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I. IMTRODUCTI ON 

This r e p o r t  covers t h e  f i r s t  f u l l  yea r  o f  medium energy phys.ics r e -  
+ 

search a c t i v i t y  o f  the  U n i v e r s i t y  o f  Texas a t  A u s t i n  supported by t h e  U. S. 

Research and Development Admin i s t ra t i on  through c o n t r a c t  EY-7G-S-05-5224. 

During c o n t r a c t  p e r i o d  1977-1 978 several  experiments r a n  t o  conpl e t i  on 

and several  were i n i t i a t e d .  The research e f f o r t  has main ly  i n v o l v e d  ex- 
. . 

perirnents us ing  the  I-ligh Reso lu t ion  Spectroneter  (HRS) and t h e  Energet ic  

Pion Channel and Spectrometer (EPICS) a t  the  Los Alamos C l i n t o n  P. Anderson 

Meson Physics F a c i l i t y .  H i g h l i g h t s  o f  t h i s  research a r e  i nc luded  i n  t h i s  

r e p o r t .  

The U n i v e r s i t y  o f  Texas has had one o f  i t s  f a c u l t y  members on s i t e  a t  

LRIPF du r ing  each o f  t he  s p r i n g  and f a l l  semesters, and the th ree  o f  us on 

s i t e  du r ing  t h e  sunmer per iod ,  d u r i n g  t h i s  c o n t r a c t  year .  There a r e  t e n  

graduate students assoc ia ted  r.ri t h  .the progr-am, f i v e  o f  which. were on s i t e  

a t  LAMPF du r ing  , th is  r e p o r t  per iod .  One techn ica l  support  person has a1 so 

been on s i t e  du r ing  t h i s  per iod .  

The research program has progressed f a i r l y  w e l l .  Data taken a t  LAMPF 

has been analyzed' us ing  t h e  PDP11/45 computer i n  Aust in .  Equipment f o r  

experiments a t  LAMPF has :cont inued t o  be cons t ruc ted  i n  Aust in ,  as w e l l  

as some equipment f o r  t h e  bas i c  f a c i l i t y .  The graduate students assoc ia ted  

w i t h  t h e  U n i v e r s i t y  o f  Texas e f f o r t  a r e  t a k i n g  courses designed t o  a i d  t h e i r  

f u t u r e  research e f f o r t s  a t  LA14PF. Those graduate s tudents  i n  res idence 

a t  LAMPF have: been i .nvolved . i n  s p e c i f i c  experiments i n  which they have a 

f a i r  share o f  t h e  pr imary  r e s p o n s i b i l i t y  f o r  t h e  complet ion o f  t h e  work. 

Two U n i v e r s i t y  o f  Texas students have a1 ready rece ived t h e i r  .Ph.. D. 

degrees f o r  work done a t  LAMPF i n  medium energy physics.  D r .  Joseph Bo lger  



is  presently working a t  SIN in Switzerland, and Dr., Gary Blanpied i s  present ly  

working a t  LAIIPF ui  t h  t h e  Nevi blexico S t a t e  University group. 

b' 
The work c i t e d  i n  t h i s  repor t  of  course i s  t he  co l l abora t ive  e f fo r t '  of 

many groups associa ted w i t h  research a t  LAI4PF. Collaboration w i t h  LASL, B ! . I L y  

UCLA, !lorth\vestern, Colorado, Oregon, Virginia,  Oregon S t a t e  and Rutgers i s  

acknowl edged. 
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proton e l a s t i c  d i f fe rent ia l  cross sections a t  medium energies are known 

to  be sensi t ive to  the nuclear matter density distributions. '  ) However, the 

accuracy to  which de ta i l s  of the densi t ies  may be extracted from the data de- 

pends upon the sens i t iv i ty  of the analysis to  the density d is t r ibut ions ,  as  well 

as upon other uncertainties and approximations which are  associated w i t h  the 

analysis. In the past ,  various attempts, using e i the r  the mu1 t i p i e  scat-  

tering formal ism3) (Glauber theory) o r  the optical mdel w i t h  a microscopic 

potent ial4)  (Kerman-McManus-Thaler, KMT) have been made to  study the neutron 

density dis t r ibut ions in a variety of nuclei. 5-8) However, lack of high 

qual i ty  data. extending to  large enough ,mmentum. t ransfer  (about 4 fm-') ,  as 

we1 1 as the major uncertainty associated with the analysis1-') . (spin-effects)  

have limited confidence in the extracted neutron density parameters to  the root- 

mean-square (rms) radii  only. 1 )  

