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ABSTRACT 

The left-right asymmetry  and differential c r o s s  section 

f o r  the inelastic scat ter ing of 40-MeV polarized protons were  

measured  over  a la rge  angular region for  each of the following 

t 
2 excitations: 1. 78 MeV in  2 8 ~ i ,  1 .41  and 2. 97 MeV in 5 4 ~ e ,  

1 .45  MeV in  5 8 ~ i ,  and 1. 33 MeV in  'OlYi. Some asymmetry  

and cross-sec t ion  data were a l so  obtained for 3 -  states:  

6. 9 MeV in  2 8 ~ i ,  4 . 8  and 6 .4  MeV in 5 4 ~ e ,  4. 5 MeV in 5 8 ~ i ,  

and 4 .  08 MeV in 'ONi. Elast ic  polarization and cross-sec t ion  

data  were  obtained for  each target .  The inelastic scat ter ing 

was  analyzed in  distorted-wave approximation using the 

collective -model extension of the optical-model potential 

determined by fitting the elast ic  scattering. The inelastic 

asymmetry  and cross-sec t ion  data  a r e  best  reproduced with 

a collective -model interaction obtained by deforming the 

complete optical potential, including i t s  imaginary and 

spin-orbit  par t s .  
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INTRODUCTION 

This thes is  i s  pr imari ly  concerned with the measurement  

and analysis of the left-right asymmetry  produced in  the inelastic 

scattering of medium-energy polarized protons,  a property fo r  

which very few resul t s  have been previously obtained. More 

specifically, we have measured  the asymmetry  of 40-MeV 

protons for 2' and 3- excitations in  some even-even nuclei. To 

est imate the significance of these data in  t e r m s  of the cur rent  

theoretical s t ructure,  we f i r s t  review the situation for  inelastic 

c r o s s  sections. 

In recent y e a r s ,  a large number of c r o s s  sections for  

the inelastic scattering of 8 -  to 55-MeV protons have been 

analyzed 2' assuming a collective -model generalization of 

the optical model. 4' 5 y  In this  t reatment ,  the optical-model 

potential found to reproduce the observed elast ic  scattering 

i s  made non-spherical,  and the non-spherical par t  induces 

transit ions to vibrational or  rotational s ta tes  of the target  

nucleus. The f r e e  pa ramete r s  in the model a r e  the multipole 

order  C of the t ransi t ion and i t s  strength,  o r  deformation 

parameter ,  p ; these a r e  deduced by comparison to the 
4 

shape and magnitude, respectively , of the measured  

differential c r o s s  section. 

Distortion of the scat ter ing wave functions, the "elastic" 

distortion descr ibed by the optical potential, has  a strong 

influence on d i rec t  react ions;  and computer codes7 a r e  necessary 



t o  permi t  a carefu l  t rea tment  of this  complication. Since the 

introduction of these codes, the collective -model analysis has  

proved phenomenally successful in accounting for  proton 

inelastic scat ter ing data.  Most of these data a r e  for low-lying 

t quadrupole ( 2  ) and octupole (3-) t ransi t ions in  even-mass  

nuclei, and have been successfully reproduced by assuming a 

s imple,  single - s tep  excitation appropriate for  a  ole 
rotation o r  single-phonon surface oscillation. Unless the 

coupling between the ground and excited s tates  i s  uncommonly 

8 
strong, such t ransi t ions induced by medium-ene rgy protons 

can  be t rea ted  in  the distorted-wave s (DW) approximation, 5 ,6  

a s  i s  discussed fur ther  in Section 111. F o r  40-MeV protons, 

the collective -model,  DW t rea tment  has  given good predictions 

of the detailed shape of the angular distribution for  s ta tes  

24 2 
ranging f r o m  the 1. 37-MeV 2' in Mg, with P2 = 0.47,  to  the 

3 3. 2-MeV 5 -  in '081?b, with P5 = 0.06. Inelastic scattering 

data  f r o m  odd-mass nuclei have a lso  been interpreted with 

the collective model, assuming the odd particle o r  hole i s  

9 coupled to  a collective excitation of the core.  Some proton 

data  for m o r e  complicated collective t ransi t ions involving 

multiple excitation through one o r  more  excited s ta tes  have 

been successfully descr ibed using, instead of the DW method, 

the r e l a t ed  coupled-equations ' technique ( see  Section 111). 

Except perhaps for  the weaker excitations, where the collective 

cha rac te r  of the s ta tes  i s  not well founded, the deformation 



paramete r s  deduced f r o m  such analyses of inelastic proton 

scattering s e e m  to  agree  well with those s imilar ly obtained 

for  other projecti les,  fo r  different energies ,  and with Coulomb 

excitation resu l t s .  The agreement  i s  generally within 20 to 

* 
30 percent. These P Is therefore appear to  constitute a 

4, 

basic  measure  of the interaction strength,  a useful place to  

tes t  m o r e  advanced theories  capable of predicting these 

strengths f r o m  a more  detailed, o r  "microscopic", description 
1 1  

of the interaction and nuclear wave functions. 

One such microscopic description of inelastic scattering 

a t  high energies  has  been formulated by use of the impulse 

approximation, l 2  and has  been successfully applied13 to both . 

c r o s s  sections and polarizations fo r  156 -MeV protons. Since 

this  approach assumes  f r e e  two-nucleon scat ter ing amplitudes, 

it may not be valid for protons of energy l e s s  than about 

100 MeV. (No p ~ ~ e ~ ~ o ~ ~ ~ e ~ ~ o l o g i c a l  t e s t  of the mat te r  by 

comparison to  lower-energy data has  yet been published. ) An 

alternative microscopic approach for lower energy scat ter ing 

15,161 
i s  current ly being investigated by ~ a t c h l e r ' ~  and others  

in  which the interaction i s  taken to  be a sum of projecti le- 

*< 
The agreement for  different projecti les i s  sometimes,  but 
not always, better for the "deformation length" PtR (where 
Ro i s  the nuclear-radius parameter )  than for  the de ? ormation 
parameter  Pk. Which of these should be the more  fundamental 
parameter  i s  not fully resolved to  date;  P4, i s  used here .  



nucleon (two-body) fo rces  of phenomenological form.  The 

inelastic scat ter ing t ransi t ion amplitude i s  then evaluated for  

this  interaction in  DW approximation using shell-model 

*< 
wave functions fo r  the nuclear ground and excited s ta tes ,  

with no f r e e  pa ramete r  determining the relative strengths 

of different t ransi t ions.  In principle, this  approach i s  a l so  

t -  
capable of descr ibing 0 , 1 , and unnatural parity LIT = ( - )  ~ + 1 ]  

excitations in even nuclei, for  which no straightforward 

predictions a r e  possible in the framework of f i r  s t  -order  

(DW), collective -model calculations. This  type of microscopic 

analysis h a s  been applied to  the c r o s s  sections for  the 

90 1 7 1 1 - a n d  inelastic scat ter ing of 18. 8-MeV protons f r o m  Zr ,  

40-MeV f r o m  nickel isotopes,  and of 17.5-MeV 

protons f r o m  four N = 28 nuclei. l 6  In general,  these 

calculations for  the f i r s t  2' s ta tes  have involved real-valued 

f o r m  fac tors  ( a s  defined in Section 111) with radial  shapes 

which ag ree  only crudely with the collective -model resul t  

obtained by deforming the r ea l ,  cent ra l  par t  of the optical 

potential. The shapes of the calculated differential c r o s s  

sections' were ,  however, very  s imi lar  to  the collective -model 

*< 
T o  tes t  the validity of the interaction assumed,  i t  may prove 
desirable  to examine f i r s t  the weaker,  non-collective 
t ransi t ions which involve s impler  nuclear wave functions. 
The inelastic scat ter ing c r o s s  sections for  18. 8 -MeV protons 
on 9 O ~ r  have been,  successfully .de scribed1 with this  
t rea tment  for  a number of levels attributed to  g 9&z2 and 
g912p1 l2  proton configurations by assuming a Yu awa 
interaction, of range 1. 0 F and strength 205 MeV, between 
the incident and ta rge t  protons. 



predictions. This  contributes to  the prevalent impress ion  

that the shape of the c r o s s  section i s  largely determined by 

the angular momentum t ransfer  and the elast ic  distortion, 

and i s  somewhat insensitive to  the detailed f o r m  of the 

coupling inter  action. 

At present it appears  that measurements  of the 

polarization produced in inelastic proton scattering, or  of 

the left-right a s y i ~ ~ i x e t r y  produced in the inelastic scat ter ing 

of a polarized beam, can contribute to  our understanding of 

this reaction in severa l  ways. Perhaps  the most  specific 

question which can  be answered by the present  data for  2 
4- 

. , 

and 3 -  excitations i s  whether o r  not they a r e  reproduced by 

the collective -model calculation found s o  successful for the 

c r o s s  sections.  In par t icular  the c r o s s  sections have seemed 

well, described by a deformation of the cent ra l  par t  of the 

optical potential and have presented no obvious demand 

for  a spin-dependent t e r m  in the coupling interaction, and 

no such t e r m  has  previously been included. It is UP i l ~ teres l  

to  see i f  the asymmetr ies  r equ i re . a  spin dependence of the 

f o r m  implied in the collective -model approach, that obtained 

A A 
by deforming a lso  the non-central ,  u . par t  of the optical 

.1. 1- 

potential. Together with measurements  of p' -y angular 

J, 1. 

The inelastic asymmetry  does not va.ni.sh i.n the absence of 
a spin-dependent coupling interaction, due to the $ . $ t e r m  
in the optical potential for  the dis tor ted waves. 



corre la t ions ,  inelastic polarization and asymmetry  data could 

a l so  yield information on the importance of spin fl ip in 

na tura l  -parity excitations.  14 

But4the re1e;ance of the present  asymmetry  measurements  

i s  not l imited to questions of the proper  spin dependence for  

the inelast ic  interaction.'  pas t1  dnd present  calculations 

indicate that the asymmetry  i s  quite sensitive to  other aspects  

of the collective -DW calculation. F o r  example, these data  

will be shokn to present  a strong demand for  complex coupling, 

in  which both r e a l  and imaginary pa r t s  of the cent ra l  optical 

potential contribute to the non- spherical  interaction. The 

effect of th is  imaginary interaction on the asymmetry  seems  

sufficiently dramat ic  t o  forecas t  l i t t le chance of success  fo r  

a microscopic f o r m  factor  applied to these data which does 

not have some s imi l a r  imaginary component. The inelastic 

asymmetry  calculations a r e  a l so  quite sensit ive to  the 

optical-model pa ramete r s ,  through both the elast ic  distortion 

and the collective-model f o r m  factors .  This  was to  some 

extent anticipated, and the choice of 40-MeV bombarding 

energy was influenced by a des i r e  to take advantage of previous 

optical-model studies2'' of e last ic  scat ter ing a t  this  energy. 

Analysis of the present  inelastic asymmetry  data bas in fact 

required a fur ther  study of the elast ic  data ,  and the optical- 

model  pa ramete r s  found a r e  somewhat different f r o m  the 

2 1 la tes t  40 -MeV resul t s .  The new pa ramete r s  simultaneously 

improve the agreement  with both the elast ic  polarization and 

the inelastic asymmetry .  



When this  experiment was begun, in the fal l  of 1964, 

the re  were  no published measurements  of inelastic asymmetry  

o r  polarization for  protons of energy between 15 and 150 MeV 

22 
on any target  other than 1 2 c .  In the past year ,  inelastic 

t 
asymmetry  data  have been presented for  the 4.43-MeV (2 ) 

state  in 1 2 c  fo r  protons of energy 16. 5 MeV, 23  20 to  28 MeV, 24 

and 30, 
t 25  40, 20, and 50 MeV, 25 and fo r  the 1.78-MeV (2 ) 

20 state in Si a t  30 and 50 MeV. I " Data for 2 s ta tes  in heavier 

ta rge ts  have been recently obtained a t  Saclay for  16. 5- and 

18.6-MeV protons. The 1. 33-MeV excitation in  ON^ and the 

62 
1. 17 -MeV excitation in  Ni were  measured23 a t  16. 5 MeV; .. - 
and the following quadrupole t ransi t ions were  observedZ6 a t  

18.6 MeV: 0. 99 MeV in 4 8 ~ i ,  1. 57 MeV in  5 0 ~ i ,  1 . 4 3  MeV 

in 5 2 ~ r ,  1 .41  and 2. 9 1  MeV in 5 4 ~ e ,  and 0 .84  MeV in 56Fe.  

Collective -model calculations have been made for the carbon 

and silicon data a t  30 and 50 MeV, 25 and for  tho nickel data  

a t  16. 5 MeV, 27 with generally negative resu l t s  ( a s  i s  

discussed in Section 111). 

The present  work presents  40-MeV proton asymmetry  

data taken at  the Oak Ridgc Isochronous Cyclotron (ORIC) 

fo r  the 2' s ta tes  at  1. 78 MeV in 2 8 ~ i ,  1 .41  and 2. 97 MeV 

in 5 4 ~ e ,  1 .45  MeV in 5 8 ~ i ,  and 1. 33 MeV in  ON^. Some 

asymmetry  data were a l so  obtained for  3 -  excitations a t  

6. 9 MeV in 2 8 ~ i ,  6 .4  MeV in 5 4 ~ ' e ,  4. 5 MeV in  5 8 ~ i ,  and 

4. 08 MeV in  ON^. The inelastic c r o s s  section was obtained 



f o r  each  of these s ta tes  and fo r  the 4. 8-MeV ( 3 - )  level in 

5 4 ~ e ;  the e las t ic  c r o s s  sections and polarizations were  a l so  

obtained fo r  each t a rge t .  Pre l iminary  resu l t s  of the present  

measuremen t s  and their  analysis  have been reported 

elsewhere 2 8 ~  21 a t  var ious s tages of the project. 

In Section I1 the experiment  i s  descr ibed,  and the 

data  a r e  discussed.  An optical-model analysis of the elast ic  

scat ter ing,  and a collective-DW analysis  of the inelastic 

scat ter ing,  a r e  presented and discussed in Section 111. 

Comments  on the main resu l t s  and suggestions for, fur ther  

work a r e  given in  Section IV.  Acknowledgements 'appear 

in  Section V and references  in  Section VI. In Section VII, 

the data  a r e  l is ted in tabular f o r m ;  a l l  other tables and 

graphical  presentat ions a r e  included in the text. 



11. EXPERIMENT 

The main experimental difficulty in the measurement  of 

inelastic asymmetry  was to  achieve a satisfactory compromise 

between intensity and energy resolution. Even for  the strongly 

excited, well-  separated collective levels studied he re ,  this  

placed stringent requirements  on the beam of polarized protons. 

There  was n0 internal source of polarized protons fo r  the ORIC 

cyclotron, and the beam was polarized externally by elast ic  

scattering f r o m  calcium, pr ior  to  the ta rge t  where the 

asymmetry  measuremetlts were  made. F o r  the final, 

optimized sys tem a 40-MeV proton beam was obtained at  the 

ta rge t  which had a polarization of 2 7 . 4  percent and an energy 

spread  of 500 keV. The pr ice paid for  this  i s  seen  in  the 

8 
intensity achieved at  the target  of 10 pro tons /sec ,  a factor  

6 
of over 10 l e s s  than that where the beam emerged f r o m  

the cyclotron. 

In addition t o  tF? prnhlem nf heam preparation. 

asymmetry  measurements  place strong emphasis  on an 

efficient accumulation of data.  In order  to measure  the 

asymmetry  in the elast ic  scat ter ing of 40 -McV protons,  
20 

an a r r a y  of 32 NaI(T1) counters  had been developed previously 2 9  

a t  the ORIC laboratory for  use in conjunction with a 20,000- 

channel pulse -height analyzer.  This equipment was a l so  used 

in the present work. The counter resolution, about 500 keV, 

was adequate to  rrieasure the inelastic scat ter ing for  severa l  



excitations; and this  amount was matched by the energy 

sp read  in the polarized proton beam developed for  the present  

experiment .  However, the counter r e  solution was in  fact 

the major  l imitation in the inelastic measurements .  If 

these  data a r e  to  be improved, o r  exte*ded for  transit ions which 

a r e  l e s s  enhanced, use  of de tec tors  with bet ter  resolution 

should be a p r ime  consideration. 

In th is  Section, the preparat ion of the beam and 

measurement  of i t s  polarization a r e  descr ibed.  The counting 

sys t em and i t s  performance for  the present  measurements  a r e  

discussed.  Other experimental  detai ls  of the running procedure,  

alignment checks,  t a rge t  mater ia l ,  data  reduction, and e r r o r  

analysis  a r e  a l so  given here .  Finally,  the data a r e  presented 

and compared to  other  measurements  made with medium- 

energy protons. 

1. Polar ized-Proton  Beam 

pro ton  polarization experimentsZo a t  40-MeV energy 

were  well underway at  the ORIC laboratory at  the t ime when 

the present  experiment  was designed. With an  amendment to  

the existing beam-preparat ion equipment, these measurements  

were  then extended to inelastic scattering. In F ig .  1 the beam 

optics sys t em i s  shown in i t s  la tes t  f o r m ,  The new elements  

a r e  the analyzing magnet and quadrupole t r iplet  (Q12) shown 



Figure  1. Beam preparation sys tem for  polarized protons. 
Other sections of the ORIC beam-handling system, 
used for  other experiments ,  a r e  not shown here .  



in  front of the second scat ter ing chamber.  (This chamber 

w a s  previously located behind the quadrupole doublet Q7, 

which was slightly f a r the r  away f r o m  the shield wall. ) 

The beam-preparat ion sys t em has  evolved continuously 

into i t s  present  fo rm.  This evolution was possible because 

the ORIC cyclotr  on3' is an azimuthally -varying -field machine 

capable of accelerat ing different par t ic les  to  different energies .  

