the giant dipole resonance of 29p was in some way connected with 

the anomalous behaviour of Vso(E) in our own analysis, we performed a 

constrained phase-shift analysis of our data. That is, we searched on 

the p-wave phase shifts while constraining the other phase shifts to 

their OM values for the potential with the linearly interpolated values 

of Vso(E). The p~wave amplitudes determined in this manner were less 

smooth functions of energy than those shown in Fig. 7, but their general 

trends were similar. Thus, no evidence for a p-wave resonance was found, 

and therefore a straightforward effect due to the 29 p giant dipole 

resonance is not seen in our partial wave analysis. 

We note that the behavior of fg 9/2 in Fig. 7 is qualitatively 

similar to that of f d from the phase shift analysis of the p + 56 Fe 
5/2 

data 14}. That is, the fd trajectory also passes very near to the 
5/2 

center of the unitary circle at "l~esonance" \'Jithout tracing an appro-

ximate circle in the proper direction 28,29) Even though it was found 

in ref. 14 that t~e gross features of the energy dependence of the cro~s-

sect; on and the ana 1yzi n9 power vJere repl~oduced in an or~ analysis the 

fact that the strongest energy dependeryce of the phase shifts was 
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contained in the single d5/ 2 partial wave was cited as evidence for a 

single 5/2+ state consistent with the giant dipole resonance of 57eo . 

However, as is shown in Fig. 6, the most significant energy dependence 

in our p + 28Si case is contained in t.he single g9/2 partial wave, 

which we know to be due to the shape-elastic potential scattering ~f 

that particular partial wave. An examination of Fig. 4 of ref. 14 

shows that the d3/ 2 phase-shift behavior is quite similar to the d5/ 2, 

but displaced about 2 MeV to lower energy. Although this was discussed 

briefly in ref. 14, it seems inconsistent to describe the dS/ 2 phase

shift behavior to a 5/2+ resonance while not arguing similarly for the 

existence of a 3/2+ resonance, also. 

Since, it has been noted 28) that proton OM calculations for nuclei 

near mass number SO show the d-wave amplitudes to be characterized by 

n ~ 0 near 10 to 15 MeV, it is important to try to rule out shape-elastic 

scattering as the origin of the resonance-like behavior of the d3/ 2 and 

dS/ 2 phase shifts in the analyses of the p + l4e (ref.13) and ~ + 56 Fe 

(ref. 14) data, respectively. This question can be pursued more readily 

for p + nucleus systems where the entrance channel energy corresponding to 

the giant dipole resonance is such that the J~ of the shape~elastic 

resonance effect is different from that of the giant resonance. This is 

th . ~ 28S' d' d 1 d' h e case ln our p + 1 stu les, an we are current y exten 1ng t e 

investigation to neighboring nuclei. 

'". 
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In view of the collective nature ~f the giant dipole resonance 30), 

the lack of success in finding any evidence for a p-wave resonance in 

our partial wave analysis is not surprising. Such a resonance would 
29 . correspond to the excitation of a single valence proton in P, whereas 

most of the dipole strength should be found in the collective two particle 

one hole (2p-lh) excitations 31). In addition, an isospin splitting of 

the giant.dipole resonance (GDR) in nuclei with ground state iso-spin 

To ;z: 0 has been predicted 32,33) with the T> = To + 1 component located severa.l 

1 MeV above the T<= To component. For the small value of To = 2 ' most 

of the strength should be concentrated in the T>= ~ state 32), and this 

major component would then not couple directly to the T = 1 p + 28 5; 

elastic channel. Calculated photonuclear cross sections for l3C and 170 

demonstrate this iso-spin splitting and agree with the available data 31). 

Other effects in the giant dipole region will appear diluted over many 

partial waves in the pure stgle particle representation of the underlying 

continuum. 

Very recently, Weller et al. 34) have studied p + l3C elastic 

scattering in the region of the GDR, and although some broad resonances 

and 2- appear in their phase shift analysis, possibly related to the GDR, 

their conclusion is that there is no clear correlation, in agreement 

with our own appraisal of the situation. Further experimental and 

theoretical studies are clearly necessary. 

Other possibilities for an explanation of the anomalous behavior of 

VSO between 17 to 29 MeV are suggested by the recent work of Mackintosh 

and his collaborators on the proton OM potential 35-37) They pointed 
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out that there can be substantial contributions to both the real and 

imaginary parts of the potential from the coupling to deuteron, i.e. 