In has been known fo r  some time tha t  re1 iable  spin-dependent nucleon-nucleon 

parameters a re  needed i f  any attempt i s  t o  be made a t  extracting de ta i l s  of the 

nuclear densi ty dis t r ibut ions.  This i s  because spin-effects were expected to  

be large, and prel iminary ca'lculations indicated tha t  spin-effects could 

a f fec t  the e l a s t i c  angular dis t r ibut ions in much the same way as do density 

fluctuations near the nuclear surface (roughly, the. e f fec ts  seen in vary.ing 

the diffuseness ). Spi n-dependent nucl eon-nucl eon amp1 i tudes as extracted from 

pp and pn polarizatSon data would remedy the s i tua t ion ,  b u t  unfortunatel .~,  

experimental data i s  not y e t  available from which such amplitudes may be obtained. 

Another approach to  understanding spin-effects i s  through the proton plus nucleus 

'analyzing power which may be obtained through experiments with polarized 

proton beams. 
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In order  t o  systematically study spin-effects  i n  e l a s t i c  s ca t t e r i ng .  

and provide data which t e s t  ex i s t ing  theor ies  which incorporate spin-dependent 

c+ 
amp1 i tudes, Experiment 311 (E l a s t i c  Sca t te r ing  Survey Using Polarized Protons, 

G. W. Ho.ffmann, Spokesman) was done during Cycles 14-18 a t  LAMPF using the 

High Resolution Spectrometer (HRS) f a c i l  i ty.  Over 700 hours of production 
f- 

time was used f o r  the  experiment. b i f f e r en t i a l  cross  sect ion (dcr /d~)  and I 
analyzing power ( A )  data was obtained f o r  800 MeV polarized proton e l a s t i c  

12,13c 40,42,44,48ca 46,48,50Ti 58,64Ni gozr, 116,124s, 54Fe s ca t t e r i ng  from y y , , Y 

and *08pb over the  laboratory angular range 3' - 23'. Much of the  data has 

already been reduced t o  semi-final form, and theoret ical  i n t e rp re t a t i on  has 

been s t a r t ed .  . ..,A 
/ -'; 

/ 

Considerable care  was taken t o  insure  the  accuracy of the  data. Absolute 

s ca t t e r i ng  angle was determined to  - + 0.05' by making successive data  runs 

w i t h  the HRS s e t  a t  - + 12' on several occasions. Also, much of the  data taken 

during one running cycle was retaken during another cycle t o  insure  repeat- 

a b i l i t y .  The beam polar izat ion was determined on-1 ine  f o r  each r u n  using a 

four-arm pol arimeter upstream of the t a r g e t  which monitored H ( p  ,p)H sca t t e r i ng  

a t  45' c.m. on both s ides  of the  beam l i n e .  A value of 0.48 - + 0.01 was deter-  

mined f o r  t he  analyzing power f o r  H(p,p)H a t  45' c.m. by ca l i b r a t i ng  the  

polarimeter using the source quench r a t i o  technique.') O u r  r e s u l t .  f o r  t he  

H(p,p)W analyzing power a1 so agrees w i t h  t h a t  determined independently by 

l o )  using the same technique on the  EPB channel a t  LAMPF. Willard, e t  a l .  