The polarized beam was  originally 2 0 s  29 made f r o m  proton 

recoi l s  produced by 80 -MeV alpha part ic les  bombarding a 

hydrogen gas  ta rge t .  Previous measurements31 of p + 4 ~ e  

polarization had indicated that a la rge  polarization would be 
'6 . , 

achieved f o r  the protons a t  25. 5" ( in  the laboratory sys tem 

of reference) .  A scat ter ing chamber for  the gas target  and 

beam-handling equipment consisting principally of magnets 

to  position and focus the alpha and proton beams were  

constructed and located accordingly. 29 The resultant 40-MeV 

proton beam a t  the second ta rge t  had a polarization of 

7 82 percent,  intensity 2 x 10 pro tons /sec ,  and an energy 

sp read  of 1 . 4  MeV ar i s ing  mainly f r o m  kinematic spread  in 

the a - p  scattering. Together with a typical resolution of 

500 keV for  the NaI counters  used to  measure  the elast ic  

scat ter ing f r o m  the second ta rge t ,  the experiments  were  

l imited to only a few nuclei with la rge  separat ions between 

the ground and f i r s t  excited s tates:  1 2 c ,  4 0 ~ a ,  9 0 ~ r ,  and 

2 0 8 ~ b .  But these measurements  revealed that 4 0 ~ a  had a 



relatively la rge  polarization and c r o s s  section for  40-MeV 

protons at  25. 5". It could therefore be used a s  a replacement 

fo r  the a -p  polarizer to  reduce the kinematic energy spread,  

without requiring a major  overhaul of the beam-preparat ion 

sys tem to accommodate a different scat ter ing angle. An 

800-keV-thick (0.05 cm)  polar izer  ta rge t  of natural  calcium 

(96. 97 percent 4 0 ~ a )  was then used to  produce by elast ic  
' 

scat ter ing a beam of 40-MeV protons which, a t  the second 

target ,  had a polarization of 35 percent,  intensity 8 x 10 7 

protons/sec,  and an energy spread  of 600 keV. This  was 

adequate to expand the elast ic  polarization survey but not 

quite adequate for  inelastic scat ter ing,  due to  the presence 

of inelastic proton groups and general  background f r o m  

the Ca polar izer .  Most significantly for  l a t e r  work, the 

elast ic  program was extended to a study of the energy variation 

of Ca scat ter ing by performing a s e r i e s  of double-scattering - 

experiments  a t  35, 40, and 45 MeV. 3 2 

The resu l t s  of the elast ic  scat ter ing measurements  

for  calcium indicated that an  adequate polarization and c r o s s  

section would be obtained at  25. 5" for  proton energ ies  a t  

leas t  a s  high a s  45 MeV. To study the inelastic scat ter ing 

of 40-MeV polarized protons, we then decided to  use 50-MeV 

protons on a 10-MeV-thick (0. 607 cm)  natural Ca polar izer ,  

with magnetic energy analysis of the sca t te red  beam. Es t imates  

of the energy spread vs  intensity, and of the heat- t ransfer  - 



problem of dissipating energy lost  in the Ca target ,  were  a l so  

encouraging fo r  a 10 -MeV-thick polar izer .  Subsequent 

measuremen t s  have shown that, with the plane of the polar izer  

t a rge t  oriented to  b isec t  the angle between the incident and 

sca t te red  beam (a  l1tiltl1 of 12. 75"),  the energy spread  in the 

40-MeV beam thus produced i s  l e s s  than 1 MeV. The calcium 

ta rge t  was installed in  i t s  evacuated scat ter ing chamber by 

bolting it t o  a water  -cooled aluminum f rame .  Under these 

conditions i t  has  survived an average beam current  of 15 pA 

fo r  about 300 hours  without noticleable deterioration. 

A .  Beam Transpor t  and Energy Analysis 

As shown in Fig.  1, a , ' I p r imaryM optics sys t em 33,34 

t r anspor t s  the 50 -MeV (unpolarized) proton beam f r o m  the 

exit of the ORIC cyclotron and focuses it to a spot, about 10 m m  

.(r .I- 

wide by 2 m m  high, on the calcium polar izer .  Very l i t t le 

(about ten percent) l o s s  of beam i s  suffered up to  this  point, 

and 18 of protons were  commonly achieved a t  the polar izer .  

T h e  ver t ica l  and horizontal  position of the beam there  i s  

::< 
This  i s  the same sys t em a s  was used fo r  work done with the 
a -p  and thin Ca polar izer  s .  F o r  that work, a focusing 
arrangement  involvin this horizontally elongated spot at  the 
polar izer  was f o u n d ~ f t o  best match the operation of quadrupole 
l enses  Q6 and Q7 to  produce an optimum focus, with a vertically 
elongated spot, a t  the target .  (The ta rge t  was located at  the 
focus of Q7. )  The requirements  for  the present  sys tem a r e  
almost  identical, and the pr imary-opt ics  focusing arrangement  
could be c a r r i e d  over entirely.  



adjustable with the ver t ica l  and horizontal  s teer ing (sector)  

magnets.  The beam spot at  the polar izer  i s  the source for  

a ' lsecondary' l  optics sys tem,  which collects the 40-MeV 

(polarized) beam emerging near  25.5",  energy-analyzes i t ,  

and focuses it onto the second target .  F o r  the present work, 

beam-optic s calculations were made to optimize the design 

of this secondary optics sys tem,  with a mind toward using 

the existing 25. 5" hole in the shield wall, l enses  Q6 and 

Q7, and some ext ra  quadrupole elements  and a bending magnet 

which were  available a t  the t ime.  

A number of possible configurations was considered 

for  the secondary sys tem in which the beam would s t a r t  out 

along the 25. 5" scattering line, end up inside the experiment 

room, and pass  through reasonable magnetic fields in  

between. There  a r e  in fact not many of these,  and the 

general  arrangement  shown in Fig.  1 suggested itself: Q7 

would focus the beam onto an  object sl i t  for  a sector  magnet, 

and a quadrupole lens would t ranspor t  the beam f r o m  the 

image s l i t  to  the target .  In this way, the image sli t  would not 

be directly in front of the scat ter ing chamber,  a s  a possible 

source of background; and some baffling for  s l i t - sca t te red  

protons could a l so  be considered. The questions of the 

sector-magnet pa ramete r s  suitable for  the des i red  resolution 

and prevailing space l imitations were  conside red next. 

Using f i r s t -o rde r  optics theory, 35 a range of solutions for  the 



magnet design ( rad ius ,  angle of bend, field homogeneity, and 

entrance -and -exit angles) was found which would achieve a 

resolution of 500 keV and involve object and image .lengths 

3 6 
compatible with the operation of, say, a symmetr ic  quadrupole 

t r ip le t  in the image space. At this point, then, attention was 

paid to  the available equipment and to  the c ruc ia l  problem of 

efficient beam t ransmiss ion .  

The bending magnet used was available f r o m  the 

"8 6-inchtt 22 -MeV proton cyclotron facility a t  Oak Ridge. 

This  i s  a homogeneous -field inflection spec t rometer ,  which 

3 7 
was  previously operated with a bending angle $ = 75" (in the 

opposite sense  a s  is now used) ,  a mean radius r = 24 inches,  0 

and entrance and exit angles 35 c1 = 55" and s2  = -19.5",  

respectively.  I t s  excitation curve (field vs  cur rent )  was - 
measured  and found to saturate  strongly near  15 kilogauss. 

This  magnet could therefore  be used (upside down) in the 

present  application by fabricating a new vacuum envelope to  

accommodate a mean radius of 27.46 inches,  which reduces 

the required field t o  13. 23 kilogauss for  40-MeV protons. 

The new envelope a l so  permit ted a.n increase  in  the gap 

width f r o m  1-118 inches to  1-518 inches,  by adding space r s  to  

the magnet yoke and by making the magnet pole t ips  an 

integral  par t  of the vacuum envelope, a s  opposed to  using 

a separate  tank. 



Use of a different mean radius fo r  the same pole 

pieces a l so  changes '9, €1' and c 2  f r o m  the i r  original values,  

and fixing these four pa ramete r s  permi ts  only one arrangement  

(object and image lengths and resultant magnification) if  double 

focusing i s  desired. This ,  however, was not very important 

since a radial ,  o r  horizontal, single -focusing solution could 

be attained for  the analyzer;  and a net double-focusing at  the 

image s l i t  could be achieved through the action of both the 

analyzer and the doublet lens Q7, located immediately upstream. 

F o r  a minimum modification of the beam trajectory a c r o s s  

the pole face of the magnet (with the entrance and exit points 

remaining unchanged), the new center  of curvature for  the 

central  ray  was taken along the bisector  of the original 

sector  angle. The resulting magnet pa ramete r s  a r e  

r o  = 27.46 inches,  9 = 64. 3', c 1  = 49.65', and c 2  = -24.85'. 

F o r  these,  a double-focusing situation i s  obtained for  an  

object length 4, - 0. 61 r (and image length 2.  81 ro ) ,  and 
0 - 0 

promising single-focusing conditions range f r o m  this  to  

= 1. 6 r (where the image distance for  radial  focusing 
0 

is dr = 1. 92 r o ) .  F o r  shor te r  object dis tances t h e  rad ia l  

magnification becomes forebodingly la rge ,  and fo r  longer 

object distances the axial  (ver t ical)  defocusing becomes 

prohibitive. This  range of object lengths a l so  closely 

matches that allowed by space considerations.  



The quadrupole Q12 was made up f r o m  three  elements  

available a t  ORIC with an  aper ture-d iameter  of three  inches. 

Two of these  a r e  4 inches long and the third (middle) element 

i s  8 inches long. The i r  excitation curves  were  measured ,  and 

the field gradients  were  found to be very constant for  

excitations up  to  five kilogauss/inch. This field and the 

space l imitations ,allowed a number of different doublet and 

t r ip le t  a r rangements  t o  be considered for  transporting the 

beam f r o m  the image s l i t  to  the chamber.  F o r  both the 

quadrupole and analyzer  magnets,  no solution was apparent 

which would have been superior  to  that found possible with 

the existing equipment, and i ts  use  saved a considerable 

amount of t ime.  

Using the magnet pa ramete r s  established f r o m  these 

general  considerations,  a s e r i e s  of detailed computer 

calculations was made to  optimize the t ransmiss ion  of the 

secondary optics system. This was done using the code 

38 "OPTIK", a f i r  s t  o rde r  beam-optics program especially 

appropriate  f o r  a long t r a in  of magnet e lements  where ma t r ix  

methods a r e  desirable .  The program rep resen t s  each magnet 

e lement  a s  a l inear  operator  in the six-dimensional vector 

space of the beam par t ic le ' s  t r ansve r se  position and momentum, 

cent ra l  magnetic rigidity, and fract ional  deviation f r o m  the 

cen t ra l  rigidity. Quadrupole field gradients can  be searched 

upon to yield specified beam conditions, and the components 



of selected source vec tors  can  be t raced  through the system. 

Of most  significance here ,  an aper ture  stop (beam pipe opening, 

magnet gap, e t c . )  specified a t  some point in the sys tem i s  

t r ans fe r red  back to the source through the inverse product 

ma t r ix  evaluated up to  that point. In this  way, the phase - 
space volume of beam accepted by that stop, and of a l l  other 

stops in  the system, can be mapped o.ut a t  the source of 

par t ic les .  F o r  these detailed calculations, the quadrupole 

lengths and the analyzer pole boundaries were  cor rec ted  fo r  

fringing field according to  previous experience a t  the ORIC 

laboratory,  33' 34 by adding one inch to  the physical length of 

each quadrupole element and by extending both analyzer 

field boundaries by an.amount 0.64 t imes  the gap width 

(1 -518 inches). 

OPTIK calculations were  made for  the secondary sys tem,  

f r o m  the calcium polar izer  to  the target ,  for  analyzer object 

lengths varying in eight s teps between C - 0. 61 r g  and 
0 - 

CO = 1. 6 r (with 4 determined by the requirement  of single 0 r 

focusing). This was done for  different positions of the 

quadrupole doublet Q7, and for various a r rangements  of a 

quadrupole lens  in the image space ( i ts  distance f r o m  the 

image s l i t  and target ,  the number of e lements  used, their  

separation, and their  o rde r  of focusing o r  defocusing). F o r  

each of these cases ,  the following focusing conditions were  

investigated for  the combined action of lens Q7 and the 



analyzing magnet: (i) axial  focusing a t  0. 3 r 0. 5 r 0. 6 r o ,  and 0 ' 0' 

0. 7 r before the entrance boundary of the analyzer (between 
0 

the object s l i t  and the magnet);  (ii) axial  focusing a t  the 

image sli t  (double focusing); (iii) beam made axially paral le l  

a t  the image s l i t ;  and (iv) beam made axially paral le l  a t  

the object sl i t .  (In each  instance, Q7 produces a radial  

focus  at  the object s l i t ,  and the analyzer focuses radially 

a t  the image sli t .  ) F o r  a l l  of these possibil i t ies,  the phase- 

space acceptance determined by the physical aper tures  of 

the sys tem was evaluated and compared to  the known phase 

volume occupied by the source of par t ic les  f r o m  the calcium 

ta rge t  (known spot s ize  and desirable  angular divergence). 

A baffle at  the entrance to  the analyzer ,  to  shield the beam 

pipe past the image s l i t  f r o m  any possible proton t ra jec tory ,  

and one before Q12 to  interce.pt s l i t -scat ter ing,  could a l so  

be designed f r o m  these phase ;space projections. 

The optimum focusing ar rangement  proved to  be the 

c a s e  of double focusing a t  the image sli t  using & - 1 .0  ro, 
* 0 - 

with a quadrupole t r ip le t  (Q12) operated symmetrically in the 

image  space. F o r  this ,  the maximum,energy spread  in the 
4 

analyzed beam, -assuming no aber ra t ions ,  would be 500 keV 

fo r  object and image s l i t s  each of total  width 0 .423 cm. The 

phase-space acceptance of the ent i re  secondary optics sys tem 

evaluated a t  the polar izer  for  a monoenergetic beam 

corresponds  to  a value ( t r ansve r se  displacement f r o m  the 



optic axis t imes  t r ansve r se  angular divergence) of 

- 2 
1. 5 x 10 cm-radian  for the rad ia l  (horizontal) coordinates,  

- 2 
and 3. 3 x 10 cm-radian  for  the axial  (ver t ical)  coordinates.  

These I1areasl1 a r e  approximately rectangular:  for  a rad ia l  
\ 

distance of up to 0. 53 c m  f r o m  the center  of the polar izer ,  

a radial  angular divergence of up to  * 0.4"  i s  accepted; fo r  

an axial distance up to  * 0. 14 c m  f r o m  the center ,  an axial  

divergence up to * 3. 5" i s  accepted. This matches by 

design the s ize of the beam spot on the polar izer  seen  by 

the sys tem (* 0. 5 c m  radially by * 0. 1 c m  axially) and 

l imi ts  the geometrical scat ter ing angle f r o m  calcium to  

25. 5" * 0.4" .  

The general resu l t s  of the optics study were confident 

predictions of the energy resolution, beam intensity, spot 

s ize,  and angular divergence, a l l  of which indicated that 

the inelastic asymmetry  experiment was feasi.hle. The  

beam equipment (magnets,  s l i t s ,  and vacuum equipment) 

was assembled and surveyed into position, and power supplies 

and water  cooling were  provided for  the analyzer and Q12. 

The predicted beam propert ies  were  found immediately with 

the predicted magnetic field sett ings,  and these resu l t s  were 

then found to be essentially optimum. The predictability of 

the secondary optics system, i t s  insensitivity to  cyclotron 

beam conditions or  to  smal l  variations in focusing the 

pr imary  optics, s eems  to be due to the fact that the secondary 



s y s t e m  f o r m s  i t s  own beam. It accepts  and ac ts  upon a 

ce r t a in  portion of the beam sca t te red  f r o m  the polar izer ,  and 

th i s  portion is not strongly influenced by t h e  beam conditions 

ups t ream.  

The performance of the secondary optics sys tem for  

a typical value of 18 FA of 50 -MeV protons on the calcium 

polar izer  i s  a s  follows. A polarized beam of 40-MeV protons 

i s  accepted and rendered  para l le l  by lens Q6 and i s  then 

(radial ly)  focused by lens  Q7 to a spot about 0. 5 c m  wide by 

3 c m  high a t  the object sl i t  of the analyzer  magnet. The 

8 
intensity a t  that point i s  about 7 x 10 pro tons /sec .  A beam 

8 
of about 2 x 10 pro tons /sec  gets through the object s l i t  

(0 .42  c m  wide by 2. 54 c m  high) and the shielding baffle 

(2.  03 c m  wide by 2. 54 c m  high). This i s  analyzed by the 

magnet and double-focused a t  the image s l i t  (0.42 c m  wide by 

8 
2. 03 c m  high). A 10 proton/sec beam emerges  f r o m  this  

s l i t  with an  energy spread  of 500 keV. This  propagates 

through Q12 without lo s s  in intensity and i s  focused to  a 

spot 0 . 4  c m  wide by 1. 1 c m  high a t  the ta rge t .  The beam 

the re  has  a maximum angular divergence of about * 2" in' 

the scat ter ing plane and * 1" in the ver t ica l  plane. Using 

object and image s l i t s  which a r e  0. 25 c m  wide, a 300-keV 

beam may a lso  be produced which has  approximately the same 

spot size and angular divergence at  the ta rge t  and an intensity 

7 
of about 5 x 10 pro tons /sec .  



In routine use,  it has  proved desirable  to optimize 

empirically the middle element of quadrupole Q12 to  achieve 

the sharpest  focu's at  the target .  This ,  however, cannot be 

done at these low intensity levels  by the famil iar  practice 

of placing scintillating mater ia l  in the beam, to  be viewed 

remotely. In this case  we f i r s t  located the beam in the 

scattering chamber by exposing Polaroid f i lm  placed behind 

c r o s s  h a i r s  at  the target  position. A sli t  was then installed 

at  the target  position whose aper ture  approximates the 

optimum spot size.  With an ionization chamber placed behind 

the sli t ,  the quadrupole was easily focused by maximizing the . 

beam passed through the aper ture .  The resultant spot s ize 

and centering was then checked by removing the s l i t  and 

exposing Polaroid f i lm again a t  the ta rge t  position. This 

method of focusing depends on good alignment of the quadrupole 

Q12, so that variations in  i t s  excitation will not s t ee r  the 

beam away f r o m  the center  of the sli t .  Other techniques used 

routinely to  f ix  the position and direction of the beam at the 

target  a r e  described below. 

B. Measurement of Beam Polar izat ion 

. . We tu rn  now to  the determination of the beam ' s  

polarization, which must  be accurately known in o rde r  to 

normalize the asymmetry  measurements .  The polarizations 



measured  in  the e las t ic  scat ter ing work with the a - p  produced 

b e a m  were  determined by 

where P is the polarization (polarizing power) of the target ,  

PB the magnitude of the beam polarization, and A the 

* 
measured  left -right asymmetry  in the scattering: 

Here  NL i s  the number of protons sca t te red  to  the left, and 

N~ 
the number sca t te red  to  the right, with left defined such 

that k. X$ i s  in the direction of the beam polarization 
-1 

(Base1 convention). The direction of the beam polarization 

was  known f r o m  the p + 4 ~ e  data,  31 and i ts  magnitude was 

determined by performing20'  29 a double-scattering experiment 

fo r  C a  at 25. 5" .  The la t te r  gave the magnitude of the Ca 

polarization f r o m  P = , s o  that PB for  the a - p  beam 

could be found f r o m  the observed asymmetry  i t  produced in  

Ca  scat ter ing,  through Eq. (1).  The a - p  beam polarization, in  

turn ,  determined the polarization of the other ta rge ts  whose 

a symmet r i e s  were  measured  ("c, 9 0 ~ r ,  
208 

Pb) .  In 

>* 
We distinguish between the observed asymmetry  A and 
the quantity c ,  which will be used to  denote the asymmetry 
produced with a completely polarized beam, E = A l p B .  



part icular ,  both the polarization and differential  c r o s s  

12 
section for  C were  sizable and yet slowly varying functions 

of angle near 60" for  40-MeV protons. When both the thin 

and thick calcium targe ts  were l a t e r  used a s  polar izers ,  in 

place of the a -p  scattering, the beam polarization produced 

by calcium scattering could be determined and checked 

routinely by the 1 2 c  asymmetry  observed a t  60°,  using 

Eq. (1) and the known sign and magnitude of the lLc 

polarization. 