. k h 1 If' t . . t . -+ 40C 1 t . neutron P1C up, c anne s. n 1 tlng qUl e preClse p + a e as lC 

scattering data at 30.3 MeV with a coupled reaction channel (CRC) cal-

culation, they found a substantial difference in the proton Vso as 

compared to that from an OM fit. If one considers the proton potential 

which fits the data in the CRC calculation as a "bare" potential, which 

does not include the deuteron effects implicitly it is possible ihat 

the varying Vso(E) strength we find in the OM analysis of our p + 28S; 

data is a reflection of the substantial coupling to the deuteron channels 

that is evidenced by the large spectroscopic factors for 28Si (p,d) tran-

sitions to low-lying states of 27 Si 38,39) Further alternatives are 

suggested by two very interesting recent developments with respect to 

proton OM potentials. The first is the finding that a phenomenological 

representation of the pickup-channel coupling effects results in an 

£-dependent OM component 36), the inclusion of which provided a signi

ficantly improved fit to the p + 40CA differential cross-section angular 

distribution. The second is the observation that there is a theoreti

cally expected need for an imaginary spin-orbit term in the OMpoten-

tial. The inclusion of such a term then provides a much improved fit 

to the p + 40Ca ~nalyzing power data 37) 

.. 
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IV - CONCLUSIONS 

A standard OM analysis of our 17 to 29 MeV p + 28Si CI~OSS section 

and analyzing-power data yields an anomalous energy dependence of the 

spin-orbit strength Vso(E) which is correlated with the giant dipole 

resonance region of 29 p• An examination and comparison has been made 

of the phase shifts from: a) the best fit OM potential Vso(E), b) a 

linearly interpolated Vso(E), and c) a'·constrained phase shift analysis. 

We conclude from this comparison that there is no evidence that the 

energy dependence of Vso(E) is caused by the coupling of the giant 

dipole resonance to a single particle continuum state of 

the elastic channel, and we suggest that the previously reported evidence 

f h ff t · ~ 14C d ~ 56- 1 t· , t . . t or suc an e ec 1n p + an p + re e as lC scat erlng lS no 

conclusive. 

It seems clear that the recently established grounds for ~-dependent 

central and imaginary spin-otbit OM interactions may tequire the inclusion 

of such terms 36,37). Their inclusion in an OM analysis of our data would, 

most likely, result in an altered behavi.or of V (E). so 

We are in complete accord with the re~arks of ref. 37 concerning 

the ~mportance of precise proton elastic scattering data over sufficient 

energy and mass ranges in order to establish the behavior of specific 

terms of the OM potential such as the l-dependent central term, 

and both the teal and imaginary spin-orbit interactions. 

All ~hat has been lacking in tne recent cast h~s been the motivation to 



. do so, because the presently available polarized-beam facilities have 

certainly simplified the experimental task. We are currently pursuing 

such an experimental program. 

Similar considerations apply to the elastic particle-nucleus 

interaction projectiles other than protons and should be investigated 

in the region of giant multi pole resonances using polarized beams. 

16 . 

• 



• 

v - ACKNOWLEDGEMENTS 

Some of the authors (C.R.l., B.F, and R.J.S.) would like to 

gratefully acknowledge the generous ho~pitality of l.B.l. 

Many thanks are due to the CTI of Un;versite laval for the use of 

its computing facilities. The cooperation of the 88" cyclotron 

~taff was 'essential to the success of the work and we express our 

warmest gratitude. 

17. 



FIGURE CAPTIONS 

FIG. 1 - Schematic view of the scattering chamber, helium polarimeter, 

detectors and Faraday cup. 

FIG. 2 Block diagram of the electronics .. 

FIG. 3 - Sample spectra showing excellent separation between the ground 

state and first excited state. 

FIG. 4 - Graph of cross sections and polarizations from tables I and II. 

Notice the rapid variation of polarizations as a function of 

energy. The solid lines correspond to optical model fits with 

the parameter of table III. 

FIG. 5 - Graph of the strength parameters V, Vso ' Wd and W of table III 

as a function of energy. The scale of parameter V is at the 

left. All the others are to be read on the scale at the right. 

FIG. 6 - a) Optical model p-wave phase shifts. The dots are from 

the best-fit V (table V) and the triangles are from the . so 
linearly interpolated Vso (Table VI) 

b) Optical model g-wave shifts. The symbols have the same 

18. 

meaning as in a). ~ 

FIG. 7 - Argand diagrams of p and g wave amplitudes, (eq.7 ). The solid 

lines are the trajectories obtained with best-fit Vso (Table IV) 

the dashed 'lines with the linearly interpolated Vso (Table IV). 