, , ,  Bear11 pul dr- i  za tics11 during the  course o f  t he  experiment was t yp i ca l l y  87X, 

.' a r ~ d  s l a t i s t i c a l  uncertainty i n  the  cs lcu la tcd  bcam polar izat ion was much 

l e s s  than 1% f o r  each run .  During the  course of the  experiment beam polar- 

i za t ion  was reversed automatically a t  the source every th ree  minutes , and 

runs typ ica l ly  took one hour per t a r g e t  per angle. 



Of concern during the experiment was the  pos s ib i l i t y  of changes i n  beam . 

phase space with polar izat ion reversal ,  pa r t i cu l a r l y  those changes which may 

be re la ted  t o  a change i n  beam angle on ta rge t .  Although we looked f o r  such 

beam phase space-spin o r ien ta t ion  cor re la t ions ,  none were observed a t  the  

l i m i t  of the  beam monitoring equipment which s e t  an upper 1 imi t est imate of 

AA = - + 0.01 f o r  t he  worst case due to  t h i s  e f fec t .  

Shown i n  Figs. 1-4 i s  some of the  experimental data obtained, along w i t h  

t h e  r e su l t s  of preliminary theoret ical  analyses. The e r ro r s  shown on the  

f igures  a r e  s t a t i s t i c a l  only. For the  d i f f e r en t i a l  cross  sect ions  they a r e  

typ ica l ly  l e s s  than 2% (smaller .  than the  data po in t s )  and f o r  t he  analyzing 

powers they a r e  typ ica l ly  0.01 - 0.02 except f o r  the  l a rge r  angles. Overall 

normalization of the  d i f f e r en t i a l  cross sect ion data was obtained by taking 

H(p.,p) data on a CH t a rge t  and normalizing t o  H(p,p) data of Willard, e t  a l .  11) 

These normalization measurements were made during each running cycle ,  and the  

absolute normalization of the  data i s  believed r e l i a b l e  t o  w i t h i n  - + 15%. In 

the  fu ture  we expect t o  renormalize to  an accuracy of - + 5% via absolute  cross 

sect ion determination a t  HRS. 

The i n t e r e s t i ng  features  of the  analyzing power data a r e  t h a t  (1 ) the  

analyzing powers a r e  always posi t ive  (same sign as  the  pp analyzing power), 

(2 )  the  osc i l  l a t o ry  frequencies a r e  c h a r a c t e r i s t i c  o f  the  d i f f e r en t i a l  cross  

sec t ions ,  ( 3 )  a general r u l e  appears t o  be t h a t  the  minima i n  t he  d i f f e r e n t i a l  

cross  sect ions  a r e  located midway i n  angle between the  minima and maxima of 

t he  analyzing powers, and. ( 4 )  the  envelopes monitonically increase w i t h  angle , 

(except 12c near 3 0 ~ ) .  These features  of t he  data can be qua l i t a t i ve ly  un- 

derstood employing a c lass ica l  descr ipt ion of the s ca t t e r i ng  process. Fig. 

5 shows schematically a cross section of the real  spin-orbi t  potent ia l  a s  ' 

seen by the incident  nucleon f o r  spin-up ( so l i d  l i n e )  and spin-down (dashed 

l ine )  as well as  the  centra l  imaginary potent ia l  which i s  the  same f o r  both 



\ 

spin orientations.  . The..arrows represent the di rections of the c lass i  cal 

deflections due to  the spin-orbi t potential as the protons pass d i f fe rent  

regions of the nucleus ( in to  the page) fo r  the two spin orientations.  As 
.; . 

seen from the f igure,  regions 1 and 4 s c a t t e r  spin-up protons to the l e f t ,  while 

regions 6 and 7 sca t t e r  spin-down protons to  the l e f t .  Since, f o r  the spin- 

up case, the scat ter ing regions a re  a t  la rger  radi i  than f o r  the spin-down 

case, the nucleus effect ively looks larger  f o r  the spin-up protons and the 

da/dO(gf , l e f t )  d i f f rac t ive  pattern should be shif ted to  smaller angles, while 

the d a / d ~ ( a + , l e f t )  pattern should be sh i f ted  to  larger  angles as compared 