This  chain of measurements ,  however, s t i l l  resul ted 

12 
in a ra ther  unsatisfactory knowledge of the C polarization 

and, consequently, of the beam polarization pr.oduced by the 

thick calcium polar izer .  The weakest link was due to  the 

difficulty of performing a double -scat ter ing experiment at  

25.5" for  Ca,  where the rapid variation of both the c r o s s  

section and polarization required a very tedious alignment 

procedure.  The experiment was done a number of t imes ,  

but the polarization could not be reproduced to bet ter  than 

AP/P - * 8%. There  were  other problems with the double - 

scattering measurement  which involved the matching of 

angular acceptances and energies  in  the f i r s t  and second 

scat ter ings,  and these effects could be accounted for  only 

by fair ly  indirect calculations. The net resu l t  was that 

a l l  of the asymmetr ies  measured  at  that t ime could be 

normalized with the value of P only to  within about * 10%. 
B 



It then came  to  our attention that a very  good 

measurement  had been made39 at  27. 5 MeV of the absolute 

e las t ic  polarization fo r  1 2 c  at  65' lab. At this  angle, the 

c r o s s  section and polarization a r e  slowly varying functions 

of angle a t  both 27. 5 MeV and 40 MeV, and alignment 

uncertaint ies  present  no problems. The 40-MeV beam 

was  degraded to 27 .5  MeV by placing an aluminum absorber  

in  front  of the sca t te r ing  chamber;  we could then determine 

the beam polarization by measuring the 1 2 c  asymmetry  at  

65' and by using i t s  known39 polarization. This  gave the 

polarization of our  40-MeV beam to be 27.4 * 0. 5 percent,  

where the uncertainty includes both our  uncertainty in  the 

asymmetry  measurement  and the  quoted39 uncertainty in 

the 27. 5-MeV data. By removing the absorber  and measuring 

12 
the C a s y m m e t r y a t 4 0 M e V ,  w e t h e n h a d a l s o a w e l l - k n o w n  

absolute polarization for  1 2 c  a i  that energy. The resul t  

for  40-MeV protons on 1 2 c  a t  65' l ab  i s  P = 70.8 + 1 . 8  percent.  

12 
The C t a rge t  was thereaf ter  used as an anal.yzer in  order  

to  check the beam polarization in  the different runs which 

compr ise  this  work. This  was desirable  on grou~lds of the 

general  complexity of our sys tem,  but in fact the beam 

polarization was never found to change. 

The beam polarization value of 27.4 percent was actually 

quite close to  the previous resu l t  of 28 percent,  which 

depended on the double -scat ter ing experiments .  But the 



improvement in the uncertainty, aPB/pB = * 1.8'7'0 a s  

opposed to * 10'7'o, r ep resen t s  a considerable gain in the 

accuracy of our measurements .  The only unmeasured 

complication i n  the new determination of P~ 
i s  the 

a s  sumption that the beam i s  not significantly depolarized 

by attentuating i t s  energy f r o m  40 MeV to 27. 5 MeV. This  

assumption i s  theoretically4o justified, and no experimental 

depolarizations have been detected for  la rge  proton energy 

attenuations. 41 We note finally that we have a lso  found 

the asymmetry  f r o m  12C at 65' to  be constant, within our 

uncertainties,  for  proton energies  f r o m  26. 9 MeV to 28. 5 MeV, 

s o  that i t  was not necessary to  match exactly the energy of 

27.5 MeV. ~ h e s e  proton energies  were determined to within 

* 0. 2 MeV by measuring the residual  range in an emulsion. 

2 .  Data Acauisition 

A .  Counting Equipment 

The present  asymmetry  measurements  were  made 

with the scattering chamber,  counter a r r a y ,  and electronics  

29  
equipment used for  the previous elast ic  scat ter ing work. 

2 0 

The chamber i s  17 inches in d iameter  and i s  made of s ta inless  

steel.  A 1. 25-inch slot for  the sca t te red  par t ic les  extends 

around the circumference f r o m  about 5" to  175" on each side 

of the beam and i s  vacuum sealed by a 2-mi l  thick Mylar 

window. The chamber i s  open to  vacuum a t  the front,  where 



the beam en te r s ,  and i s  closed off by an  aluminum foil at 

the end of a 10-inch snout which protrudes f r o m  the back. 

The beam passes  through this  foil  and into a Faraday  cup. 

The chamber i s  mounted on a support with adjustments for  

elevation, horizontal  position, horizontal  rotation, and for  

t i l t ing the plane of scat ter ing.  These a r e  a l l  adjusted 

p r io r  to  each run by surveying, s o  that the chamber i s  properly 

oriented with respec t  t o  the incoming beam. At the center  

of the chamber i s  a multiple-target holder which permi ts  

a given ta rge t  to  be selected remotely.  I ts  t i l t  relative to 

the beam direct ion can  a lso  be adjusted without breaking 

vacuum. 

Outside the chamber (and outside the vacuum 

envelope) two s e m i  - c i r  cular  collimator mounts a r e  attached 

t o  the support s t ruc tu re ,  one on each side of the beam. 

Each  m.ount h a s  16 grooved openings which hold 0. 125-inch 

thick b r a s s  co l l imators  with ape r tu res  spaced 10" * 0. 05" 

apar t .  The col l imators  a r e  about one inch away f r o m  the 

Mylar window on the chamber.  The counter assembl ies  a r e  

a l so  attached to  the collimator mounts, with each counter 

placed directly behind a collimator.  Each bank of col l imators  

can  be independently rotated at  a radius  of 9. 375 inches 

f r o m  the center  of the chamber,  allowing the angular range 

between 8" and 172" to  be covered on each side of the beam. 

The angular position of the collimator openings (the counter 



aper tures)  can be set  with this apparatus to  within * 0. 05". 

The maximum variation of the aper ture  a r e a  in a set  of 

32 col l imators  i s  * 1 percent.  

Thirty-two NaI(T1)-photomultiplier counters were  

used to detect the scat tered protons. Each of these consis ts  
.la 

of a 1 -inch diameter  by 314-inch-thick c rys t a l  pack-" mounted 
J, J, 

with a high-viscosity silicone fluid1"" to  an RCA 61 99  phototube. 

These tubes were  selected pr ior  to  their  use in the a r r a y  

by requiring the NaI-phototube resolution to  be 10% FWHM 

137 
o r  bet ter  for  Cs  y-rays.  Two s izes  of collimator 

ape r tu res  were  used; one was 0. 125 inches in diameter  and 

the other was 0. 375 inches wide by 0. 75 inches high. F o r  

the sma l l  aper tures ,  the resolutions of the 32 counters  for  

40-MeV protons vary f r o m  about 300 keV to 500 keV. F o r  

the large ape r tu res  (but same counting ra te )  the resolutions 

a r e  between about 450 keV and 650 keV. The smal l  ape r tu res  

have an a r e a  22.6 t imes  sma l l e r  than the la rge  aper tures ,  

but could be used at  forward angles for  some of the inelastic 

asymmetry  measurements  where the sma l l e r  count r a t e  could 

be tolerated. 

An electronics network routes  the 32 photomultiplier 

::: ::: ::: 
outputs to  a 20,000 -channel pulse -height analyzer whose 

JI 1- 

Har  shaw Chemical Company, Cleveland, Ohio 

96 :k 
"200 FluidH, Dow Corning Corporation, Midland, Michigan. 
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memory  configuration i s  used in  a 50 x 400 mode, effectively 

a s  thirty -two 400 -channel analyzers .  Each photomultiplier 

tube i s  connected a t  its anode to  a variable -gain preamplif ier ,  

and the 32 preampl i f ie rs  a r e  fed tocthe analyzer X-ADC through 

a single l inear  amplif ier .  Identifying pulses f r o m  a Schmidt- 

t r igge r  d iscr iminator  in  each preamplifier a r e  converted to  

a binary -coded-decimal Y -address  signal for  the analyzer 

by a passive diode matr ix.  Each discr iminator  threshold 

was  commonly se t  a t  a value corresponding to a proton energy 

about 20 MeV below that of the elastically sca t te red  protons. 

The X-ADC i s  gated by the t r igger  pulses which a r e ,  in  

turn ,  gated i n  anticoincidence by a busy signal f r o m  the 

analyzer.  The net resu l t  i s  that the photomultiplier pulses 

fo r  protons of energy g rea te r  than about 20 MeV a r e  s tored 

in  one of the 400 X-channels according to  their  pulse height 

(proton energy) and in one of 32 Y-channels according to  the 

counter f r o m  which they originated. The analyzer memory  

i s  read  out onto magnetic tape, and 20,000 channels of data 

a r e  dumped in  approximately fourteen seconds. 

Sollle typical energy spec t ra  a r e  shown in Fig.  2. With 

an  energy spread  i n  the beam of 500 keV, and with the l a rge r  

counter col l imators ,  the overal l  resolution is about 750 keV 

FWHM at  forward  angles.  The ta rge ts  used were  in  the range 

20 to  30 m g / c m 2  in  thickness,  and at  back angles the overal l  

resolution i s  increased  to  about 1 MeV due to  the passage 
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Figure 2. Energy spectra.  Proton spect ra  at various angles a r e  
shown for the different targets .  These have an overal l  
resolution of about 750 keV achieved using the l a rge r  
magnet s l i ts  and counter collimators discussed in the 
text. Also shown for  6 O ~ i  i s  a spectrum with improved 
resolution, achieved by stopping down the s l i t s  and 
collimators.  



of the sca t te red  beam back through the target .  However, at 

back angles the intensity of the elast ic  proton group is 

comparable to  that of the inelastic groups, and the f i r s t  

excited s tate  need not be so  well separated in order  to  

resolve it  f r o m  the elast ic  peak. Also shown for 6 0 ~ i  i s  

a spec t rum taken with a beam spread of 300 keV and with 

the smal ler  counter aperture.  This resul t s  in  an  overal l  

resolution of about 500 keV FWHM at forward angles,  but 

the counting ra t e  i s  decreased  by a factor of about forty. 

B. Targets  

The 2 8 ~ i  targe t  was made of natural (92.21 percent 

2 8 ~ i )  high-purity silicon and was 32. 1 m g / c m 2  thick. The 

5 4 ~ e  target  was 97.4 percent enriched and 18. 0 m g / c m  
2 

thick. Nickel-58 was 99. 95 percent enriched and 29. 95 

6 0 
m g / c m 2 t h i c k ,  and N i w a s  99.1 pe rcen tenr i chedand  

19.7 m g / c m 2  thick. The t a rge t s  were  al l  about 2 inches 

t a l l  by 314 inch wide, and their  thickness a t  the center 

(where the beam i s  focused) could not be confidently deduced 

f r o m  the total  weight ancl a r e a  of the foil. In o rde r  to  

normalize the c r o s s  section measurements ,  thin ta rge ts  

2 54 6 0 (about 5 m g / c m  ) of Fe ,  5 8 ~ i ,  and Ni were  also used 

to measure  the elast ic  scattering. The thickness values given 

above were deduced f r o m  these measurements  and pertain 

t o  the centers  of the thick ta rge ts .  The thicknesses of the 



thin ta rge ts  a t  their  centers  were  determined by scanning 

them with a collimated, 5 .48 -MeV, alpha-particle beam 

f r o m  2 4 1 ~ r n  and measuring the energy attenuation with a 

solid-state counter. The average of these alpha thickness 

values measured over the ent i re  surface of each thin ta rge t  

was a l so  compared to  i t s  weight-area thickness value and 

found to agree within the est imated accuracy of the alpha 

measurements ,  which was * 5 percent.  The thick Si t a rge t  

was destroyed, and i t s  thickness was obtained directly by 

measuring the weight and a r e a  of the fragments .  The 

thicknesses of the fragments  near  the center  were  found to 

be the same within two percent.  The precis ion of the 

thickness measurement  i s  assigned to be * 5 percent fo r  

a l l  t a rge ts .  

C. Running Procedures  

We tu rn  now to the procedures  used routinely t o  

accumulate the asymmetry and cross-sec t ion  data. The beam 

i s  f i r s t  focused and centered in  the scat ter ing chamber in 

the manner descr ibed in  the previous section. The energy 

of the secondary beam i s  then determined by scat ter ing 

f r o m  '08pb and measuring the pulse-height variation of 

the elast ic  peak for different thicknesses of A1 absorber  

placed before a counter at  10'. In each run the energy was 

a l so  measured by residual  range in  emulsion, and a 



compar ison  of the two methods revealed a constant difference 

of about 1 MeV. Comparison with a magnetic rigidity 

measurement ,  good to 0 . 5  percent in  energy, confirmed the 

co r rec tness  of the emulsion method. Although the source of 

e r r o r  in the  pulse-height method i s  not understood, this  

method has  proved to be consistent;  and the speed and ease  

of the pulse-height method were  essent ia l  in  setting the 

cyclotron frequency a t  the beginning of each of the three  

different experiment  periods that were  used for  this work. 

As  a resu l t  of these energy measurements ,  we can  state 

that a l l  of the asymmetry  and c r o s s  section data presented 

h e r e  were  taken with protons of energy 40. 0 0 . 4  MeV. 

When i t  was necessary  to  change the cyclotron frequency 

to  attain the c o r r e c t  energy, the focusing and centering 

procedure was repeated af ter  the energy change. The 

constancy of the energy af ter  i t s  init ial  setting i s  verified 

by the constant field of the analyzing magnet maintained 

durin.g the runs.  

The angular alignment of the counter .banks on each 

side of the beam was then checked by positioning the lnost 

forward  counters  at  10' on both the left and right s ides  and 

observing the asymmetry  in the e las t ic  scat ter ing froitl 

2 0 8 ~ b .  Assuming the scat ter ing to be purely Coulomb, a 

* 0. l o  misalignment of the counters  relative to  the average 

beam direct ion produces an 8 percent depar ture  f r o m  unity 



of the rat io  N ~ ( ~ o o ) / N  ( l o 0 ) ,  using the notation of Eq. (2). 
R 

The position of each counter a r r a y  can therefore be quickly 

adjusted to agree  with the beam direction to within 0. 05". 

The alignment was checked in this  way before and af te r  each 

individual asymmetry run  (each accumulation of data) and 

was never found to differ by more  than this  amount, * 0.05". 

During a run, the position and alignment of the beam were  

monitored with a split ionization chamber located a t  the exit 

of the scattering chamber,  in  front of the Faraday  cup. 

This  i s  sensitive to a 10-mil t r ansve r se  displacement of the 

chamber f r o m  i t s  co r rec t  position and i s ,  conversely,  a 

sensitive monitor of the constancy of the beam geometry 

during the run. As mentioned previously, 1 2 c  data were  

taken during each group of asymmetry  runs in o rde r  to check 

the polarization of the beam. 

Our method of aligning the beam depends on the 

assumption that e last ic  scat ter ing f r o m  P b  at 10" gives a smal l  

polarization, and not that the scat ter ing i s  exactly Coulomb. 

Our measurementZ1 for  P b  i s  actually o( lOO) - 0. 8 r ( l o 0 ) ,  R. 

where r ( 0 )  i s  the Coulomb differential c r o s s  section. R 

However, we a lso  knowZ1 that s ( 8 )  near  8 = 10' fa l ls  off at  

leas t  a s  fast  a s  r ( 0 )  with increasing 8 ,  and that P ( 0 )  i s  
R 

slowly varying. Assuming the scattering to each side of 

the beam dec reases  with 8 like Coulorrlb scat ter ing,  

- 4 
N(0) - s in  (8 /2) ,  but that t he re  ex is t s  a finite polarization 



P('Q), then f r o m  Eqs .  (1) and (2) we find that the amount 

of offset A0 needed to  produce NL(O + A0) = NR(O - A0) i s  

A0 - (1 / 2 ) ~ , ~ ( e ) s i n ( 0 / 2 ) .  Thus,  even if  the polarization 

f r o m  Pb a t  10" were  a s  high a s  5 percent,  a misalignment 

of only A0 - 0. 03" would be introduced by setting the counter 

angles  to produce no observed asymmetry .  

The a symmet ry  data for the four t a rge t s  were  taken 

at  5" intervals ,  generally over the range 10" to  165". Elast ic  

and inelast ic  data  were  obtained simultaneously. The 

runs  for  each  ta rge t  were  broken down in two ways, depending 

on whether o r  not sat isfactory r e  solution could be achieved 

near  90" f o r  protons reflected back out of the target  when 

i t  was  tilted a t  an  angle of 45". The reflection geometry was 

sat isfactory fo r  2 8 ~ i ,  5 4 ~ e ,  and  ON^; and the range could 

be covered in  four runs ,  lasting about s ix  hours  each, with 

two runs  having a ta rge t  tilt of 0" (normal  to  the beam) and 

two for  a t a rge t  t i l t  of 45". F o r  each ti l t ,  two runs were  

taken, one with the counter banks (both left and right) se t  t o  

cover  the angles l o 0 ,  20°,  . . . , 160" and the other run  to  

cover  the angles 15",  25" , .  . . ,  165". The runs made with a 

t i l t  of 45" cover the region f r o m  65" to  115", which a r e  

obscured by the ta rge t  shadow in the.  runs taken with a 0" t i l t .  

The smal l  col l imators  (118-inch d iameter )  were  used a t  

forward  angles out to  an  angle where the number of counts in 

the inelastic groups would be comparable to  that obtained a t  the 

back angles where the la rge  col l imators  (318 inch by 314 inch) 

were  used. 



The reflection geometry was unsatisfactory for  the 

5 8 ~ i  target  (30 mg/cm2) ,  but the data fo r  this  nucleus could 

a l so  be obtained in four runs.  Two runs were made at  the 

angles l o 0 ,  . . . , 160°, one with a t i l t  of 45" in one direct ion 

and the second with a t i l t  of 45" in the opposite direction. 

The other two runs were  made for  these two target  t i l t s  

at  the angles 15" , .  . . , 165". In this  procedure,  the data a t  

forward and back angles for  scat ter ing to  the left come 

f r o m  a different run than those for  scat ter ing to  the right. 

But the data  near  90" a r e  repeated, s o  that the relative 

angular distributions on each side of the beam can be 

inter  -normalized at 5 angles around 90". Integration of 

the beam current  i s  not required but served  a s  a check on 

the normalizations. 

Ext ra  asymmetry data were  taken fo r  the t a rge t s  2 8 ~ i  

60 
and Ni to  optimize the energy resolution a t  forward angles 

by using exclusively the sma l l e r  col l imators .  These data 

for  2 8 ~ i  extend f rom 10' to 67. 5"  in 2. 5' intervals ,  and fo r  

 ON^ f r o m  20' to  65v in  5' intervals .  The improved 

resolution reduced the uncertainties in  this region by about 

50 percent.  

While. the asymmetry runs yielded c r o s s  -section 

information by averaging the counts fo r  scat ter ing to  the 

left and right,  better e last ic  c ross-sec t ion  data,  and some 

inelastic data at  forward angles,  could .be easi ly  obtained 



by using the counter a r r a y  in the d i rec t ,  unpolarized beam. 