The proton energy is indicated along the curves. The centre of 

the unitary circle is at the point (0,0.5). 

• 
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TABLE I. CROSS SECTI~ IN MB SR -1.1 ANGLES ARE IN DEGREES AND ENERGIES IN ~V.· 

~ 17.13 19.04 20.84 22.99 24.93 27.14 28.98 
15.53 2013 ± 75 1937 :t 113 2012! 79 1727192 1708 ± 30 1593 ± 44 1570± 29 
17.60 1622 138 1450 113 1523 74 1378 43 1565 79 1225 88 1433 44 
19.67 1187 69 ' 1075 52 1210 90 1120 110 1223 53 1019 200 1142 20 
21.74 890 25 735 43 948 16 939 87 971 66 856 22 
23.81 668 5 633 26 698 42 675 116 736 59 600 11 634 22 
25.87 419 31 475 7 430 63 398 68 357 13 405 44 368 29 
27.94 359 44 305 35 347 26 325 29 348 7 257 4.4 278 4 
30.00 256 14 236 35 214 58 213 48 226 36 187 3.3 194 0.7 
32.06 181 13 141 26 171 11 143 14 134 39 126 1.4 170 7.9 
34.12 116 9 77 2 100 2 87 10 81 3.3 62 8.6 72 1.9 
36. 18 54 3 49 14 49 4 39 1.3 33 11 36 1.0 35 0.7· 
38.24 35 ·4 24 3 25 2 22 1.3 34 10 22 0.2 . 29 1.0 
40.30 16 1 10.7 1.4 12.4 0.6 14 1.0 19 0.7 21 0.3 28 1.7 

. 42.35 6.4 0.6 4.2 1.2 10 0.4 15 1.6 22 4.3 27 1.1 29 2.6 
44.41 4.0 0.6 6.4 1.0 12.6 4 22 2 30 0.8 31 0.5 43 2.2 
46.46 . 4.9 0.5 10.6 1.8 16 0.6 24 1 38 6 39 0.5 
48.51 11 1.2 1B 2.6 22 0.4 33 2.5 44 8 40 0.8 51 0.9 
50.56 18 0.7 27 3.9 31 3.5 43 3.4 50 3 48 2. 1 55 2.6 
52.60 25 0.7 29 3 34 1.4 49 4.3 54 45 55 1.0 56 2.8 
54.65 31 1.6 38 2.5 35 2.6 54 3.4 49 1.3 56 1.1 57 2.5 r-J 

W 



TABLE II. POLARIZATIONS,ANGLE~ ARE IN OCGREES AND ENERGIES IN r1:V. 