t o  the d i f f rac t ive  pattern when the spin-orbit  potential i s  turned off .  Also, 

note from Fig. 5 tha t  because of the imaginary potent ial ,  more absorption will 

occur for  the spin-down scat ter ing to  the l e f t  than f o r  spin-up to the l e f t ,  

so tha t  d a / d ~ ( a f  , l e f t )  should be larger  -than da/dO(g+,left). The absorption 

i s  large (depth about -60 MeV) so the e f f ec t  i s  substant ial .  The net e f f ec t ,  

then, i s  to  reduce the spin-down cross section considerably and s h i f t  i t s  dif-  

f rac t ive  pattern to  larger  angles as compared to  the spin-up case.  (see Fig. 

6 which shows the actual d i f fe rent ia l  cross sections for  'Ozr fo r  the two 

beam spin or ientat ions) .  Such ef fec ts  qua1 i t a t i  vely explain the behavior of 

the analyzing powers observed. A t  lower energies ( E about 50 MeV and l e s s )  

the imaginary potential does not play such an important role ,  and in t h i s  

case, the angle s h i f t  dominates with the spin-up and spin-down cross sections 

crossing one another, leading to  'analyzing powers which osci 1 l a t e  about zero. 
, . 

A simple quant i ta t ive approach using the d i f f rac t ive  model also predicts 

analyzing powers a t  medium ener-gi es which qual i ta t ive ly  resemble the exper- 

imental data. 

. ' The curves shown in Figs. 1-4 were generated by solving the Schrodinger 

equation with r e l a t i v i s t i c  kinematics1*) and' the f i r s t -order  KMT microscopic 

optical potential which i s  derived from nucl eon-nucl eon scat ter ing ampl i tudes 

and the nuclear matter densi t i  es. The spin-i ndependent ampl i tudes (see Tab1 e 



. ', 

1 and Fig. 7 )  were determined from nucleon-nucleon data13) taken near 800 MeV. 

14-16) Beth The proton densi t i e s  were taken from electron scat ter ing resul t s .  

9 the spin-independent amplitudes and the proton densi t ies  were then t reated as  

fixed. The only remaining variables were those of the spin-dependent nucleon- 

nucleon amp1 i  tudes and the neutron density dis t r i  butions. The form chosen 

f o r  the spin-dependent amplitudes was 2 

2 tij (8) = ( i  koopj/4n' ) ( q2 /4~ '  ) ' I2 ( 1 - i a S P ~ .  ) exp ( - B ~ , ~  q ) 

f o r  j = p o r  n and q i s  the momentum transfer.  In th i s  f i r s t  attempt a t  

understanding spi n-effects , the parameters ( 3-parameter Fermi o r  3-parameter 

Gaussian, plus small corrections fo r  12c and 2 0 8 ~ b )  of the neutron density 

and the th,ree i  sospin-averaged spi n-dependent nucl eon-nucl eon parairieters 

were searched to provide simultaneous f i t s  to  both the d i f fe rent ia l  cross 

sections and the,analyzing powers. Since there i s  no fundamental reason t o  

expect the pp  and pn spin-dependent amplitudes to  be the same, the isospin- 

averaged spi n-dependent parameters were a1 1 owed to vary from nucleus to  nucleus -, 
r' -'----% % 

as N/Z changes. Table 2 gives preliminary values f o r  the neutron density par- 

ameters found from the analysis$ as we1 1 as the i  sospi n-averaged spin-parameters 
G 
*- 

used. Figs. 8-11 show some of, the preliminary neutron densi t ies  which have 
\ 

been obtained in t h i s  way from the experimental data. 
/-- 

Table 3 compares t h y !  differences Ar between the neutron and proton rms 
nP 

radi i  iwith resu l t s  of ~ a r t r e e - ~ o c k  predictions. The agreement i s  qui te  encour- _ .4 

agi ng . 
I-' 

We have a lso  determined the e f f ec t  of the f i r s t -o rde r  spin-orbit  term 

on the determination of the neutron density. \, The neutron rms radi i  determined 
-==/ 

with $= 0 are  generally reduced by about 0.03 fm from those found wlth f 0. P 
However; the geometry i s  found to be more sens i t ive  as can ,be, seen in Fig. 1 2  .. . .  