There ,  the beam sp read  i s  lower,  about 250 keV, and the 

intensity copious; s o  that the smal le r  counter col l imators  

could be used  out t o  back angles,  and the data could be 

taken a t  sma l l e r  intervals .  The overal l  angular r e  solution 

i s  a l s o  improved f r o m  * 2.5" to  * 1".  This  was  done for  

a l l  four t a rge t s  by moving the scat ter ing chamber to  another 

beam line i n  the same experiment  a rea .  F o r  these 

measurements ,  the counters  to the left of the beam a r e  set  

a t  different angles than those to  the right.  A Itnormalization 

run t t  was f i r s t  taken a t  low beam intensity, with an analyzer 

dead t ime of l e s s  than one percent,  which covered 12 angles 

in  the forward hemisphere .  F o r  5 4 ~ e ,  5 8 ~ i ,  and  ON^, the 

mentioned Itthin" t a rge t s  were used fo r  this purpose. The 

r e  s t  of the runs ,  about 8 per nucleus, could then be made 

with the thick t a rge t s  and at higher beam levels (an 

analyzer dead t ime of about five percent) by normalizing 

the relative c r o s s  sections to  the elast ic  data obtained in 

the normalization run. Various combinations of target  

t i l t s  and angle sett ings of the counter banks were used in 

a way to minimize the total  t ime necessary  to  accumulate 

the elast ic  and inelastic angular distributions.  When data 

were  taken a t  back angles,  it was more  efficient to cover 

the counters  out to about 25" to  eliminate their  contributions 



t o  the analyzer dead t ime.  Typically, e last ic  c ross-sec t ion  

data f r o m  10" to  170" in 2. 5" intervals ,  and inelastic 

c ross-sec t ion  data f r o m  20" to  70"  in 5" intervals ,  could 

be obtained for  a target  in about 12 hours .  

At the end of the asymmetry  and cross-sec t ion  runs,  

a pulser calibration of the electronics  was made at  the existing 

gain levels for  severa l  counters by varying the voltage of 

pulses applied to  the input of their  p re  -amplif iers .  Assuming 

the photomultiplier tubes to  be l inear ,  the energies  of the 

inelastic groups observed in the spec t ra  could then be 

established relative to  the elast ic  groups and, through 

kinematics,  the Q values thereby determined. By doing 

this  fo r  many counters,  however, this  procedure was found 

to be reproducible only to  about 200 keV. Within this  

margin,  we a r e  in  agreement  with the energ ies  for  the 

levels we observe which a r e  given in Nuclear Data Sheets and 

with those determined' by Stovall and Hintz. 
42 

We use  these 

two sources  to  name.the s ta tes ,  except for  the excitation we 

observe near 6. 9 MeV in 2 8 ~ i ,  which we oLly tentatively 

idcntify as the known octupole excitation a t  6. 88 MeV. 



3 .  Data Reduction 

A. Peak  Integration 

The data  on magnetic tape f r o m  the pulse -height analyzer 

were  processed  with a CDC 160-A computer.  A program 

 SLAP^^ was  used to  plot the number of counts v e r s u s  proton 

energy (X channel number) fo r  each counter (Y channel number).  

The p rogram a l so  pr in ts  out the number of counts and a 

running (accumulated) s u m  of counts along the energy axis.  

In o rde r  to  unfold the spec t r a  carefully i n  the region of the 

t a i l s  of the e las t ic  and inelastic proton peaks, a semi -  

logarithmic plot of the spec t r a  was m o r e  useful. These 

automatic plots were  a n  invaluable aid in unfolding the 

2000-odd peaks which were  reduced for  these measurements .  

The SLAP plots were unfolded by hand i n  the manner  

60 
i l lustrated for  a Ni spec t rum in Fig.  3 .  By examining 

12 
a la rge  number of spec t ra  f r o m  different counters  tor  C, 

where the elast ic  and inelastic peaks a r e  well separated,  i t  

was  established that the elast ic  peak-shape (in a semi -  

logarithmic plot) i s  consistently and precisely repeated 

in the inelastic peaks. Consequently, the elast ic  peak-shape 

could be used to  unfold the inelastic peaks by successive 

approximations. The f i r s t  s tep  i s  i l lustrated on the left-hand 

side of Fig.  3 and consis ts  of drawing the elast ic  peak-shape, 

near  i ts  maximum and on i t s  high-energy s ide,  through the 



Figure  3.  Reduction of energy spectra .  Two copies of the same  
6 O ~ i  spectrum a t  2 5 O ,  a s  displayed by the plot program 
SLAP, a r e  shown to  i l lustrate  the unfolding procedure 
descr ibed in  the text. The c r o s s e s  in  the computer 
output a r e  the points in  a semi-logari thmic plot of the 
total  counts per  channel ve r sus  channel number.  Along 
the energy axis a r e  l isted, f r o m  bottom t o  top, the 
channel number,  the counts per  channel, and a running 
s u m  of the counts per  channel. A number identifying 
the counter f r o m  which the spec t rum originates i s  
printed near channel ze ro  (not shown above). 
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inelast ic  points. This  f i r s t  approximation to  the inelastic 

contribution i s  then subtracted f r o m  the total  counts near  the 

low-energy side of the e las t ic  peak to  obtain the net e last ic  

contribution in  that region. The elast ic  peak-shape i s  then 

extended smoothly t o  lower energies ,  and a second 

approximation to  the net inelastic counts near  the maximum 

of the inelastic peak i s  obtained by subtracting the new elast ic  

points f r o m  the total  counts. The process  i s  continued until 

the two unfolded peaks agree  in  shape and account fo r  the 

total  counts observed, within s ta t i s t ics  and in view of other 

nearby groups which a r e  not resolved. No significant 

e las t ic  peaks ' f rom contaminants were observed in these 

2 
spec t ra  taken with thick (20-30 m g / c m  ) t a rge ts .  The 

unfolded spec t rum fo r  6 0 ~ i  i s  shown on the right in  

i 
Fig. 3,  with l ines  drawn through the net e last ic  contribution 

and that f r o m  the f i r s t  excited state.  Higher excited s ta tes  

a r e  reduced using the unfolded elast ic  peak-shape. Except 

fo r  the regions of overlapping peaks, a peak may be quickly 

integrated by subtracting the printed value of the accumulated 

counts a t  i t s  low-energy end f r o m  the value at  i t s  high-energy 

end. To this  i s  added the peak 's  net contribution in the 

regions of overlap, a s  deduced by this method of construction. 



B. Compilation of Resul ts  

Relative elast ic  and inelastic c r o s s  sections for  each 

ta rge t  were  obtained f r o m  the asymmetry  runs by averaging 

(summing) the net, unfolded counts in the proton groups 

scat tered to  each side of the beam. The relative elast ic  

c r o s s  sections f r o m  the various l l c ross - sec t ion  runs" for 

each target ,  the runs made separately with the unpolarized 

beam, a l l  have severa l  angles in  common with each other.  

These "runs" a r e  taken with different counter -angle settings 

and have different amounts of bombardment and ta rge t  t i l ts ,  

s o  that they have different normalizations.  The cross-sec t ion  

runs were inter  -normalized at  the i r  common angles,  with 

grea ter  weight given to  angles where the c r o s s  section i s  

slowly varying; and a composite relative c r o s s  section was 

thus formed f r o m  these data. Using the relative elast ic  

c r o s s  sections deduced f r o m  the asymmetry  data,  the 

normaiization of the inelastic c r o s s  sections obtained f r o m  

the asymmetry  runs was then determined relative to  this  

composite e last ic  c r o s s  section. Some inelastic data f r o m  

the cross-sec t ion  runs were  used to  augment the data  f r o m  

the asymmetry  runs. The elast ic  c ross-sec t ion  data  f r o m  

the asymmetry  runs,  however, were  used solely to  normalize 

the inelastic c r o s s  sections to  the elast ic  data.. This  and 

other redundancies in the elast ic  and inelastic data,  taken at  

different t imes  and in different ways, afforded a considerable 

number of consistency checks fo r  these measurements .  



There  was one exception to  this  procedure fo r  normalizing 

the inelastic c r o s s  sections t o  the relative elast ic  angular 

distribution. The effect of isotopic impuri t ies  in the elast ic  

data  requi res  no cor rec t ion  since (i) the elast ic  contributions 

f r o m  neighboring isotopes a r e  not resolved, (ii) the c r o s s  

sections a r e  nearly identical, and (iii) since the amount of 

impurity is small .  A s imi lar  situation exis ts  for  the inelastic 

groups measured  i n  5 4 ~ e ,  5 8 ~ i ,  and  ON^, pr imari ly  because 

of the high isotopic purity of the targets .  The natural  Si 

ta rge t ,  however, contains 4. 7% 2 9 ~ i  and 3. 09% 3 0 ~ i ,  both of 

which have excited s ta tes  which make an uncertain contribution 

to  the observed proton groups corresponding to  the 1.78-MeV 

and 6.  9-MeV excitations in 2 8 ~ i .  The normalization of the 

inelast ic  data  for  2 8 ~ i  was therefore increased by a factor 

of 1. 039, which i s  half way between assuming no inelastic 

contributions f r o m  the adjacent isotopes and, conversely,  

assuming a l l  the isotopes have a state a t  the same energy with 

equal  strength.  Neither situation i s  t rue ,  but an additional 

normalization uncertainty of * 4% i s  added for the inelastic 

c r o s s  section data  f r o m  2 8 ~ i  to bracket  these ex t remes .  

The relative elast ic  c r o s s  sections for  each target  were  

then normalized to  the absolute elast ic  data obtained in the 

mentioned t lnormalizat ion runs",  and this  in  turn  determined 

the absolute normalization fo r  the inelastic c r o s s  sections.  

The absolute elast ic  c ross - sec t ion  data were  deduced f r o m  the 



known target  thickness t ,  in  units of the number of nuclei 

per  unit a r e a ;  the integrated beam current  Ntot, expressed  

a s  the number of incident protons; the solid angle of the 

counters An; and the observed number of counts N(8): 

( d r / d ~ ) ~ ~ ~  = N(e)/(Ntot t An). The absolute c r o s s  sections 

were cor rec ted  by a factor of 1 .023 to account for  the los s  

of counts due to  reactions undergone by the sca t te red  protons 

in the NaI crystal .  This factor was deduced f r o m  the work 

44 
of Measday for  our method of unfolding the proton spec t ra ,  

in which we do not include the "tailsI1 of the peaks below 

about 1 MeV f r o m  their  maxima. Finally,  the absolute elast ic  .,., ,.. 

and inelastic c r o s s  sections were  converted to  the center-of-  

m a s s  sys tem by multiplying them by the appropriate 

relativistic Jacobian. 

The elast ic 'and inelastic asymmetry  resu l t s  ~ ( 0 )  a r e  

normalized to '100 -percent  beam polarization using 

where for  the elast ic  data ~ ( 0 )  = P(0). Again, NL(0) and NR(B) 

a r e  the net number of counts in the proton peaks on each side 

of the beam, using the Base1 convention; and the beam 

polarization 
P~ 

i s  0. 274. 



C. E r r o r  Analysis 

The total  absolute e r r o r  in the normalization of the 

c ross - sec t ion  data  i s  taken to  be an uncorrelated combination 

of the uncertainty in  ta rge t  thickness (* 5%); solid angle 

(* 1%); beam integration (* 2%); and, for  the inelastic 

r e su l t s  for  2 8 ~ i ,  the contributions f r o m  isotopic impuri t ies  

(* 40Jo). The absolute e r r o r  for  the elast ic  c r o s s  sections,  

and for  the inelastic c r o s s  sections f o r  F e  and Ni, i s  then 

* 5. 50J0, and that for  the inelastic Si data  i s  * 6.8%. The 

absolute e r r o r  in  the normalization of the a symmet r i e s  is 

taken t o  be that due to  the uncertainty in beam polarization, 

* 1. 80Jo of the value of s. 

The relat ive probable e r r o r s  in  the c r o s s  section 

and asymmetry  data  s t e m  mainly f r o m  uncertainties in 

unfolding the energy spec t r a  and f r o m  stat is t ics .  These  

a r e  assumed uncorrelated,  s o  that the total  e r r o r  * AN in 

45 the 'net counts in a peak i s  given by 

AN i s  the est imated uncertainty of the counts assigned to 
0 

the peak in  the region where it overlaps adjacent peaks; 

AN i s  the uncertainty in any background under an  inelastic B 

peak due to  the t a i l  of. the elast ic  peak; and AN i s  the 
S 

total  s ta t is t ical  e r r o r .  Typically, AN was judged 
0 



to  be about 30% of the total  contribution to  the peak in  an 

overlapping region; and ANB amounted to  about 2070 of the 

total  background under the peak (i. e . ,  subtracted f r o m  it). 

AN was a major  contribution to the e r r o r s  for  the inelastic 
B 

data at angles l e s s  than about 50". The number of counts 

obtained in  the inelastic peaks during the asymmetry  runs 

was usually 500 or  more ,  so  that the fractional s ta t is t ical  

e r r o r  in the relative inelastic c r o s s  sections (N L + N ~ )  

was - 4% o r  l e s s ;  and the s tat is t ical  e r r o r  in  the asymmetry 

was A€ 5 0.  12, depending on the value of c .  The peak- 

unfolding e r r o r s  AN and ANB make s imi lar  contributions 0 

to  the inelastic e r r o r s  except a t  angles l e s s  than about 50°,  

where they a r e  la rges t .  The relative e r r o r s  for  the elast ic  

data a r e  mainly due to  s ta t is t ics .  

The total  fractional relative e r r o r  * A U / U  in the 

differential c ross  section a t  each angle i s  then * AN/N 

where AN i s  given by Eq. (4) o r ,  when the data come 

f r o m  an asymmetry run where u = const. (NL + ?NR), 

ANL and ANR a r e  each given by Eq. (4), and i s  the ra t io  

of the normalizations of N and NR, in case  they were  taken L 

in different runs ( a s  for  the data  f r o m  5 8 ~ i ) .  Using Eq. (3),  



45 
the e r r o r s  * AN propagate in the asymmetry  measurements  

t o  produce an  e r r o r  A€ given by 

T o  handle the fair ly  la rge  volume of e last ic  and inelastic , 

data  accumulated in  the asymmetry  runs ,  a program was 

46 
wri t ten to  compute the relative c r o s s  sections,  the 

a symmet r i e s ,  the relative e r r o r s  due separately to 

s ta t i s t ics  and peak unfolding, and the total  relative e r r o r s  

given by Eqs .  (4), (5), and (6). The input data were  the 

net counts in  each peak, es t imates  of the unfolding e r r o r s ,  

the beam polarization, and for  5 8 ~ i  the normalization factor 

deduced by comparing the runs a t  the i r  common angles 

nea r  9 0 " .  

Two other uncertainties a r e  recognized but not included 

in  the probable e r r o r  evaluated for  each datum. Maximum 

beam-alignment uncertainties a r e  est imated to  be equivalent 

to  a * 0. l o  e r r o r  i n  the average direction of the beam relative 

to  the counters.  The amount of spurious asymmetry  this  

introduces in  the e las t ic  and inelastic data  depends on the 

actual  asymmetry ,  the beam polarization, and the variation 

of the asymmetry  and c r o s s  section with angle. F o r  Coulomb 

scat ter ing with s = 0 we have on ei ther  side of the beam 

-4 N(8) - sin (9 /2 ) ,  so  that the spurious asymmetry  



N ( 0  + Ae)]  produced by a misalignment in the beam direction R 

of an amount A0 toward the left i s  approximately 

E 1 ( ~ )  = 2 ~ e / ~ , s i n ( e / 2 ) .  F o r  a 0. 1' misalignment and our 

beam polarization of 27: 4%, this gives a spurious asymmetry  

of C '  = 0. 14 at  l o 0 ,  0. 09 a t  15",  and s o  forth.  The 

angular distribution of protons inelastically sca t te red  to 

ei ther  side of the beam changes at  a slower r a t e  than 

Coulomb scattering at  15" ( sma l l e r  N1(e) IN(@)  ), and the 

effect of misalignment i s  correspondingly l e s s .  We est imate 

a maximum misalignment e r r o r  in the inelastic asymmetry 

data of A€ = 0. 03. 

The other e r r o r  i s  due to  the overal l  angular resolution, 

which was * 2. 5"  in the a symmet ry  runs and * 1 " in the 

c ross-sec t ion  runs.  These angular spreads  correspond t o  

an uncorrelated addition of the maximum divergence in the 

beam and of the angular acceptance of the counter col l imators ,  

including the effect of the finite s ize of the beam spot on the 

target.  Es t imates  of the effect of multiple scat ter ing in the 

ta rge ts  were  found to be negligible. The e r r o r s  due to  

angular resolution a r e  everywhere negligible (relat ive to 

other uncertainties) fo r  the inelastic c r o s s  sections,  and a r e  

significant for  the elast ic  c r o s s  sections only around their  

deep minima near  20" for  F e  and Ni and, to  a l e s s e r  extent, 

near  35" for  Si. This was ascer tained by comparing the 



e las t ic  data  obtained i n  the asymmetry  runs to  those obtained 

in  the c ross - sec t ion  runs .  The f o r m e r ,  with 2. 5 t imes  the 

angular acceptance, ag ree  excellently with the la t te r  except 

f o r  these angular regions,  where the data f r o m  the asymmetry  

runs  a r e  too high due to  averaging over the sha rp  minimum. 

The total  re lat ive e r r o r s  for the elast ic  c ross-sec t ion  data,  

which were  a l l  taken with a & 1 "  angular spread,  were  

a rb i t r a r i ly  increased  i n  these regions t o  & 10%.for F e  and 

Ni and to * 5% fo r  Si. 

The effect of the 2. 5" angular resolution on the 

e las t ic  and inelast ic  asymmetry  measurements  s e e m s  smal le r  

than might be expected a t  f i r s t  glance. Optical-model 

predictions of the present  e last ic  polarizations have been 

made using var ious  reasonable se t s  of pa ramete r s ,  including 

those which fi t  other  polarization data taken with better 

angular definition. When any of these  predictions a r e  

averaged over  a & 2.5" acceptance, important differences 

occur  only a t  the s h a r p  oscillation between 20" and 30" in 

F e  and Ni .  The total  re lat ive e r r o r s  there  were  increased  

t o  A €  = 0. 05. At other  angles, our e last ic  polarization 

data  show a m o r e  gentle variation with angle fo r  which the 

present  angular spread  should be satisfactory. The 

oscil lations observed i n  the inelastic a symmet r i e s  r i s e  

gently to  maximum values near  = t 1 ,  and fal l  a t  a comparable 

r a t e  t o  minima near  c = 0. It therefore seems  that the only 



behavior of the inelastic a symmet r i e s  which could be 

obscured by the spread of & 2. 5" would be a r a the r  unlikely, 

negative "spikeH near  the minima in their  angular distributions.  

4. Results 

Tables  of the elast ic  and inelastic c ross-sec t ion  and 

asymmetry data and their  total  reiative e r r o r s  a s  defined 

above a r e  given in Section VII. P lo ts  of a l l  of the data appear 

in the next Section along with calculated curves.  

A .  C r o s s  Sections 

The elast ic  c r o s s  sections for  5 4 ~ e ,  5 8 ~ i ,  and 'ONi 

have been measured previously47 out to  about 120' with 

40-MeV protons at Minnesota. Our c r o s s  section for  5 4 ~ e  

appears  to  agree well with those data  out to  about 50°,  but 

thereaf ter  i s  about 10% lower than the previous resul ts .  The 

data for 5 8 ~ i  compare in the same way out to about 90°,  

but a t l a r g e r  angles our resu l t s  a r e  about 2070 lower. Our 

60 
elast ic  c r o s s  section data  for  Ni seein to  agree  well with 

the previous data  out to  100". 