~ 17.13 19.04 20.84 22.99 24.93 27.14 
15.53 -.014±.004 -.034±.005 -.061±.005 -.043±.004 -.047±.OO4 -.03±.004 

17.60 - .032±.004 -.061±.005 -.07 ±.005 -.086±.006 -.051±.004 

19.67 -.055±.00S -.076±.004 -.096±.00S -.107±.006 -.08)±.00S -.099±.00S 

21. 74 -.08 ±.006 -.133±.007 -.136±.007 -.1l1±.009 -.142±.007 -.129±.006 

23.81 -.097±.006 -.132±.007 -.204±.009 -.19S±.Oll -.172±.008 -.169±.009 

25.87 -.1l3±.006 . - .163±. 010 -.246±.014 -.269±.0IS -.246±.01l -.213±.010 

27.94 -.125±.O07 -.22 ±.010 -.2Sl±.007 -.302±.0IS -. 313±. 014 -.279±.013 

30.00 -.232±.Oll -.32S±.014 -.379±.017 -.382±.017 -.334±.01S 

32.06 -.229:1.:.010 -.251±.014 -.452±.023 -.429±.021 -.469±.019 -.406±.017 

34.12 -.259±.012 -.356±.017 -.547±.028 -.542±.024 -.614±.025 -.446±.019 

36.18 -.29E.014 -.51 ±.026 -.709±.045 -.718±.036 -.638±.026 -.543±.024 

38.24 -.335±.017 -.651±.028 -.878±.033 -.832±.O34 -.673±.028 -.375±.019 

40.30 -.4022.02 -. 77!~±.032 -.845±.035 -.575±.026 -.3 ±.02 -.01l±.013 

42.35 -.298±.025 -.394±.035 -.347±.02S -.042±.017 .134±.017 .234± .015 

44.41 .526i.032 .444+:.032 .244±.021 .268±.017 .33 ±.019 .305±.016 

46.46 .72 ±.034 .453±.04 .295±.02 .295±.019 .286±.015 .278±.015 

1.8.51 .l.94}..02/. .319±.O22 .274:+:.016 .262±.015 .25 ±.014 

50.56 .329±.017 .267±.015 .228±.015 .223±.O13 .221±.015 .205±.012 

52.6 . 211+:.014 .19 ±.015 .192±.015 .17 ±.012 .145±.012 . 159±.01l 

54.65 .157+:.012 .145±.013 .162± .013 .133± .011 .132± .012 .12 ±. 010 

• ., 
~-

28.98 
-.012±.004 

-.045±.004 

-.098±.006 

-.124±.007 

-.155±.009 

-. 229±. 013 

-.264±.014 

-.331±.017 

-.433±.021 

-.448±.022 

-.428±.022 

-.187±.015 

.139±.014 

.169±.014 

.328±.017 

.322±.018 

.247±.015 

.203±.013 

.147±.01l 

.1l4±.010 I\J 
~ 
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TABLE TIr. OPTICAL-MODEL PARAMETERS FOR BEST FITS 

THE FOLLOWING PARAMETERS WERE HELD FIXED AT THE VALUES 

r =1.17fm, r i =1.33fm, r =.94fm, a =.65fm, a.=a =.6fm o so 0 1 so 

ELAB V W Wd V X2 X2 X2/N 
so a p t 

17.13 51.52 3.75 2.92 6.51 27 240 6.8 

19.04 51.58 5.16 2.3 8.26 16 76 2.3 

20.84 49.96 4.48 2.59 8.46 65 122 4.7 

22.99 48.83 3.06 3.76 7.42 19 55 1.85 

24.93 47.77 1.36 5.26 6.58 47 79 3.0 

27.14 46.64 0.136 6.76 5.29 37 167 5.0 

28.98 46.01 0.0 6.74 4.62 56 ' 436 12.0 

,-- - ------------

The last three columns contain the x-squared of the cross sections, of 
the analyzing pO~l1ers and the combined X2 per point respectively. 

~ 

I 

I 
I 

"'" 

l'-) 

U1 



TABLE IV : OPTICAL MODEL PARAMETERS FOR BEST FITS WITH THE 

SPIN-ORBIT REAL DEPTH HELD FIXED ; 

THE FOLLOWING PARAMETERS WERE HELD FIXED AT THE VALUES 

r =1.17fm, r.=1.33fm, r =.94fm, a =.65fm, a.=a =.6fm o 1 SO 0 1 so 

ELAB V W Wd V 2 2 2 
so / 

Xa Xp Xt/N 

t 19.04 51.6 5.16 2.3 6.2 29 647 16.9 
* 19.04 49.08 0.0 6.98 6.2 40 163 5.07 

t 20.84 49.96 4.48 2.59 5.9 80 1107 29.67 

* 20.84 47.83 0.0 6.22 5.9 84 529 . 15.33 

t 22.99 48.83 3.06 3.76 5.6 26 461 . 12.17 

* 22.99 47.78 0.0 6.26 5.6 36 270 7.65 

t 24.93 47.76 1. 36 5.26 5.3 51 329 9.5 
* 24.93 47.37 0.0 6.51 5.3 54 273 8.17 

t 27.14 46.64 0.136 6.76 4.9 39 206 6.12 

* 27.14 46.64 0.136 6.76 4.9 39 206 6.12 

t VSO interpolated linearly between 17 and 29 MeV other parameters as in table III. 

* . VSO interpolated linearly, other parameters adjusted to provide the best fit. 

• -.. 
j t- ~ 

IV 
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TABLE V:- PHASE SHIFTS CORRESPONDING TO BEST-FIT OPTICAL MODEL PARAMETERS OF TABLE III, ~IS ARE IN DEGREES 

---_._--- -;:.::- -

Ep 

_ MeV 

17. 

19.0 

20.8 

22.9 

24.9 

27. 