. . .  . : . . . .  . .  '.'1.24.: 
which shows the differences i n  the neutron densi . ti:e.~::.foi?~.:.;:~n . .  determined 



with (sol id curve) and without (dashed curve) the spi n-orbi t term. A1 so shown 

i n  Fig. 12 as the dot-dashed curve i s  the neutron density as found from analysis 

of the d i f fe rent ia l  cross section data where the spin-dependent parameters were 
, 

taken as the average of the 5 8 ~ i ,  lZ4sn, and '08pb parameters. This density 

i s  identical fo r  r greater than 5 fm to tha t  found by freely searching the 

spin-parameters, and the two densi t ies  d i f f e r  by a t  most 2% f o r  r  l e s s  than 

5 fm.. Of course, no claim i.s being made tha t  such analysis determines 'the 

neutron densit ies to 2% in the nuclear in te r ior .  In a l l  cases good f i t s  to  

the an'gul a r  dis t r ibut ions were obtai ned. 

Three aspects of the resu l t s  obtained so f a r  .are qui te  encouraging as to  

. . the meaningfulness of th i s  type of work as regards neutron density dis t r ibut ions.  

The f i r s t  i s  the good overall agreement between the preliminary resu l t s  reported 

'here and those predicted by Ha.rtree-F0c.k f o r  Ar 
np'  

A variety of other experi- 

mental works have provided data from which the analysis concl uded tha t  ArnD 

f o r  nuclei with 1 arge neutron excesses, e. g. , 4 8 ~ a  and '08pb, were consistent.  

with zero and in violent disagreement w i t h  Hartree-Fock  prediction^!^) Although 

taking Hartreo-Fock predictions as gospel would mean tha t  taking data i n  the 

f i r s t  place was a waste of time; 'the systematic general overall agreement of 

the present resul ts  with Hartree-Fock predictions f o r  a variety,  of nuclei which 

span the periodic table  i s  s ignif icant .  The second noteworthy remark i s  the 

sens i t iv i ty  of the calculations to  the neutron density dis t r ibut ions.  Shown 

i n  Fig. 13 i s  the osc i l la tory  correction needed f o r  the '08pb neutron density 

(see Table 2) in order to provide a good f i t  beyond 20' to  the d i f fe rent ia l  

cross section as shown. i n  Fig. 1. F ig .  14 shows the r e su l t s  of calculations 

w i t h  and without t h i s  correction. The sol i d  curve of Fig. 14 i s  the one .shown 

i n  Fig. 1. I t  i s  qui te  encouraging tha t  the calculations a re  th i s  sensi t ive 

t o  small f luctuations i n  the densi t ies ,  although the uniqueness of such a 

correction must await a more detailed theoretical study in  which a l l .  known cor- 

rections to  the theory are  made. Thirdly, shown in  Fig 15 as the sol i d  .curve, 



I 
i s  the difference between the 1 2 4 ~ n  dnd  '16sn neutron densi t ies  as determined I 

i 
I 
I by the present preliminary analysis. Shown as the dott'ed l ine  i s  the difference 
! 

as predicted by Hartree-Fock, The agreement i s  remarkable and indicates tha t  , 

medium energy e l a s t i c  scat ter ing data may indeed be invaluable f o r  studying 

the detai 1s of neutron density dis t r ibut ions in nuclei ,  par t icular ly neutron 

density differences for  isotopic sequences. 