The inelastic c r o s s  sections for  i ron  and nickel have 

42 
also been measured with 40-MeV protons at  Minnesota. 

These were  normalized to  the previous47 Minnesota elast ic  

data. They extend to 90' and were  taken with an energy 

resolution comparable to that for  the present  measurements .  



The i r  agreement  with the present  data  for  the four t ransi t ions 

5 4 
in  F e  i s  r a the r  poor. The present  c r o s s  sections become 

increasingly higher than the previous values a s  the angle i s  

reduced, and the discrepancies  a r e  l a r g e r  for  proton groups 

c lose r  in energy to  the elast ic  peak. At 20°,  our c r o s s  

section i s  about 20% higher for  the state at 6 .4  MeV, 50% 

higher for the s t a t e s  a t  4.8 MeV and 2. 97 MeV, and nearly 

a fac tor  of two higher f o r  the 1.41 -MeV transit ion. At 50" 

the discrepancy is about 1070 at  6 . 4  MeV, 3570 a t  4 .8  and 

2. 97 MeV, and 45y0 at  1.41 MeV. However, the resu l t s  do 

generally a g r e e  within their  es t imated uncertainties.  In 

the previous work the energy spec t r a  were unfolded in  a 

way which assumed a maximum contribution f r o m  the 

general  background of unresolved nearby peaks, and the 

quoted uncertainties a r e  asymmetr ic .  The data  past  15" 

5 4 
fo r  the 2 .  97-MeV excitation in F e ,  for  example,  have 

an  uncertainty of +350/0 and -5%. Our method of unfolding 

the spec t ra  involves m o r e  of an average of the maximum 

and minimum possible contributions, and this  difference 

can  account for  the discrepancies  in the 54Fe data. 

Our agreement  with the previous Minnesota c r o s s -  

section data fo r  the two states  in  5 8 ~ i  seems  quite good 

except for the 1.45-MeV transi t ion at  angles l e s s  than 

20". There ,  the previous data a r e  higher than the present  

r e su l t s  by almost  a factor of two. The opposite appears  to  



6 0 
be t rue  of the inelastic c r o s s  section for  Ni, where our data  

for  the f i r s t  excited state i s  about a factor of two higher a t  

the most  forward angles. Elsewhere the data for  both 

60 
transit ions in Ni a r e  a l so  in good agreement  with previous 

values. These differences for  the f i rs t -exci ted s ta tes  a t  

angles l e s s  than 20" a r e  readily explained by systematic  

e r r o r s  in  ei ther  or  both experiments  in judging the contribution 

f r o m  the elast ic  peak. 

The bet ter  agreement at  l a r g e r  angles between previous 

and present  40-MeV resul t s  for  the inelastic c r o s s  sections . 

for 5 8 ~ i  and  ON^ than those for  5 4 ~ e  i s  consistent with the 

different manner in which the spec t ra  were  reduced. There  

a r e  four s ta tes  (those measured)  of comparable s t rength f r o m  

1 . 4  to  6 . 4  MeV in 5 4 ~ e ,  and a number of other levels in ' . . 

this  region with c r o s s  sections which a r e  a f a i r  fraction16 of 

those for  these four s ta tes .  F o r  5 4 ~ e ,  it i s  consequently 

e a s i e r  to  confuse the contributions f r o m  unresolved adjacent 

peaks with a background which runs through the ent i re  energy 

region of an inelastic proton group. The study of peak shapes 

made for  the present  work reduced this  ambiguity to  some 

extent. 



B. Asymmetr ies  

The elast ic  polarization data for  2 8 ~ i ,  5 8 ~ i ,  and 'ONi 

extend f r o m  10" to  about 165", while the polarization data  

f o r  5 4 ~ e  extend f r o m  15" to 110". Back-angle polarizations 

f o r  5 4 ~ e  were  not obtained since the runs with a tilt of 0" 

( see  above) occurred  a t  the end of an experiment period and 

were  l imited by the available cyclotron t ime.  Also, m o r e  

t ime  (about 8 hours)  was spent on the runs with a tilt of 45" 

i n  o rde r  t o  obtain a sufficient number of counts around 90" 

f o r  the weaker inelast ic  t ransi t ions in this  nucleus. The 

6 0 
e las t ic  polarization data  for  5 8 ~ i  and Ni appear to  ag ree  

well  with previous Minnesbta data obtained48 at  40 MeV 

f r o m  15" to  55' .  
/ 

The inelastic asymmetry  data  extend over a s  much 

of the angular regions covered by the elast ic  polarizations a s  

the uncertainties in the inelastic measurements  would allow. 

No meaningful asymmetry  data  could be obtained for  the 

weaker  3 -  state  in  5 4 ~ e  at  4 .8 MeV, for which the uncertainties 

in  unfolding the energy spec t ra  amvurlted to an intolerable 

probable e r r o r  in  the asymmetry  resul t .  

The inelastic asymmetry  r e su l t s  a r e  shown in  Fig.  4 

along with empir ica l  curves  drawn through the data  to i l lustrate  

our  judgment of the t rends .  The curves  for  the 2' s ta tes  in  

54 
F e ,  5 8 ~ i ,  and 6 0 ~ i  a r e  al l  identical and i l lustrate  that,  



Figure  4. Inelastic asymmetry  data.  The curves shown a r e  ' 

empir ica l  and a r e  identical for  t ransi t ions in i ron  and 
nickel of the sanle rrlultipolarity. The e r r o r  b a r s  denote 
the relative probable e r r o r s  defined in  the text and 
tabulated in Section VII. 



within present  uncertaint ies ,  these asymmetr ies  a r e  very 

much alike. The same  was done for  the .curves shown for  

the 3- excitations in  these  nuclei. Agreement of the 

asymmetry  r e su l t s  i s  par t icular ly c l ea r  for  the 2' s ta tes  in 

5 8 ~ i  and 'ONi. 

Inelastic a symmet r i e s  measuredz6 with 18. 6-MeV 

protons at  Saclay have differed for  some of the 2' t ransi t ions 

observed i n  isotopes of Ti ,  C r ,  and Fe .  There  appeared to  

be two types,  one of which was more  s imi lar  to  16. 5 -MeV 

+ data23 for  2 excitations in 'ONi and "Ni. Most notably, a 

difference was detected between the asymmetr ies  for  the 

1.41-MeV state  in  5 4 ~ e  and the 2. 97-MeV state  in the same 

nucleus. The difference was that the asymmetry  for  the 

54 lower -lying 2' s ta te  in  F e  was everywhere l a r g e r  in 

algebraic  value than that for  the second 2', by a s  much a s  

0. 3 a t  some angles. This  amount is considered26 t o  be well 

outside any discrepancy attributable to  the different Q values 

i n  a collective-model description, which i s  certainly t rue  

of the calculations studied here .  A close examination of our 

data  in  Fig. 4 ill the light of the Saclay rcsu l t s  does suggest 

that  the maximum in the asymmetry  near  70" for  the 1 . 4  1 - 
MeV state in  54Fe may be shifted out in angle by about 5O, 

and may lie 0. 2 l a r g e r ,  than that for  the other three  i ron  

and nickel resu l t s .  But c lear ly this  i s  not well established 

by our  present  data. 



The c r o s s  sections for  the two 2' excitations in 5 4 ~ e ,  

however, a r e  s imilar  in shape, both a t  17. 5 M ~ V ' ~  and a t  

40 MeV ( f rom this work and Ref. 42). At 40 MeV the c r o s s  

sections for  both 2' s ta tes  a r e  well descr ibed by assuming 

a one -phonon collective excitation. It would therefore be 

interesting to  see if  more  accura te  asymmetry  data for these 

two excitations in the 40-MeV energy region, where the 

direct-react ion picture i s  well established, would reveal  

some "microscopic difference" not detected in the inelastic 

c r o s s  -section measurements .  On the collective model, the 

agreement  in shape and magnitude of the c r o s s  sections for  

5 4 
the two states  in F e  would suggest that they involve a 

considerable mixing of one - and two-phonon vibrations.  

Attributing a strvrig two-phonon component to the higher 

s ta te ,  however, docs not seein consistent with the Saclay 

asymmetry  measurements ,  since i t  i s  the dataZ6 for  that 

state which ag rees  more  closely with the data23 for  the 

f i r s t  excited s tates  in 'ONi and "Ni. Combining our work 

and the Saclay resu l t s ,  the a symmet r i e s  for  the f i r s t  2 
t 

4 8 
s tates  in Ti,  561?e, 

62 
5 8 ~ i ,  'ONi, and Ni appear to  agree  

t 
with that for  the second 2 in 5 4 ~ e ,  while another kind of 

resul t  i s  noticed for the f i r s t  2' s ta tes  in  5 0 ~ i ,  5 2 ~ r ,  and 

5 4 ~ e .  It i s  curious that the excitations in this second group 

f n 
might a l l  involve a fair ly  pure (f ) proton configuration 

7 1 2  

and a closed neutron shell ,  while those in the f i r s t  group 

a re '  al.1 more  complicated. 



Our resu l t  for  the 2' excitation in 2 8 ~ i  appears  to  

ag ree  very well with the Birmingham measurementsZ5 at  

30 and 50 MeV, assuming the fea tures  of the i r  data  extrapolate 

to  40 MeV. A prominent feature of a l l  the 40-MeV inelastic 

t 
asymmet r i e s ,  f o r  both 2 and 3 -  excitations, consis ts  of the 

l a rge  positive oscil lations observed at  the l a r g e r  scat ter ing 

angles ,  not unlike the general  t rend  seen in elast ic  scattering. 

Also, a l l  of 'the inelast ic  a symmet r i e s  appear  to  be negative 

a t  the most  forward  angles where their  measurement  was 

possible.  These  two charac ter i s t ics  of the data w'ill be used 

frequently in  evaluating the.  success  of the collective -model 

analysis  descr ibed  in  the next section. 



111. A NA L Y  SIS 

Before proceeding to  d iscuss  the resu l t s  of the 

calculations made for  our  data,  we f i r s t  review briefly some 

basic elements  of the distorted-waves theory of inelastic 

scattering. In doing so, we rely extensively on a se r i e s  of 

lec tures  given by G. R. Satchler.  After the introduction, 

we define explicitly the f o r m  of the collective -model interaction 

investigated in  our analysis.  

1. Theory 

A .  Distorted-waves Method 

One exact expression of the t ransi t ion amplitude for  

inelastic scattering f r o m  entrance channel a = A + p to  exit 

* 
channel P = A + p' i s  given by 

where x 
P i s  the scat ter ing eigenfunction of a potential U 

P 
between p' and A" with the asymptotic f o r m  

[exp (ik . r ) + incoming wave], and $ i s  the wave function 
-P "P P 

of the internal  s ta tes;  he re  (p = ) * . i s  the exact 
A 

solution of the total. Hamiltonian, H = H f V + T with the 
P P P' 

asymptotic f o r m  $ t imes  [exp (ik . r ) + outgoing wave1 in 
a .C%L w 

the clianrlel a and purely outgoing waves in  a l l  other open 

channels. V i s  the total  interaction in the exit channel, 
P 



JI 3: 
and H desc r ibes  the internal  motion of A?, H $ = E rjr 

P P P  P P' 
The potential U i s  a rb i t r a ry .  F o r  example,  if  U i s  the 

P P 
Coulomb potential, x i s  a Coulomb-distorted wave and P 

I 

(Vp - Up) i s  the purely nuclear interaction; if  U = 0 then '  
, P 

. 8 

X = exp (il+ - I+). More significantly, U might be chosen 
P P 

L 

s o  that  (V - U ) could be t rea ted  a s  a perturbation. P P 
The f i r s t  problem i s  to  find a suitable approximation 

f o r  the f o r m  of the exact solution , with which calculations 

can  then be c a r r i e d  out to  tes t  some choice of effective 

interact ion V and nuclear wave functions $. Two preliminary 

assumptions a r e  made: (i') the possibility of exchange of the 

projecti le with a ta rge t  nucleon i s  neglected, and (ii) the 

effective interact ion is taken to  be local. In DW calculations, 

a s  defined below, exchange might be accounted fo r  to some 

extent through the use of optical-model wave furictions which 

reproduce the experimentally observed elast ic  scattering. 

The effect of non-locality in DW calculations of inelastic 

scat ter ing has  been considered49 quantitatively and found to 

reduce the contributions to the t ransi t ion amplitude for smal l  

values of the relative coordinate between the projecti le 

and the nucleus. This  dec reases  the magnitude of the 

predicted c r o s s  section by about 20% o r ,  for  the same c r o s s  

section, i nc reases  the strength of the effective interaction 

by about 10%. As i s  indicated l a t e r ,  our calculations of the 

shape of the differential  c r o s s  section and of the asymmetry  

s e e m  fair ly  insensit ive to  contributions f r o m  the nuclear inter ior .  



An exact expression for  the total  wave function i s  

obtained by expanding i t  in t e r m s  of the internal  s ta tes  $ of 
j 

the target  A and the corresponding s tates ,  sj(r) = ( I j  1 T), 
of the relative motion between A and p: 

The entrance channel corresponds to  the ground s tate  of the 

target ,  say q O ,  so that only 5 ( r )  has  an  incoming part .  The 0 - 
s u m  runs over the continuum a s  well  a s  the bound s ta tes  of 

the target .  In the "coupled-equations1' method, this s u m  i s  

truncated, commonly at  i = 1 or  2. F o r  the "distorted- 

waves1' method, only the t e r m  i = 0 i s  retained. In e i ther  

approximation, one expects some modification of the effective 

interaction and scattering wave functions in o rde r  to  compensate 

fo r  the effect of the missing channels. 

The total  wave function sat isf ies  the Schrb'dinger equation 

so  that an inner product with ti, using H I. = E.(  yields 
a~ J j' 

( E  - E i  - T a ( )  - - V i i ]  YC ( =  V . .  ( r )  ( ,  (10) 
jf i 

1J .." 

where,  calling the target  coordinates x, 



The I t  coupled -equationsI1 approximation i s  made formally by 

reducing the s u m  C to  a sum over only.++ few channels. 

When this  is done, the elements  - Vij a r e  assumed to become 

complex-valued potentials U,ij, determined .by some choice 

o r  model f o r  the interaction and nuclear wave functions, whose 

imaginary pa r t  accounts for  absorption of flux into the 

miss ing  channels.  One then has a l imited se t  of coupled 

equations 

[(E - Ei) - T(&l - Uii(,%l xi (,2 = U. ( r )  ( r ) ,  (12) 
j f l  I J ~  ,B. 

with a solution S(C -Eq) composed of scat ter ing wave functions 

P((+)(c-E~) a = c !  ( .  Y. (2 . 
J J J  

F r o m  Eq. ( 7 ) ,  one expression for  the corresponding t ransi t ion 

amplitude for  an  excitation f r o m  a = p t q O  to  P = p1 t q i  i s  

- 
where the dis tor ted wave xi i s  generated by only the potential 

Uii, i. e. not by the coupled equations (12). -- 
The conventional "distorted-wave Born appr'oximation" 

consis ts  of reducing Eq. (13) to  only one channel: 

N 

$7 a ((+I (DWBA) = q O  x ~ ( + )  (z0, 9 , 
N 

where YO is generated by the diagonal potential U O 0 ,  
\ 



CV 

(E - Eo - T - UO0)  Xo = 0. Equation (14) i s  then replaced 

where the second f o r m  follows because Uii i s  diagonal in  the 

s ta tes  ti. One expects this  approximation to  Eq. (14) to  be 

good if the coupling between different s ta tes  i s  weak. In this  

form,  however, the DWBA gives us  no pract ical  simplification, 

since to  obtain the potential UO0 one s t i l l  has  t o  solve the 

coupled equations (1 2) ; does not give the observed elast ic  . .- 
0 - 

scattering in the entrance channel. Presumably,  a bet ter  

approximation would be to  use  the exact e last ic  wave 5, in  

'V 

place of x and if t o  i s  in t u r n  approximated by an optical-  
0 ; 

model solution cp a pract ical  simplification i s  a l so  obtained. 
0 ' 

'l'he wave cp i s  generated by an  optical potential U which 
0 OM 

phenomenologically accounts for  the observed elast ic  

scattering in  the entrance channel. The empir ica l  wave cp 
0 

should be close to  the wave 5 in the exter ior  region, and the 
0 

major  assusr1ption i s  that cp i s  co r rec t  in  the nuclear inter ior .  
0 

With this approximation, one has  the so  -called "asymmetr ic  

distorted -wave approximationt1: 

- 4 - 1  
' 'O+i (ADWA)= (x i  ( I u i O  ( r )  - 1 TO Po, z)), (17) 

(+) 

where,  in lieu of solving Eq. (12), some additional assumption 
rV 

must  be made about X i .  



F o r  the ' ldistorted-waves (DW) method" one a lso  uses  

* 
a n  empi r i ca l  wave cp. in  the exit channel. The DW method i s  

1 

thus based upon the t ransi t ion amplitude 

. (DW) =Jdlcpi(-)* (k , ( $  $ 1  c p O t  ( 9, (18) 
T ~ + l  -ci' 

where  the dis tor ted waves cp are.generated by an optical-model 
j 

potential UOM which is adjusted t o  reproduce the observed 

e las t ic  scat ter ing in  the channel j , 

Whereas in  the coupled-equations method the elast ic  and 

inelast ic  sca t te r ing  a r e  t reated simultaneously, by including 

both channels explicitly, this DW transi t ion amplitude i s  

basically a statement that e last ic  scat ter ing is by f a r  the 

56 
dominant process .  Specific calculations8 of Fe(p,  p')  for  

a collective-model interaction have shown that only for  lower 

energ ies  (E = 10 MeV) and l a r g e r  couplings (P  5 0.4)  do the 
P 4, 

coupled-equations and DW methods give appreciably different 

angular distributions.  We will demonstrate  below the 

equivalence of the methods fo r  our  calculations. An important 

.*a 

All phenomenological I1DWBA analyses1I a r e  made using this  
"DW method" o r ,  in  a few cases ,  some f o r m  of the ADWA. 
The d-istinction made he re  between the DWBA and the DW 
method i s  r a re ly  made elsewhere.  



exception to  this  equivalence i s  the case  in which the excited 

s tate  can be reached not only by a d i rec t  excitation (to higher 

than f i r  s t  o rde r  in the coupling interaction) but a l so  through 

multiple excitation. A two-phonon collective vibration i s  

such a state and must  usually be t rea ted  with the coupled- 

equations method. 