28.9 

3 

4 

4 

9 

3 

4 

8 

- -

0 n 

51/2 

62.6 0.51 

55.6 0.56 

45.1 0.47 

35.4 0.50 

27.2 0.54 

18.8 0.55 

13.0 0.56 

--

0 n 

P1/2 

?2.0 0.39 

4.6 0.36 

4.1 0.40 

2.5 0.45 

8.5 0.50 

~4.20.53 

m.60.56 

--

0 n 0 n 0 n 

P3/2 d3/2 dS/2 

~8.6 0.44 149.9 0.52 174.0 0.45 

~4.4 0.42 143.8 0.46 176.0 0.39 

~4. 1 0.45 137.2 0.48 171.10.42 

14.2 0.49 134.5 0.49 65.7 0.45 

5.9 0.54 32.2 0.51 159.7 0.46 

3.0 0.56 30.8 0.49 153.1· 046 

8.9 0.58 129.6 0.50 148.8 0.48 

15 n 0 n 0 n 15 n 0 n 0 n 0 n 

fS/2 f7/2 97/2 99/2 h9/2 hl1/2 ; 1112 

121.8 0.2~ 154.9 0.61 11.10.7l 15.6 0.44 2.3 0.95 3.2 0.94 0'.50 0.99 

112.4 0.24 155.8 O. 5~ 14.4 0.6 l 11.20.18 3.3 0.93 5.2 0.90 0.77 0.99 

103.8 0·2Q ~51.2 0.6e 17.6 0.5 ~0.3 0.04 4.3 0.90 7.2 0.86 1.1 0.98 

104.4 0·3~ 144.7 O. 5~ 22.5 0.4 ii2.9 0.10 5.8 0.84 9.5 0.77 1.6 0.96 

1 03.6 0·4~ 138.8 0.5e 27.6 0.31 ii8.0 0.17 7.1 0.76 1. 3 0.61 2.1 0.94 

103.8 0·49 131. 7 0.5~ 37.5 O.lc ~2.3 0.21 8.5 0.66 2.6 0.56 2.7 0.89 
• r 

102.9 0·52 127.6 O. 5~ 50.6 0.1c 17.1 0.27 0.4 0.60 5.3 0.50 3.4 0.86 

15 n 

; 13/2 

0.630.99 

1.1 0.98 

.1.5 0.98 

2.2 0.96 

2.9 0.93 

3.7 0.88 

4.5 0.85 

IV 
....,J 



TABLE VI - PHASE SIlIFTS CORRESPONDING TO OPTICAL MODEL PARAMETERS OF TABLE IV FOR V LINEARLY INTERPOLATED , so 

',,'-
.- -

E 
p 

. IS n 

MeV S1/2 

17.13 62.5 .50 

19.04 47.4 .56 

20.84 38.0 .59 

22.99 31. 5 .58 

24.93 25.1 .57 

27.14 20.6 .56 

28.98 13.0 .56 

~= 

AND THE OTHER PARAMETERS ADJUSTED FOR THE BEST FIT TO THE DATA. 

IS n 

P1/2 

22.0 .38 

9.6 .42 

0.51 .48 

-3.88 .5:< 

-8.67 .53 

1-11. 8 .55 

18.6 .58 

0= 

• 

IS 

P3/2 

38.6 

24.6 

14.6 

8.7 

2.8 

-1.4 

-8.9 

". <:I 

-
n IS n IS n 

d3/2 
d5/2 

.4.; 49.9 0.52 74.00.45 

.48 40.8 0.53 65.4 0.43 

.53 36.70.5€ 61. 00.48 

.55 35.6 0.54 58.9 0.48 

.56 33.7 0.52 55.9 0.47 

.57 33.8 0.50 54.50.47 

.58 29.6 0.50 48.8 0.48 

15 n IS n 15 n 6 n 

f5/2 f7/2 97/2 99/2 

~21.8 0.24 11-54.9 0.61 11.1 0.72 15.6 0.44 

~18.2 0.29 ~463 0.60 9.8 0.52 7.3 0.28 

09.3 0.36 40.9 0.62 14.6 0.45 15.2 0.14 

08.0 0.44 37.8 0.61 20.7 0.3l 1-79.0 0.0.1 

~06.6 0.47 34.5 0.60 27.8 0.2' 1-73.6 0.1~ 

106.7 0.51 32.4 0.58 42.3 O.H 1-71.9 0.2 
.. 

102.9 0.52 27.6 0.58 50.6 O.IS 1-77.1 0.27 

15 n IS n 

h9/2 h11/2 

2.3 0.95 3.2 0.94 

2.9 0.88 4.0 0.86 

4.0 0.86 5.6 0.82 

5.5 0.80 8.0 0.7"4 

6.9 0.73 0.0 0.66 

8.9 0.65 3.0 0.56 

~0.4 0.60 5.3 0.50 

~ '~ 

IS n 6 n 

i 1112 i13/2 

0.50 0.99 b.63 0.99 

0.76 0.98 

1.1 0.97 

1.6 0.95 

2.1 0.92 

2.8 0.89 

3.4 0.86 

b. 940.97 

.4 0.96 

~.O 0.94 

b.7 0.92 

~. 6 0.88 

4.5 0.85 

N 
<Xl 
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