Sone of the data for  e l a s t i c  and ine la s t i c  800 MeV proton scat ter ing 

on ' 2 y 1 3 ~  i s  shown in Figs. 16-19 together w i t h  the resu l t s  of theoret ical  

analysis. The curves shown in Fig. 17 are  resu l t s  of dis tor ted wave Born 

approximation ( DbIBA) calculations. The top three curves were generated 

using a col lect ive form factor  fo r  the t rans i t ion  matrix. Since t h i s  

form factor  i s  related to  the derivative of the matter d is t r ibut ion ,  a new 

cdnstraint i s  added to  the determination of the neutron density d is t r ibut ion  

of '*c not present with analysis of the e l a s t i c  sca t te r ing  data only (Fig. 16).  

The bottom two curves (7.6, 0+) i n  Fig. 1 7  were generated using part ic le-  

hole form factors ( so l id ,  2p-2t1; dashed, Ip-lh) and suggest the possible 

val idi ty  of such calculations for  determining the microscopic description 

'of such nuclear s ta tes .  For the case of the 7.6, 0+ s t a t e ,  the DNBA cal- 

culations with col lect ive form factors  a re  out of phase with the data. The 

14.08, 4+ s t a t e  i s  not even qual i ta t ive ly  reproduced by the calculat ion,  

indicating a reaction mechanism other than pure s ingle  step. 

The curves shown in Fig. 18 a re  again DWBA calculations using col lec t ive  

form factors with assumed j and R t ransfers .  The s t a t e  ident i f ied as 

11.9, 7/2+ i s  tentat ively a new assignment. 

. . . In Fig. 19 a re  the resu l t s  of coupled-channel calculations fo r  the 

0+, 2+, 4+ data shown in Fig. 17. In t h i s  case the data i s  very nicely 

reproduced (as  compared to  the iI\4BA f i t s  shown in Fig. 17) and ' indicates  
,- . . .. . . . . . .  . 



the  importance of 2 - s t e p  react ions  a t  medi um energies.  I t  i s  i n t e r e s t i n g  

t h a t  the  14.08, 4+ s t a t e  appears t o  be populated almost e n t i r e l y  by the  

% 2-step process. 

12,13 The C i n e l a s t i c  data require  the  in t roduct ion of new dimensions 

i n t o  the  methods of theore t i ca l  analyses needed a t  medium energies.  Reaction 

mechani sns ,  nucl ear  dens i t i e s ,  and the  der i  va t i  ves o f  the  densi t i e s ,  a1 1 

come in t o  play i n  such analyses as discussed here. 
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. Table 1: Spin-independent nucleon-nucleon parmaters which'were used f o r  the 
prel iminary calculations discussed. The parameterization i s  

. . . . T 2 t0..(cl2) = (i k o ./4n) (1 - i a  ) exp(-B .q ) f o r  j = p o r  n. 
P J 0 PJ ~j PJ 

Tabl e 2: 3-parameter Fermi neutron density dis t r ibut ions extracted from the 
data and the isospin-averaged spin dependent nucleon-nucleon parameters. 

- - - 
Nucleus w R '  z 6s a 

S 5 

Tabl e 3: Comparison of Ar (neutron-proton rms radi i  differences) with 
Hartree-Fock. nP  

Nucleus A r n  (experiment) Am (Harlr-ee-Fuck) 
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111. RESEARCH NITH THE ETjERGETIC PIOl4 CHANIIEL Ai4D SPECTf?O!.1ETER 

During the  past  year we have ca r r ied  ou t  several nucleon-removal experiments 
+ + 

using IT and IT- t o  measure the  s e l e c t i v i t y  R = G(IT-) /G(IT ) f o r  neutron removal 
+ 

and R = a ( r  ) /a(r-)  fo r  proton removal. These experiments were ca r r i ed  out  as 

pa r t  of the  Los A1 amos PAC approved Experiment #265 w i t h  the help of co l labora tors  

f r o m  the University of Colorado and the  Los Alarilos S c i e n t i f i c  Laboratory. Since 

most +- of our-.resul t s  a r e  avai lable  in the  published l i t e r a t u r e  we a r e  not including 

any f igures  from t h i s  work in  the  summary writeup of the  next sec t ion .  In addi t ion 

to  measuririg pion charge-species s e l e c t i v i t y  in nucleon-removal, we have begun s i m i l a r  

measurements using pion i  nel as t i c  s ca t t e r i ng .  