. Optical -model ro t en t i a i  

We will now wri te  down the specific fo rms  of the optical- 

model potential and collective -model interaction used in the 

present  DW analysis.  The elast ic  scat ter ing i s  descr ibed with .. 

an  11 -parameter  optical potential of the standard form:  

UOM(r) = U C oul ( r )  - Vf(x) - i(W - 4WD d /dx l )  f (x l )  

where the Woods -Saxon shape fac tors  a r e  

for  each of the "geometry'l pa ramete r s  r k  - - r o ,  rb ,  rs ;  

ak  = a, a ' ,  a The f i r s t  t e r m  i s  the Coulomb potential for  so 



a proton in  the field of a uniformly charged sphere  of 

rad ius  Rc = 1.2  I? and charge Ze, 

L 

u~ oul 
(r)  = Ze / r  if r > RC, 

2 2 2 
= ( Z e  / 2 ~ ~ ) ( 3 - r  / a c )  i f r s R c .  (21) 

F o r  proton energies  near  40 MeV, the strength V of 

the r ea l ,  cent ra l  (nuclear)  t e r m  i s  about 45 MeV fo r  medium- 

weight t a rge t s  and dec reases  with increasing proton energy 

a t  the ra te  d ~ / d E  s - 0. 22. 21' 32 It a l so  has  a symmetry 
P 

dependence 50* 51 on ( N  - Z) /A, with a coefficient of about 

21 
26 MeV. The absorptive,  cent ra l  t e r m  is taken to  have 

two components: a l lvolumell  t e r m  with a s t rength W and a 

Woods-Saxon shape, and a l l su r face l t  t e r m  with a strength 

W~ 
and the derivative of the Woods-Saxon shape. At 

40 MeV 'O' and higher ,  it becomes important to include 

some volume component. F o r  lower energy protons (c 30 MeV), 

purely surface absorption has  been used,  51 and a t  155 MeV 

purely volume absorption i s  adequate. 52 At 40 MeV the 

strength (W f W,,) i s  about 8 MeV for  medium-A targe ts  

and tends to  inc rease  slowly with A. 2' 20s  The las t  

t e r m  i s  the spin-orbit  potential which i s  taken to  be complex, 

although the re  i s  l i t t le evidence yet that the strength WS of 

the imaginary par t  i s  appreciably different f r o m  zero. At 

40 MeV, V i s  about 6 MeV. 20,21 
S 



The comprehensive analysis51 of 9 -  t o  22-MeV proton 

data by Pe rey  led to the following values for  the geometry 

parame.ters (with W = 0): 

L 
Arl analys is  of 4 0 - M ~ V  clast ic  c r o s s  sections,  however, 

led to  the values 
r o  = r~ 

= 1.18 F, a = a t  = a  = 0 . 7 ' F ,  and 
S 

(i) rb  = 1. 04 F for  surface absorption (W = 0), (ii) rb  = 1 . 4  F 

for  volume absorption (W = 0 )  The la tes t  analysis2'  of 
D 

m o r e  extensive elast ic  c r o s s  section and polarization data  

for  eleven ta rge ts  at  40 MeV gives the following average 

values for  the geometry pa ramete r s  (using both surface. and 

The optical potent iah for  the present  e last ic  data are: 

determined by searching simultaneously on both. the c r o s s  

section and polarization measurements  for each  tar,get. Thi.s: 

s e a r c h  i s  accomplished with a computer routine7 which atternpfs, 



t o  find pa ramete r  values for  Eq. (20) which minimize 

the quantity ( X  2 2 + yp ), where 
0- 

and 

Here ,  (8.) and PEX(ei) a r e  the data a t  angle ei, ITEx 1 

0- (8.) and PTH(Qi) the calculated values,  and AuEX(ei) 
TH 1 

and APEX(Bi) t h e  experimental  uncertainties,  o r  weights, 

assigned t o  the measurements .  .Except where noted differently, 

the relative probable e r r o r s  defined in  Section 11-3, and listed 

in Section VII, were  used to  weight the. e last ic  data. 

C. Collective-model F o r m  Fac to r s  . 

The collective -model (inelastic) interaction appropriate 

for  exciting a ~ C - ~ o l e  rotation o r  single -phonon surface 

oscillation in  the t a rge t  nucleus i s  obtained by deforming 

the spher ica l  optical potential (20). This  procedure has  

been descr ibed previously5' in detail. The effective 

interaction for  the DW calculation i s  taken to  be the non- 

spherical  par t  of the deformed potential which occurs  to  

f i r s t  o rder  in the multipole deformation parameter  P The 
4,' 

strength of the resul t ing nuclear ma t r ix  element UiO, and i t s  



dependence on the relative coordinate, a r e  contained in a 

"form factorw F($. Historically,  only the rea l ,  central  

t e r m s  in the optical potential were  included, that is., allowed 

to contribute to the non-spherical interaction. In that case ,  

one has  the f o r m  factor  F ( r )  rtc\. = fRe(r)  ,n.b + fCE( r ) ,  +& where 

' f ( r)  i s  the contribution f r o m  the nuclear t e r m  and f ( r )  Re /)I\. CE - 
i s  that f r o m  the Coulomb t e rm.  The la t ter  accounts for  

the possibility of Coulomb excitation, which h a s  an  amplitude 

adding coherently to the nuclear amplitude. These contributions 

5 
to  the total  f o r m  factor a r e  given by 

and 

The fac tors  Ro = r A 
0 

' I3  = a ,  V, and f(x) a r e  those , a. 
appearing in  Eq. (20) and a r e  determined by fitting the elast ic  

data. Calculations which include only the f o r m  fac tors  (23) 

and (24) a r e  t e rmed  " rea l  couplingtt. 

More recently, collective -model calculations have 

been ca r r i ed  out with Itcomplex coupling", where both r e a l  

and imaginary par t s  of the cent ra l  portion of U a r e  deformed. 
OM 

The imaginary par t  of t h e  nun-  s p l ~ e r i c a l  interaction gives 

important contributions to  the inelastic scat ter ing of 3 ~ e  and 



deuterons and appears  necessary  to  obtain reasonable values 

of Pt. l 9  Complex coupling r e su l t s  in a slight but consistent 

improvement in  predictions of the shapes of the angular 

distributions for  2' and 3- excitations for  40-MeV protons, 

but has  a s m a l l  (- 10%) effect on p 2 
t' In complete analogy 

with the r e a l  f o r m  factor (23), the contribution f r o m  the 

imaginary,  cent ra l  t e r m s  in Eq. (20) i s  

f ( r)  = i ( p  R t  W/ab) YLm (d /dx t )  f ( x l )  I m  .+* t o  

113 where  R t  = r b  A , ab = a l .  The same deformation has  
0 

been assumed for both r e a l  and irxlagirlary pa r t s  of the optical 

potential. In the present  work, we a l so  consider a contribution 

f r o m  the spin-orbit  t e r m  in Eq. (20). The spin-orbit  f o r m  

fac tor  may a l so  be wri t ten down by analogy, noting that the 

a A fac tor  (Y cr 4,) i s  t o  be made Hermetian: 
t m  

We thus consider the f o r m  factor  which resu l t s  f r o m  defosnling 

the complete potential (20), i. e .  ' tcomplex-plus-spin-orbit - - 
couplingI1 : 



A 2  
The f o r m  taken he re  fo r  the non-spherical cr . 4 

interaction i s  to be tested phenomenologically by comparison 

to our data. It i s  perhaps the s implest  such f o r m  but i s  by 

no means unique. In par t icular ,  i f  one cas t s  the elast ic  
2 a A 

interaction into the famil iar  Thomas f o r m  V VSO(r) x v . S, 

the spin-orbit t e r m  in our spherical  optical potential (20) 'is 

equivalent to  the expression 

2 2 A 3 
(r)  = [2t.~/(rn,c) ] v [ ( V s  + i Ws) f(xs)] x v  . S . (28) 

But if the deformation i s  introduced into f (x  ) a t  this  point, 
S 

there  a r e  in  addition to the t e r m  (26) some other contributions 

to  the f o r m  factor  which a r i s e  f r o m  the non-radial  components 

of the gradient operator in the above expression. These 

contributions a r e  very complicated, and at  this  stage it i s  

considered reasonable to  explore the s impler  f o r m  factor (26) .  

We do, however, allow the s t rength PS0 of the spin-orbit 4 

interaction to  differ f r o m  the s t rength P of the cent ra l  
G 

interaction. If pp = p , then in DW approximation the 
4, 

inelastic c r o s s  section i s  simply proportional to  P2 and the 
4 '  

asymmetry i s  independent of P F o r  pS0 # P , the shapes 
4,' G 4 

of the calculated c r o s s  sections and a symmet r i e s  depend 

upon the ra t io  ( p  SO 
4, /PC). 



2. Resul ts  

To explore the effects of the collective-model f o r m  

f a c t o r s  in  the DW prediction of inelastic asymmetry ,  a number 

of calculations was  f i r s t  made for  the ta rge ts  2 8 ~ i  and  ON^. 
The findings were  the same for the two nuclei and will be 

i l lustrated only fo r   ON^. 
Different se t s  of optical-model pa ramete r s  for   ON^ 

were  available f r o m  Ref. 21 and Ref. 2, a l l  of which gave fair ly  

good f i t s  t o  the elast ic  c r o s s  section out to la rge  angles. But 

i t  soon became apparent that,  r ega rd le s s  of the contributions 

[Eqs.  (23) to  (26) 3 included in  the f o r m  factor  F(9 ,  a good 

f i t  t o  the inelast ic  asymmetry  data  for  the 2' excitation would 

not be produced with a potential which did not a l so  give a good 

fi t  to  the elast ic  polarization data  out to  fairly la rge  angles.  In 

other  words,  we find that the goodness of fit t o  the inelastic 

asymmetry  s e e m s  much more  strongly cor re la ted  to  the 

quality of fi t  t o  the e las t ic  polarization than to the elast ic  

c r o s s  section. 

This  i s  i l lustrated in  Fig.  5 fo r  the two se t s  of optical 

pa ramete r s  given i n  Table I. The "best c r o s s  sectiontt  

pa ramete r s  a r e  the "best fit" resu l t s  f r o m  Ref. 21, which 

were  deduced by analyzing the present  e last ic  data in the 

manner  descr ibed above. The "best polarization" pa ramete r s  

2 2 
were  a l so  found by minimizing ( X  + x . ) for  the present  data,  

0- P 

but with grea ter  weights, i. e .  sma l l e r  e r r o r s  APEX, assigned - - 



INELASTIC 
2 0 p m O = - t b 3 M . V .  0 .  2 

. . . . . . . . . . . . . BEST CROSS SECTION 
- 0 . 8  - - BEST POLARIZATION 

- 1.2 
0 2 0  4 0  6 0  8 0  100 120 140 160 180 

Figure  5. Correlat ion in f i t s  to elast ic  and inelastic data. DW 
cal,c~ilations a r e  shown f o r  the quadrupole excitation 
in  6 0 ~ i .  The two calculations use the two se t s  of 
optical-model pa ramete r s  given in Table I, which 
produce the elast ic  f i ts  a l so  shown in the figure.  



TABLE I 

60 
Optical-model pa rame te r s  f o r  Ni which produce f i ts  to e las t ic  data shown in  Fig.  5. 

The "best  c r o s s  section" pa rame te r s  a r e  the t fbes t - f i t l t  values of Ref. 21 

Potential  
v w W~ Vs Ws r~ a r o t  a t  r s a s 

(MeV) (MeV) (MeV) (MeV) (MeV) (F) (F) (F) (F) (F) (F) 

best  c r o s s  section 

be s t  polarization 

48. 3 

52. 9 

5 .4  

5 . 5  

1. 6 

2 .8  

7 .0  

4 . 7  

0 

-0.7 

1. 12 

1.06 

0. 77 

0.87 

1 .47  

1 .41  

0. 60 

0 .49  

0. 98 

1 .04  

0 .86  

0.52 



t o  the large-angle polarization data. We re tu rn  to  a discussion 

of optical-model pa ramete r s  when the f i t s  to  the elast ic  data 

f r o m  the other ta rge ts  a r e  described. The calculations of 

inelastic scattering i l lustrated in Fig.  5 include a l l  the 

contributions to  the total  f o r m  factor ,  with P2 = 0.  22 and 

SO 
f3 = 1. 5 P2. The effects of the f o r m  fac tors  on this  calculation 

2 

and this  choice for  the strength of the spin-orbit f o r m  factor 

a r e  discussed below. 

A total  of s ix  potentials ( s ix  se ts  of optical parameters )  

were t r ied  fo r   ON^, each of which fi ts  the elast ic  c r o s s  

section and polarization data with a varying degree of success.  

Different potentials were  a l so  investigated for  2 8 ~ i .  In every 

instance, the calculation of inelastic asymmetry  a t  la rge  angles 

has  failed to  reproduce the data over much the same angular 

region where the fit to  the elast ic  polarization i s  poor. Because 

we find the inelastic asymmetry  to  be quite sensitive to  

parameter  variations,  this  would s e e m  to add to the credibility 

of the collective -model-DW treatment .  Also, the overal l  

quality of fit to  the inelastic c r o s s  section has  a p ~ ~ e a r e d  m o r e  

strongly correlated to  the fi t  to the elast ic  c r o s s  section 

than to  the elast ic  polarization. These correlat ions s e e m  

consistent with the theory53 of Austern and Blair  in which 

the elast ic  and inelastic scattering amplitude s a r e  simply 

related. 



A .  F o r m  Factor  Studies 

The effects of including the different fo rm factors  in 

6 0 
the calcu'lation of the inelastic scattering f rom Ni a r e  shown 

t 
in  Fig. 6 f o r  the 2 excitation and in Fig. 7 for  the 3 -  

excitation. This  is il lustrated for the "be s t  polarization" 

potential of Table I, and again we use PS0 = 1. 5 PL with 
L 

p = 0. 22 and Pg = 0.  18. F o r  both the asymmetr ies  and 2 

c r o s s  sections, the dotted curves a r e  for  r e a l  coupling only, 

F ( 3  = fRe(;) t fCE(,2. This calculation fails to  reproduce 

the oscillations observed in 'both the asymmetry and c r o s s  

t section for  the 2 transition. The curves with short dashes 

were  calculated by adding the spin-orbit f o r m  factor to the 

r e a l  fo rm factor ,  F(r) - = f Re ( ;f! + fCE(.z) t fSO(.s. This 

increases  the absolute value of the asymmetry but s t i l l  fails 

to  reproduce the oscillations in the 2' data. The curves 

with dots and dashes a r e  for complex coupling, F(r) = 
r*H 

fRe(z) t fCE(&) + fIm(.3;2. The oscillations a r e  now la rge r ,  

but the agreement with the data i s  not yet good. The 

asymmetry i s  not positive enough, and the oscillations in 

the c r o s s  section s c e m  too large.  Finally, a l l  the t e r m s  

a r e  included for  the f o r m  factor of Eq. (27), which produces 

the solid curves in these figures. 



0 = -1.33 MeV 

- 
COMPLEX PLUS SPIN ORBIT 

Figure  6 Effects of f o r m  factor options for quadrupole excitation. 
DW calculations a r e  shown for  6 0 ~ i  in  which different 
contributions to the f o r m  factor a r e  included a s  
descr ibed in the text. 



Q = - 4.08 MeV 
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Figure  7. Effects of f o r m  factor options for  octupole excitation. 
The calculations of Fig.  6 a r e  repeated for  the 3 -  
state  in  6 0 ~ i .  



F o r  a l l  of the optical potentials t r i ed  to  date for  2 8 ~ i  

and  ON^, the la rge  positive oscillations observed at  la rge  

angles in the asymrnctry data fo r  the 2' excitations appear 

in the calculations if  and only if  the imaginary f o r m  factor 

t 
i s  included. In the calculations of both 2 and 3 -  asymmetr ies ,  

the contribution f ($ tends to increase  the magnitude of 
Im 

the oscillations, while f r )  both inc reases  the oscillations SOL 
and shifts the curve to  more  positive values.  Other 

t 
collective-model calculations of 2 a symmet r i e s  have been 

made for  the Saclay Ni dataZ7 and for  the Birmingham 1 2 c  

and 2 8 ~ i  data25 using only r e a l  coupling. These  have a lso  

failed to  reproduce the la rge  positive oscillations observed 

in those data a t  the l a rge r  angles. On the other  hand the 

asymmetry data at  forward angles, l e s s  than about 50"  for  

 ON^ at  40 MeV, a r e  not reproduced by deforming the complete 

potential in the present  t reatment .  Indeed, our calculations 

t 
for  the 2 s ta te  in 2 8 ~ i  which do not include the spin-orbit 

f o r m  factor appear slightly bet ter  at  smal l  angles since 

they tend to  be more  negative, like the data. This  forward-  

angle discrepancy will be shown to be quite a general resu l t  

when the calculations a r e  presented for  the r e s t  of our 

t 
inelastic data. The c r o s s  section calculation fo r  the 2 s ta te  

60 
in Ni a l so  appears  to  be a l i t t le low a t  angles smal le r  than 

20°,  ,although this  i s  not generally t rue  for  the other 2 
t 

excitations we measure .  



The relat ive s t rength ( P S o / ~  ) of the spin-orbit f o r m  
4, 4, 

fac tor  has  been taken to  be 1 . 5  for  these and the r e s t  of our 

calculations, although this  choice i s  somewhat a rb i t ra ry .  The 

effect of varying the s t rength of the spin-orbit  f o r m  factor 

t 
is i l lustrated in Fig.  8 f o r  the same  2 calculation shown thus 

, f a r ,  using the "best polarizationI1 potential of Table I and the 

complete f o r m  fac tor  (27). A slight but consistent preference 

fo r  a value of pS0 about one to  two t imes  that of p has  been 
4, 4, 

t found for  both the 2 c r o s s  sections and a symmet r i e s  at  

l a r g e r  angles. As i s  indicated in Eq. (26), both r e a l  and 

imaginary pa r t s  of the spin-orbit  potential a r e  deformed with 

SO the same  s t r e n g t h p  . However, since a l l o f  our  resu l t s  
4, 

f o r  the optical potential have I w S I  
<< VS, calculations which 

include the imaginary par t  in the spin-orbit  f o r m  factor  differ 

very  little f r o m  those which do not. 

Some investigation was made of the effect on the 

inelastic asymmetry  calculation of varying the spin-orbit 

geometry p a r a m e t e r s  f r o m  the i r  Itbe s t  polarizationn values 

t 60 of Table I. The 2 calculation for  Ni was made fo r  values 

of these pa ramete r s  i n t h e  range 1 . 0  F < r s 1 . 2  F and 
S 

0. 5 F < a 5 0 .7  F. The r e s t  of the optical pa ramete r s  were  
S 

not re-adjusted; the fit t o  the elast ic  data was not preserved.  

These  changes 'were made separately (i) in only the f o r m  

fac tor  f r ) ;  (ii) in  only the elast ic  distortion, i. e. in the SOL - - 
optical potential used to  generate the dis tor ted waves; and 



Q = -1.33 MeV 

F i g u r e  8. Relative strength of spin-orbit f o r m  factor.  DW 
calculations a r e  shown for the quadrupole excitation 
in  6 0 ~ i  which use different ra t ios  of the deformation 
pa ramete r s  for  the spin-orbit and cent ra l  pa r t s  of the 

. optical potential. The cross-sec t ion  data a r e  plotted 
for  pcent ra l  = 0. 22. 2 



(iii) in both the fo rm factor and the distortion. For  each 

change the four types of fo rm factor of Fig. 6 were used. In 

short ,  no difference in  the general features of the asymmetry 

curves in Fig. 6 was produced. Their relative degree of 

po sitivene s s and amount of oscillation remained unchanged; 

in  no case was the predicted asymmetry negative at the most 

forward angles. 