A.  Nucleori Removal by Pions . . 

+ 
Total cross sect ions  fo r  nucl eon removal by IT-, populating i  ndi vidual f ina l  

s t a t e s  in the  residual nucle i ,  were measured by detect ing t he  de-exci ta t ion gamma 

rays from s t a t e s  not troubl ed by cascade gamma-ray feeding. The experimental method 

1 i s  outl ined i n  a recent paper. 

A s e l e c t i v i t y  of only R = 3 i s  expected from f r e e  pion-nucleon r e s u l t s  using 

a simple impulse approximation, when the  residual nuclei a re  s tudied in  the  nucleon 

removal experiments. 
+ * 

In our f i r s t  e f f o r t  we measured n- + 7 ~ i  -+ n' + n + 6Li (3.56 MeV, T=l)  and 

only found an experimental value of about R = 2.  This work has been published1 i n  

Physical Review Let ters  under the  t i t l e  " A  Comparison of Neutron Removal from 'Li 
+ 

w i t h  Free Pion t.lucl eon Results." An even smaller  enhancement was seen f o r  IT- + 9Be + 

+ * 
m- + p + 'LJ  (0.98 MeV, T=l)  i n  proton removal. This work i s  included in  t he  

Physical Review paper "Pi-Meson Induced Nucleon Removal t o  Discrete Final S t a t e s .  I 1  2 

A theoret ical  ef for t '  was made to  explain t h i s  deviation from the  expected value 

R = 3 by postula t ing t h a t  the outgoing nucleon underwent charge exchange t o  analog 
. . 

. I '  , . ,  ' . .  . . . .  



s t a t e s  in neighboring nuclei. This approach "explained," ad hoc, t h i s  lessened 

se l ec t iv i ty ,  so we looked for  a  definiti:ve t e s t  of t h i s  theoretical model. 

Analog charge-exchange i s  known to dominate the charge exchange process in 

nuclei. Thus i f  one were to populate an' isospin-singlet  s t a t e  ( i . e . ,  T=O) no charge 

exchange i s  possible for  the outgoing nucleon, and, so,  no deviation from R = 3 

i s  predicted in  th i s  model. We carried out an experimental t o  t e s t  t h i s  idea 
+ * 

using the reaction T T ~  + 1 3 C  -t n- + n + 1 2 C  , where both a  T=O s t a t e  ( a t  4.44 MeV) 

and a  T=l s t a t e  ( a t  15.11 MeV) were formed. Experimentally we found essent ia l ly  

the same energy dependence to  the enhancement R ,  peaking a t  about R = 2 as i t  did 

i n  the previous neutron-removal experiment in Lithium. These resu l t s  rule  against  

t h i s  tilode1 where dis tor t ion ef fec ts  are  due to the outgoing nucleons undergoing 

charge exchange, as th i s  model predicts the enhancements as follows: R(T=O) = 3 

4 and R(T=l) 2. This work has been published in Physical Review. Letters under 

the t i t l e  "A Definitive Test of Outgoing Nucleon Charge Exchange using the Reactions 

1 3 ~ ( r t , n ~ ) 1 2 ~ ( 4 . 4 4  MeV & 15.11 MeV) .' 
Single-neutron removal data to  three d i s t i n c t  f inal  s t a t e s  6 ~ i  (3.56 bleV, T=l ) , 

2 ~ ( 1 5 . 1 1  MeV, T=l) and 12C(4.44 i4eV, T=O) a l l  show nearly the same enhancements 
+ 

of R = a(n-) /O(TT ) as a  function of incident pion energy, w i t h  a  peak value of .about 

2/3 of the predicted value (of 3 ) .  A1 though the or igin of th i s  213 reduction i s  

not ye t  understood (as we have ruled out a  spurious theoretical model) we do observe 

a s igni f icant  enhancement of about x2 fo r  R ( i  . e . ,  R A 2 ) .  Further, t h i s  R 5 2 

enhancement i s  a  consistent feature of a l l  three neutron-removal experiments to 

discrete  final s t a t e s ,  suggest'ir~g a  f a i r l y  simple non-analog d is tor t ion  may ye t  
. . 

explain th is  e f fec t .  