In an  attempt to judge the importance of the imaginary 

fo rm  factor f r )  in our treatment,  we have tr ied to I ~ C ,  
reproduce the observed asymmetry with calculations in which 

this  fo rm factor i s  left out and the rea l  fo rm factor fRe(,5! is  

varied. In this way, one might hope to bracket the outcome 

of a ~mic ro scop i c1 t14  DW calculation of the asymmetry made 

with a real-valued fo rm  factor. The distortion was stil l  

determined by the fit to  the elastic scattering, but the rea l  

f o rm  factor was no longer given by i t s  collective -model 

prescription. In doing this,  we used the shape of the collective - 
model fo rm factor (23) but varied i t s  width and radial position 

by changing i t s  parameters  R and a f rom their optical-model 
0 0 

values r and a,  i. e .  f r om the values used for the 0 - -- 
distorted waves. The calculations were carr ied  out for the 

t 2 state in 6 0 ~ i  with the distortion given by the Ifbest 

polarizationu potential of Table I. At each of the values 

R = 0. 7,  1 .0,  and 1. 3 t imes the collective-model radius 
0 

( rO A ' I3),  calculations were made for a = 0. 5, 0 .8,  1. 0, 1. 2 ,  0 



and 1. 5 t imes  the collective -model diffusivity a. F o r  each - 
of these,  the calculation was made with and without including 

the spin -or bit contribution f S O ( ~ ) .  The Coulomb -excitation 

contribution f r )  was included throughout. CEC 
The resu l t  of this study was that for  any of the rad i i  

Ro'  and'with o r  without a spin-orbit  contribution f so (22 * 
l a rge  oscil lations in the inelastic asymmetry  comparable with 

those observed a t  l a rge r  angles were  produced only with the 

most  sharply -peaked f o r m  factor  having the diffusivity 

parameter  a of 0. 5 t imes  the collective model value a = 0.87. 0 

But with this diffusivity, the asymmetry  data were  s t i l l  not 

reproduced. F o r  R = 0.7  r A 0 0 
and a - 0. 5 a ,  the 

0 - 

asymmetry  calculation was negative a t  l a rge r  angles, with 

o r  without a contribution f F o r  R = 1 . 0  r o  A 
0 

' I3  and 

a. = 0. 5 a ,  the asymmetry calculations became positive, but 

the oscil lations were almost  exactly out of phase with the data. 

F o r  Ro = 1. 3 ro A ' I 3  and a = 0. 5 a ,  the angular interval  
0 

between oscillations was much l e s s  than that observed. The 

inelastic c r o s s  section was poorly reproduced in every case ,  

although subjectively the c r o s s  section calculations agreed f a r  

bet ter  with the data than did the asymmetry  calculations. Except 

fo r  the collective-model values of Ro and a the main 0 ' 
disagreement  with the shape of the c r o s s  -section data was 

a difference in  phase of up to  * 10" in the forward hemisphere.  

We conclude that, for  the se t  of real-valued f o r m  fac tors  



examined, the contribution f (9 i s  essent ial  i n  reproducing 
I m  

the oscil lations observed a t  l a r g e r  angles in  the inelastic 

a symmet ry  for  th is  2' excitation. 

To change the prediction of the inelastic asymmetry  a t  

forward  angles,  one might expect to  have to  modify the Ittailt1 

of the f o r m  factor  F ( 3  for  la rge  values of r .  The la rges t  , 

contribution the re  to  our  present  f o r m  factor  i s  the Coulomb 

excitation t e r m  fCE(rJ. However, it i s  shown in Fig. 9 

that  the calculations made with this  t e rm- le f t  out altogether 

a r e  nearly identical to those which include it. This  i s  i l lustrated 

60 fo r  the s a m e  Ni calculation used previously; the effect of- 

Coulomb excitation i s  even l e s s  for  a 3 -  excitation. We have 

a lso  examined the effect of making the Coulomb f o r m  factor  

complex valued. In the same sp i r i t  a s  for  the nuclear 

interaction, an imaginary Coulomb f o r m  factor could a r i s e  f r o m  

populating higher excited s tates  of the ta rge t  by Coulomb 

excitation. However, one should then have an imaginary 

Coulomb t e r m  in  the optical potential which, together with 

P L ,  would determine the strength of i t s  corresponding f o r m  

fac tor  for  the DW calculation. In l ieu of s tar t ing with a new 

f o r m  of the optical potential, a reasonable guess for  the 

maximum strength of an  imaginary Coulomb f o r m  factor  

should be something like (W + W ) /v  5 0. 2 t imes  that of the 
D 

r e a l  Coulomb f o r m  factor .  In Fig.  9 a calculation i s  shown 

in  which an  absorptive Coulomb f o r m  factor  i s  added with the 
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Figure  9. Ef fec t  of Coulomb excitation. The solid curves  a r e  DW 
calculations which include the Coulomb excitation 
contribution, and the dashed curves  do not. The dotted 
curve i s  the resu l t  fo r  a complex-valued Coulomb 
interaction, a s  descr ibed in the text. 



full  s t rength of the r e a l  par t ,  i. e .  a Itcomplex Coulomb -- 
excitation1' interaction i s  included in which fCE(rJ i s  

replaced by f CE(z) - ifCE(* This ,  however, a l so  has  

a negligible effect .  In the r e s t  of our calculations, we 

include only the usual  t e r m  f C E ( ~ '  

We note that our  calculations of inelastic asymmetry  

a r e  very nearly identical to  calculations of the inelastic 

polarization made in the same way. While the difference 

(P - €)  var i e s  considerably with the form-factor  options 

of Fig. 6, and inc reases  with the magnitude of Q, i t  was in 

no case  very la rge .  The present  collective -model interaction, 

including the spin-orbit  contribution, gives r i s e  to  an 

angular-momentum t r ans fe r  to  the nucleus of only j = 4,.  

There  i s ,  however, a probability for  projecti le spin-flip 

i n  the collision, with o r  without the contribution 

A J 
fSO(rJ, due t o  the u . 4, coupling in the elast ic  distortion. 

This  probability i s  re lated to  the difference (P - c )  and 

to  the population of the magnetic substates  of j. We would 

therefore  expect the effect of fSO(d to  a lso  show up in 

collective -model calculations of p1 -y angular correlat ions,  

and comparison to  such data would be another t e s t  of the 

present  spin-orbit  interaction. In the calculations for  the 

t 2 excitations in i ron  and nickel, we find 0 5 (P - c)  5 0. 005 

a t  forward angles and 0 5 (P - C )  5 0.01 at  back angles. F o r  

the 3 -  s ta tes ,  with Q - 5 MeV, the difference i s  l a rge r  and 



usually of the opposite sign: 0 - < ( c  - P) 5 0. 05 a t  forward 

angles and 0 - < ( F :  - P) 5 0 . 1  a t  back angles. 

B. ADWA and Coupled Equations 
. . 

60 
The DW calculation fo r  Ni was compared t o  a f o r m  

of the ADWA, and the validity of the DW method was explored 

by comparison to  a coupled -equations calculation. In our 

DW calculations he re ,  we do not modify the optical pa ramete r s  

used for the exit-channel distortion f r o m  those used for  the 

entrance channel, i. e .  f r o m  those which fi.t the elast ic  scattering - - 
data at  the entrance -channel energy. This approximation i s  . '  

substantiated by calculations in which the DW exit-channel 

pa ramete r s  V, W, and WD were  cor rec ted  for  the difference 

in  energy according to the resu l t s  of our previous study 21,32 

of their  energy dependence near  40 MeV: d v / d E p  5 - 0.22, 

d w / d E p  0 . 2 , .  dwD/dE = - 0. 15. This  produced no appreciable 
P 

difference f r ~ m  the "uncorrected" calculations. To  simulate 

the ADWA of Eq. (17), we have followed a procedure suggested 

by  asse el,^^ and reduced W and WD by 20 percent f r o m  their  

entrance -channel values for  both the exit -channel distortion 

and the f o r m  factor fIm(;). The major  effect of doing th is  i n  a 

t 6 0 calculation for  the 2 t ransi t ion in Ni was to  make the minima 

in the asymmetry  near  90" and 130" l e s s  deep (more  positive). 

This  was t rue  for  calculations using ei ther  complex coupling 



o r  the complete f o r m  factor (27). F o r  the interactions 

assumed,  then, we find this f o r m  of'the ADWA 'to give a 

poorer  prediction than the DW method. 

A two -channel, coupled -equations calculation was 

made including the ground state and the 2' state of  ON^. To 

make use- of the options readily available in the current  

coupled -equations code55 at ORNL, a complex-coupling 

calculation of the inelastic polarization (not the asymmetry)  

was made which did not include the Coulomb excitation 

amplitude. Also, a f o r m  of the optical potential was used 

in which the values of the spin-orbit geometry parameters  

rs and a a r e  taken equal to the values of r and a for  the 
S 0 - 

r e a l  central  t e r m ,  and the spin-orbit t e r m  i s  taken to be rea l ,  

WS = 0. The solid curves in Fig; 10 a r e  the elast ic  and 

inelastic predictions using a coupling strength of P2 = 0. 22 

and the Ifbest polarization'l parameters  of Table I, with the 

changes r - 1.06 F, a = 0.87 F, and WS = 0. No reduction 
. s -  S 

in  W o r  W,, was made for  these predictions. 

To compare these calculations to  our DW treatment ,  

we must  fir s t  obtain new optical-model parameters  which, 

in  a one -channel calculation, give the same elastic scattering 

a s  the coupled-equations calculation. The dashed curves  in 

Fig. 10 for the elast ic  c r o s s  section and polarization were 

produced by searching on the elast ic  coupled-equations 

predictions out to 120 with the optical-model code Hunter. 7 



0 = - 1.33 MeV FcFI=buNi '"'"/' 3 

Figure  10. Comparison to  coupled-equations calculation. The solid 
curves  a r e  coupled-equations predictions of e las t ic  and 
inelastic scat ter ing using the p a r a m e t e r s  given i n  the 
text. The dashed curves  for  e last ic  scat ter ing a r e  
optical-model (one-channel) f i ts  to  the coupled-equations 
resu l t s  produced by varying only the pa ramete r s  W and 

W,. The dashed cu rves  fo r  inelastic scat ter ing a r e  the 
DW calculations using this  optical potential. 



Only the p a r a m e t e r s  W and WD were var ied  f r o m  the values 

used in the coupled-equations calculation; the f i t s  could 

presumably be improved i f  a l l  the pa ramete r s  were  varied. 

The  new values found were  W = 6.55 MeV and W = 2.25 MeV. 
D 

Thus,  W increased  by 20 percent f r o m  the coupled-equations 

value, but W dec reased  20 percent;  the s u m  (W + WD) 
D 

increased  only 6 .4  percent.  The dashed curves  for  the 

inelastic c r o s s  sect ion and polarization a r e  DW resu l t s  using 

the optical p a r a m e t e r s  with these I1correctedt1 absorptive 

strengths.  Thei r  agreement  with the coupled-equations 

r e su l t s  for  the inelast ic  scat ter ing i s  s een  to  be a t  least  

a s  good a s  the agreement  produced for  the elast ic  scattering. 

One-channel calculations were  a l so  made using the same 

(uncorrected)  p a r a m e t e r s  used i n  the coupled-equations 

method, and the r e su l t s  for  the elast ic  and inelastic scat ter ing 

were  nearly identical t o  those using the modified values of 

W and WD. 

These r e su l t s  a r e  a l so  pertinent to  a simplification 

which i s  commonly used in coupled -equations calculations. In 

prac t ica l  coupled-equations analyses  of inelastic c r o s s  sections 

f o r  lower -energy proton scattering, optical-model pa ramete r s  

have sometimes been used which, to save t ime,  a r e  derived 
I 

by fitting the e las t ic  data  with only a one-channel calculation. 10 

The coupled-equations calculation i s  then c a r r i e d  out using 

these  pa ramete r s  but with the absorptive strength reduced by 



some 20% to compensate for  the los s  of flux f r o m  the elast ic  

channel to  the inelastic channels now included explicitly. This  

correct ion i s  made in both the diagonal and off -diagonal 

potentials Uij,  and the coupling strengths P a r e  then adjusted .e 
t o  produce agreement with the inelastic data. We have a lso  

t compared coupled-equations ,calculations for  the 0 (ground) - 
t 2 s ta tes  in  ON^ to the one-channel resu l t s ,  for  which the 

s t rengths W and W were  20% lower in  the coupled-equations 
D 

calculation. This  was done for  different values of W and W 
D 

used in the one-channel calculation, using a 2.070 reduction 

for  the coupled-equations calculation in each case .  While 

this procedure produces an agreement  in  the shape of the 

elast ic  and inelastic c r o s s  sections which i s  c'omparable to  

that shown in Fig.  10, the agreement  for  the elast ic  and 

inelastic polarizations i s  noticeably worse.  It therefore 

appears  that the correct ion for  absorption which should be 

made a t  40 MeV for  P2 - 0.2  i s  much l e s s  than 2070, 

presumably because more  exit channels a r e  open at  40 MeV 

t and the 2 excitation i s  responsible for  a smal le r  fraction 

of the total  absorption. This i s  a l so  consistent with our 

resu l t  for  the ADWA, where reducing W and W by 20% D 

gave a poorer  prediction. 



C. Optical-model P a r a m e t e r s  

After making these preliminary studies for  2 8 ~ i  and 

'ONi, calculations were  then ca r r i ed  out for  a l l  of our data 

in  a systematic fashion. The f i r s t  t a sk  was to find optical- 

model pa ramete r s  for  the four ta rge ts  which would give good 

f i t s  to  the elast ic  polarization data  while sacrificing the 

f i t s  to  the elast ic  c ross-sec t ion  data a s  little a s  possible. 

Our  polarization data  fo r  2 8 ~ i ,  5 8 ~ i ,  and 'ONi a r e  m o r e  

extensive, and calculations were  f i r s t  made for  these ta rge ts  

with e r r o r s  A P  assigned at  la rge  angles which were 
E X  

smal l e r  than the experimental uncertainties.  U sing the 

r e su l t s  of these calculations a s  starting values for  the 

pa ramete r s ,  with the 5 4 ~ e  potential taken equal to  that 

found for  5 8 ~ i ,  sea rches  were then made for  the four 

t a rge t s  using exclusively the experimental uncertainties to 

Z 
weight ( X  + Xp 2 

) However, the "final" parameter  values 
0- 

were  taken a t  that point when the search  routine would 

s t a r t  to sacrif ice the fit to the general  t rend of the back- 

angle polarization data  in  order  to  achieve a slight 

improvement in ( y 
2 2 + xp ), a s  happened for all  three  

0- 

ta rge ts  2 8 ~ i ,  5 8 ~ i ,  and 'ONi. In this  way we have emphasized 

the elast ic  polarization data to  some extent, and the optical- 

model pa ramete r s  thus found display a consistent difference 

f r o m  those deduced in a previous analysis2'  of these same data,  

one which rel ied more  strongly on the ()( 2 2 + Yp ) cr i te r ion  
0- 

using the experimental uncertainties for AP 
EX'  



The resultant f i ts  to  the elast ic  data a r e  shown in 

Fig.  11; and the optical pa ramete r s ,  predicted react ion 

2 
c r o s s  sections cr and values of X /N a r e  l isted in  Table 11. 

R' 
2 

The X values correspond to the experimental uncertainties 

l isted in  Section VII. The resu l t s  were  not entirely 

successful for  2 8 ~ i  and 54Fe, while fair ly  good f i ts  t o  the 

data were  obtained for  5 8 ~ i  and 'ONi. Subjectively, the 

present  f i ts  to  the c ross-sec t ion  data  appear very s imi l a r  

in quality to  those of Ref. 21. F o r  54Fe, the previous c r o s s -  

section fit i s  slightly better near  90"; fo r   ON^ the present  

fi t  i s  slightly bet ter  near  90"; and for  2 8 ~ i  and 5 8 ~ i  the 

c ross-sec t ion  f i ts  a r e  very  much alike; The f i t s  to the 

5 4 
polarization data for  F e  a r e  a l so  quite s imi lar ,  but the 

present  potentials somewhat improve the f i t s  to the back- 

6 0 
angle polarizations for  2 8 ~ i ,  5 8 ~ i ,  and Ni while producing 

28 a s imi lar  fit at forward angles.  F o r  Si, the previous 

calculation of the polarization i s  about 20" out of phase with 

the data  near 11 0 ° ,  while the present  calculation i s  a l i t t le 

c loser .  F o r  5 8 ~ i  and " ~ i ,  the previous calculation (see 

Fig. 5) gave an  ext ra  oscillation near  140" which i s  not 

observed in the data,  and which i s  eliminated in the present  f i ts .  

F o r  comparison to  Table 11, the previous "be s t  -fi t t1 

parameters21  for  these data  a r e  l is ted in Table 111. Although 

the same  weights ArEX and APEX were  used, it can be 

noticed that the value of X L  does not always reflect a subjective 



Figure  1 1. Elast ic  c r o s s  -section and polarization data and their 
optical -model fi ts using parameters  of Table 11. 



TABLE 11 

P r e s e n t  40-M=V optical-model pa rame te r s  which prcduce f i t s  
t o  e las t ic  data shown in Fig.  11. 

Nucleus (MeV) (MeV) (MeV) (MeV) (MeV) (F) (F) (F) ( F )  ( F )  (F) Nr Np (mb) 



TAB LE I11 

Previous 40 -MeV "best-fit" optical-model parameters  f r o m  Ref. 21 

Nucleus (MeV) (MeV) (MeV) (MeV)i (MeV) ' '(F.) ' - (F) (F) (F) (F) (F) Nu Np (mb) 

a 
W was held fixed a t  zero  f o r  these searches.  

S 



judgment of the fit. F o r  example,  the previous value of 

X, for   ON^ i s  l e s s  than the present  value, and s o  i s  the 

value of x for  2 8 ~ i .  The present  s u m  ( X  
2 

P u 
+ xp2j i s  

20% worse for  2 8 ~ i ,  5% worse  for  5 4 ~ e ,  10% bet ter  for  

5 8 ~ i ,  and 35% better for   ON^. It can  a lso  be seen that 

unless  a measurement  of the total  reaction c r o s s  section 

were  accurate  to  about one percent o r  bet ter ,  the potentials 

of Tables  I1 and I11 could not be distinguished in  that way. 

No measurements  of react ion c r o s s  sections have yet  been 

made a t  40 -MeV energy, and one can only say that the 

predicted values appear consistent with measurements  

made near this  energy ( see  Ref. 2 for  a summary of 

these).  We ra re ly  find2' 20' 21 potentials a t  this  energy 

which give reaction c r o s s  sections differing by m o r e  than 

about 5 percent.  

The values of the spin-orbit geometry pa ramete r s  

r and a vary considerably f r o m  targe t  to ta rge t  and a lso  
S S 

between the previous and present  resu l t s .  In the p rocess  

of obtaining the present  f i ts ,  however, i t  was observed that 

a ra ther  wide range of these parameter  values produce 

60 
reasonablef i t s .  F o r  Ni, chang ingr  f r o m 1 . 0 5 F t o  

S 

1. 00 F and a f r o m  0. 5 F to 0. 7 F, together with very 
S 

minor changes in the r e s t  of the pa ramete r s ,  gave somewhat 

bet ter  f i ts  to  the c r o s s  section with only a slight sacr if ice  

of the polarization fit. In going f r o m  r = 1.00 F t.o rS = 0. 975 F, 
S 



and f r o m  a = 0. 7 F to  a = 0.8 F, the l a s t  I1bumpl1 in the 
S - S 

c r o s s  section a t  160" begins to  come into bet ter  agreement  

at  the expense of the polarization a t  the same  angle. F o r  - 

values of a much g rea te r  than 0.80 F, the polarization 
S 

fit becomes  much worse  while the c r o s s  section fi t  i s  only 

slightly improved. This  tendency of the polarization data 

to  favor  sma l l e r  values of a has  a l so  been found in an 
S 

analysis56 of 30-MeV data. The present ' resu l t s  have sma l l e r  

values of both r and a than the previous r e su l t s  fb r  
S S 

4 

these  data. Both r e su l t s  'give values of r which a r e  
S 

consistently sma l l e r  than those fo r  the r e a l  radius  r The 0' 

p resent  values have an  average of ( r  - r ) equal to 0.08 F, 
0 S 

a s  compared with the previous2 ' average fbk'eleven t a r  gets 

of 0.10 F, and the previous average for  the four ta rge ts  

h e r e  of 0.07 F. 

The geometry pa ramete r s  r I and a 1  in Table I1 a lso  0 

va ry  considerably f r o m  target  t o  ta rge t ,  but in a way consistent 

with previous findings for  the imaginary potential. It has  

2 been found that the c r o s s  sections fo r  40-MeV protons a r e  

f i t  equivalently by imaginary potentials which may differ in 

the nuclear in te r ior  but which a r e  s imi lar  in  their  lltailsll, 

say fo r  r 2 rO h1 13. T o  produce a ta i l  with a volume potential 

(W 7> W ) which is s imi lar  to  that for a surface f o r m  D 

(W << WD), then the volume potential must  have a radius  

parameter  r '  which i s  l a rge r  than that fo r  the surface potential. 
0 



This  i s  consistent with the values of Table I1 in  that 5 4 ~ e  

and 5 8 ~ i  have r 1  - 1. 55 F and W >> WD, while 2 8 ~ i  and 
0 

'ONi have r 1  - 1.41 F and.more  comparable values of W and 
0 

W ~ '  

The grea tes t  difference between the previous 
2 1 

and present  40-MeV potentials i s  believed to  be in  the geometry 

pa ramete r s  found for  the rea l ,  cent ra l  well. F o r  each of 

the three  ta rge ts  with large-angle polarization data,  a 

significant improvement in the f i ts  to  those data  always 

occurred  a t  that point in the automatic searching procedure 

when the radius parameter  r became smal le r  and the 
0 

diffusivity a became l a rge r .  Tables  11 and 111 reflect a - 
consistent decrease  of 0. 03 to  0 .04  F in  the present  value of 

r o  for  these three  ta rge ts  and an increase  of 0.02 to  0.04 F 

in the value of a .  While this  i s  only a change of some four - 
percent in the parameter  values,  the preference of the 

polarization data  for  the new values seems  quite strong. 

However, better la rge  -angle polarization data and m o r e  

extensive analysis 'will be necessary  a t  40 MeV to establ ish 

confidently the values of these pa ramete r s  to  such an  

accuracy. We note a l so  that the radius  parameter  r 0 

seems  to be sma l l e r  for the Ni isotopes than f o r  the other 

ta rge ts ,  both in  the present  work and in the previous 

analysis of the data  for  eleven ta rge ts .  



D. Predict ions of Inelastic Scattering 

Using the potentials of Table 11, we have c a r r i e d  out 

DW calculations for  a l l  of the inelastic t ransi t ions.  F o r  

these ,  we used consistently (p ) = 1. 5 and the r ea l -  t t 

valued Coulomb interact ion f ( r ) .  Each  of the f o r m  factor  CE -* 

options, r e a l  and complex coupling, with and without f so(d 

were  used again for  every  excitation, with the same resu l t s  

a s  those i l lus t ra ted  in Fig.  6 and Fig.  7. The new resul t s  

a r e  not repetit ious since different optical pa ramete r s  a r e  

involved. In par t icu lar ,  the potential for  5 8 ~ i  has  almost  

pure volume absorption (W = 7. 7 W ), while that fo r  'ONi D 

i s  m o r e  evenly mixed (W = 1. 3 W ). Yet the DW calculations, 
D 

including those with a contribution f r )  to  the total  f o r m  
~m!- 

factor ,  a r e  almost  identical. It has  been verified by 

calculation, however, that the inelastic asymmetry  i s  fairly 

sensit ive t o  a rb i t r a ry  changes in  the strength o r  shape 
. . 

paramete r s  of the imaginary f o r m  factor  f ( By 
I m  

plotting the rad ia l  dependence of each of the f o r m  fac tors  

der ived f r o m  the optical pa ramete r s  of Table 11, it has  

been observed that the f o r m  fac tors  for  5 8 ~ i  ag ree  very 

closely to those fo r   ON^ in their  l t t a i l s l l ,  r 2 F. However, 

the f o r m  fac to r s  f I m ( d  and f S O ( 2 ,  which contain the second 

derivative of the Woods-Saxon potential, a r e  quite different 

for  the two t a rge t s  in the nuclear in te r ior ,  say r < 5 F. 
CV 

The same i s  t rue  for  the radial  shapes of the imaginary and 



spin-orbit t e r m s  in the optical potential, i n  that the t e r m s  

for  5 8 ~ i  and  ON^ agree  well only in  their  ta i ls .  Although 

the imaginary t e r m  in the optical potential for  40-MeV 

protons i s  consistent with a mean f r e e  path for  a reaction 

in  nuclear mat te r  of some 7F ,  21 it would thus appear that 

our calculations of e last ic  and inelastic scat ter ing a r e  fair ly  

insensitive to contributions f r o m  the nuclear in te r ior .  

The DW calculations of inelastic c r o s s  sections made 

with the complete f o r m  factor  (27) and the potentials of 

Table 11 a r e  compared to  the data  in Fig.  12. The values 

of the central-well  deformation pa ramete r s  P deduced f r o m  
& 

adjusting the normalization of the, calculations to match the 

data a r e  indicated in the figure.  These a r e  in good agreement  

2 
with those found f r o m  complex-coupling calculations for  the 

42 previous Minnesota data. The la rges t  discrepancy (3070) 

occurs  for  the 1 .41  and 4 . 8  MeV s ta tes  in  5 4 ~ e ,  and i s  

mostly due to  the experimental  discrepancies  noted i n  Section 11. 

As can  be observed in Figs .  6 and 7, the cu rves  for  complex 

coupling ag ree  closely with those for the complete f o r m  

factor in the region of the maxima in the angular distributions.  

Since the calculations a r e  normalized to  the data  in  those 

regions,  and since the present  optical potentials were  deduced 

f r o m  elast ic  data  which agree  fa i r ly  well with the data47 used 

in .  Ref. 2 ,  the present  deformation pa ramete r s  for  the s ta tes  

in 5 8 ~ i  and  ON^ should agree  well with those found in Ref. 2 ;  

they agree  within five percent. 
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As can be seen, the shape of the c r o s s  sections for  the 

heavier nuclei i s  predicted ra ther  well out to  very  la rge  angles. 

The exceptions to  this a r e  the anomalous bump observed near  

t 
100' in the c r o s s  section for  the 2 state in  5 8 ~ i  and the data  

t 
a t  angles smal le r  than 20' for  the 2 s ta te  in  'ONi. The la t te r  

could be due to  a systematic e r r o r  in reducing the data,  a s  

discussed in  Section 11, but the f o r m e r  appears  to  be rea l .  

At 100°, any contaminant e last ic  peaks f r o m  1 6 0  and "C 

a r e  separated by 2 .5  MeV and 4 .2  MeV, respectively,  f r o m  

the inelastic group corresponding to  the 2' excitation in  5 8 ~ i .  

The DW predictions for  the s tates  in  2 8 ~ i  a r e  poor, but little 

e l se  can be said until a m o r e  successful fit i s  achieved to the 

elast ic  data for  that target .  The deformation pa ramete r s  

indicated for  the 2 8 ~ i  data  a r e  tentative a t  best .  The 

prediction for  the 6. 9-MeV level observed in  2 8 ~ i  i s  very 

bad and does not confidently identify the multipole o rde r .  

The inelastic asymmetry  data and their  DW predictions 

a r e  shown in  Fig.  13. The calculations a r e  the same a s  

those shown for  the c r o s s  sections in Fig.  12.  As  was the 

case  in the prel iminary calculations lo r  2 8 ~ i  and 'ONi, the 

present  f o r m  of the theory appears  to  give a good account of 

the la rge  oscillations observed a t  la rge  angles,  but does 

not appear to reproduce the data  a t  angles sma l l e r  than 

about 50' for  iron'and nickel an.d about 70" f o r  sil.icon. The 

calculations using the complete f o r m  factor  a r e  invariably 



Figure  1 3 .  Inelastic asymmetry  data  and DW predictions using 
complex-plus - spin-orbit  coupling and the optical -model 
pa ramete r s  of Table 11. , * 



positive a t  smal l  angles, say 20" to  30°,  while the data for  

t both 2 and 3- excitations appear to  be negative. The 

calculations fo r  the two 2' s ta tes  in  5 4 ~ e  do not s e e m  to 

oscil late enough to reproduce the minima observed near  9 0 " .  

This i s  reminiscent of the situation for  the "good c r o s s  sectiont1 

potential of Fig.  5 and leads one to  suspect that the 

unmeasured, large -angle elast ic  polarization would not 

agree  well with the optical-model curve in Fig.  11. 



IV. DISCUSSION 

We have undertaken to  measure  and analyze the 

a symmet ry  produced in  the inelastic scat ter ing of 40 -MeV 

polarized protons and have had some qualified success  in 

both endeavors.  In the present  Section we will comment 

briefly on the main  r e su l t s  and suggest some ways in 

which this study might be improved. 

Measurement  of the elast ic  and inelastic scat ter ing 

a t  la rge  angles has  proved an  essent ia l  par t  of this  work. 

Indeed, had the measurements  covered only the forward 

hemisphere ,  we would have l i t t le evidence that our  analysis  

of the inelastic asymmetry  was on the right t rack.  The 

e las t ic  polarization data  at l a rge  angles demand new values 

of the optical-model pa ramete r s  which a l so  produce a 

significant improvement in the predictions of inelastic 

asymmetry .  At present  it appears  that m o r e  back-angle 

e las t ic  polarization data  will be necessary  to  establish 

the optimum paramete r  values for  40-MeV protons, o r  to  

decide whether o r  not the present  f o r m  of thc potential can  

in  fact  account simultaneously for  the elast ic  c r o s s  section 

and polarization a t  a l l  angles. 

The intensity and polarization of our  proton beam, and 

the overal l  energy resolution we achieved, were  marginal  

fo r  the collective excitations measured . ,  To  extend this  study 

to  non-collective t ransi t ions,  considerably bet ter  resolution 



would be necessary.  Polar ized  proton sources  for  l inear  

acce lera tors  and cyclotrons, together with solid- state 

detectors  o r  magnetic analysis of the scat tered protons,  

afford exciting opportunities to  explore excitations more  

amenable to  a microscopic description. As was mentioned, 

there  i s  evidence f r o m  lower-energy workZ6 that the 

asymmetr ies  for  some low-lying 2' s ta tes  in medium-weight 

nuclei show differences which do not appear to  be explained 

within the framework of the collective model. Some of 

these excitations a r e  fair ly  enhanced; each of the two 2 t 

s ta tes  in 5 4 ~ e  has  a t ransi t ion probability to the ground , 

state  B(E2) of approximately eight t imes  the single-particle 

value. ' Thus, t tmicroscopic effectsgt  -may  show up in 

inelastic asymmetry measurements  a t  medium energy for  

s ta tes  which could be studied with only a modest improvement 

in the resolution and intensity achieved here .  

Our measurements  of inelastic asymmetry  have 

distinguished between some collective -model interactions 

believed plausible for  the present  data. In par t icular ,  we 

find the collective -model generalization of the optical model 

to  be successful for  these data only when the effective 

interaction i s  derived f r o m  both r e a l  and imaginary par t s  

of the optical potential. Because the inelastic asymmetry  

prediction i s  not insensitive to  a rb i t r a ry  variations in  the 

imaginary f o r m  factor ,  the consistent improvement produced 



by the collective -model prescr ipt ion for  the imaginary 

interact ion i s  indeed striking. F o r  higher-energy proton 

scat ter ing,  the impulse approximation yields a complex- 

valued effective interaction, and it has  been expected that 

the interaction should a l so  be complex-valued in a microscopic 

t rea tment  fo r  medium-energy protons. l 4  The la t te r  h a s  

not yet been investigated; the phenomenology of the r e a l  

two-body fo rce  used in  that t rea tment  i s  just now being 

pioneered. However, the r e su l t s  h e r e  suggest that,  for  

a microscopic descr ipt ion of the present  inelastic asymmetry  

data ,  an imaginary contribution dese rves  some consideration 

even in the pioneering stage. Yet it i s  f a r  f r o m  c lea r  .how 

such a contribution should be included. F o r  example,  it i s  

not sufficient to  multiply the complete two-body interaction 

by some fac tor  (1 + i 6 ) ,  where 6 i s  a r e a l  parameter ,  since 

th is  would not change the asymmetry  and affect only the ' 

normalization of the c r o s s  section. 14' To produce a 

difference in  shape, the imaginary par t  of the effective 

interaction must  have a different f o r m  than the r e a l  part .  

The spin-dependent inelastic interaction we have 

investigated has  proved remarkably successful  for  both the 

inelastic a symmet ry  and c r o s s  section a t  l a r g e r  angles. 

But the worsened agreement  .with the asymmetry  data  it 

consistently produces a t  forward  angles suggests that the 

interaction i s  not yet complete. This  and the rough indication 



that the strength of the present  spin-orbit interaction i s  

slightly grea ter  than i t s  I tnaturalt t  strength,  i. e .  
SO 

- - p, = 1 . 5  p,, 

leads one to  a s k  if the proper  collective interaction should 

not a l so  contain the m o r e  complicated t e r m s  which w.ould 

a r i s e  f r o m  treating the f o r m  of the Thomas potential given 

in Eq. (28). However, i t  i s  difficult t o  es t imate  the effect 

of these t e r m s  short  of car ry ing  out full calculations with 

that interaction; such a study i s  now underway. 57 Alternatively, 

one could continue to  examine the spin-orbit interaction 

phenomenologically. In par t icular  the present  f o r m  factor 

2 2 
with the rad ia l  dependence ( l / r )  (d / d r  ) f (x  ), where f (x  ) S S 

i s  the Woods-Saxon shape fac tor ,  i s  relatively sma l l  at  la rge  r .  

2 2 
It would be interesting to investigate the f o r m  (d / d r  ) f (x  ), 

S 

o r  perhaps simply a surface f o r m  (d /d r )  f (x  ). If the spin-orbit 
S 

f o r m  factor i s  derived f r o m  the optical potential in the same 

way a s  one obtains the other collective-model f o r m  fac tors ,  

. 2  2 
the dependence (d / d r  ) f (x  ) would correspond to a t e r m  in  s 
the optical potential for  e last ic  scat ter ing with the dependence 

( d l d r )  f(xS). It would be desirable  to  t r y  this  combination in 

a consistent way, in which the pa ramete r s  of f (x ) a r e  
S 

determined by fitting the elast ic  data. 

In short ,  then, the sensitivity of the inelastic asymmetry  

calculations i s  leading to  refinements in the collective -model 

interaction investigated for  the present data. The fact that 

these calculations requi re  a very careful  t rea tment  of the 



e la s t i c  dis tor t ion adds to  the credibility of the distorted-waves 

t reatment .  Based on this  experience, there  i s  good reason 

to  expect that future asymmetry  o r  polarization measurements  

will provide valuable contributions to  our understanding of the 

inelastic sca t te r ing  of medium-energy protons. 
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I .  TABLES O F  DATA 

The e las t ic  and inelastic c r o s s  section and asymmetry  

da ta  for  each  t a rge t  a r e  given in  the center-of-mass coordinate 

sys tem.  The inelastic data include r e su l t s  fo r  the doublet 

near  4 . 8  MeV in 2 8 ~ i ,  which was not resolved in this work. 

The fract ional  e r r o r  A U / V  (where cr = cr Acr) and the e r r o r  
EX 

A'S (where e  = e  * A e )  a r e  the total  relative probable e r r o r s  
EX 

defined in Section 11-3. In addition to these,  the "absolute" 

e r r o r  in the normalization of the a symmet r i e s  i s  * 1.870, and 
I 

the absolute e r r o r  in the c r o s s  sections i s  5. 570 for  i ron  and 

nickel and * 6. 8'70 fo r  silicon. 



E~ LAB = 40.0  0 . 4  MeV 

2 8 ~ i  + p, Elastic 



2 8 ~ i  + p, Elastic (contt. ) 



E~ 
LAB = 4 0 . 0  0 .4  MeV 

2 8 ~ i  t p, Q = - 1 . 7 8  MeV, 2  t 



t 
2 8 ~ i  t p, Q = -1. 78 MeV, 2 (conl t . )  



E~ 
LAB = 40 .0  * 0 . 4  MeV 

2 8 ~ i  + p. Q -- - 4 . 8 M e ~  (unresolved doublet) 



E~ 
LAB = 40.0 * 0 .4  MeV 

28 
Si  + p, Q - -6. 9 MeV, (3-) 



E~ 
LAB = 40.0 * 0.4 MeV 

5 4 ~ e  + p, Elast ic  

'c. M. u C. M. ( R )  A ~ I U  
(deg) (mb/ s r )  (%) €(€I)  As 



5 4 ~ e  + p, Elas t ic  (con't.  ) 

, 



E~ 
LAB = 40.0 * 0.4 MeV 

5 4 ~ e  t p, Q = -1.41 MeV, 2 t 



E~ 
LAB = 40 .0  * 0 . 4  MeV 

5 4 ~ e  + p, Q = - 2 . 9 7  MeV, 2  
t 



E~ LAB = 40.0 + 0.4 MeV 

5 4 
F e  + p, Q = -4.8 MeV, 3- 



E~ LAB = 40.0 * 0 . 4  MeV 

54 
Fe + p, Q = -6.4 MeV, 3 -  

'c. M. 0- C. M. AS/S 
(deg) ( m b /  sr) (%I 4 8 )  As 



E~ 
LAB = 40.0 * 0.4 MeV 

5 8 ~ i  + p, Elastic 



5 8 ~ i  + p, Elastic (cok't. ) , 

'c. M. 0- ( 0 )  ~ r l r r  C. M . ,  
(deg) ( m b /  sr) (%I c ( g )  A s  



E~ LAB = 40.0  * 0 .4  M e V  

5 8 ~ i  t p, Q = -1.45 M e V ,  2 t 
G ~ .  - - - = . .  



E~ 
LAB = 40.0 0 . 4  MeV 

5 8 
N i  + p, Q = -4 .5  MeV, 3-  



E~ 
LAB = 40 .0  * 0 . 4  MeV 

 ON^ + p, Elastic 



60 
Ni  + p, Elas t ic  (con ' t . )  



E~ LAB = 40.0  0 . 4  MeV 

60 
Ni + p, Q = -1. 3 3  MeV, 2 

t 



LAB = 40 .0  * 0.4 MeV 
E~ 

60 .. 
Nl + p, Q = -4.08 MeV, 3 -  
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