I n  contrast  t o  sing1 e-nucleon removal, nu1 t i  -nucleon remval indicates a  more 

complex reaction mechanism as i t s  yixelds do not show a IT-M ressnant peaking with 

incident pion energy, as expected in a  s inglc  step mechanism. This paper5 has been 



accepted fo r  p u b l i c a t i o n  by Physics L e t t e r s  under t h e  t i t l e  "Energy Dependence 

+ 
o f  .rr Induccd Two- and Four-PJucl eon Removal." 

I n  a d d i t i o n  t o  these gamma-ray measurements o f  nucleon removal, a  k i n e m a t i c a l l y  

complete measurement o f  quasi f r e e  p ro ton  removal was c a r r i e d  o u t  us ing  255-MeV p ions  

o f  both charged species on t a r g e t s  o f  27Al  and 2oaPb, where t h e  r a t i o  o f  n+ t o  n- 

cross sec t ions  i s  7.020.7 and 4.520.5, r e s p e c t i v e l y .  These values a re  l e s s  than 

t h e  c l a s s i c a l  impulse-approximation value o f  9  expected when bo th  t h e  p ro ton  and 

6  the  p ion  a re  de tec ted  i n  t he  f i n a l  s t a t e .  These r e s u l t s  have been pub l ished i n  

Physical  Review L e t t e r s  under t h e  t i t l e  "Coincidence Measurements o f  Quas ie l  a s t i  c  

P ion  S c a t t e r i n g  by 27A1 and 208Pb." 

I n  summary, w e  conclude t h a t  nucleon removal by p ions shows s i g n i f i c a n t  

t 
enhancements o f  n- t o  .rr c ross sec t ions  ( o r  v i c e  versa)  app rop r ia te  t o  t h e  nucleon 

species being removed. These enhancements a r e  l e s s  than expected from an un-modi f ied 

sinlpl  e  impui se approximation, b u t  t he  enhancements a r e  l a r g e  enough t o  es tab l  i s h  

p ions  as a  p o t e n t i a l l y  use fu l  spectroscopic t o o l .  

B. P ion E l a s t i c  and I n e l a s t i c  S c a t t e r i n q  

During t h e  i n i t i a l  tuneup o f  t he  EPICS Spectrometer, w h i l e  us ing  a Carbon 

t a r g e t ,  an unexpected peaking showed up i n  t h e  experimental  spec t ra  corresponding 

to .  an e x c i t a t i o n  i n  12c o f  about  19.2 MeV. F igure  1. i s  a  sum o f  experimental  spec t ra  

f o r  several  angles near 70' i n  t he  Lab, f o r  bo th  charged species o'f i n c i d e n t  p ions 

a t  164 MeV. So f a r  we have n o t  been a b l e  t o  e x p l a i n  t h i s  s t rong  peaking a t  about 

19.2 MeV i n  terms o f  t he  known s ta tes  i n  1 2 C .  Pre l im ina ry .  data i n d i c a t e  a  very 

s t rong  f a v o r i n g  o f  t h i s  peak a t  164 MeV, b u t  f a l l i n g  much f a s t e r  than t h e  o t h e r  

s p e c t r a l  peaks f o r  100 FleV and 290 MeV ( a t  70.5' Lab). Also, t h e  p r e l  im ina ry  da ta  

show a  monoton ica l l y  decreasing cross s e c t i o n  w i t h  s c a t t e r i n g  ang le  i n  c o n t r a s t  t o  

s c a t t e r i n g  t o  t h e  ground s t a t e ,  t he  4.44 MeV s t a t e  hrid the 9.64 !.lev s l a l e .  



An ' i n e l a s t i c  measurement i n  180, us ing  bo th  charged p ion  species, was c a r r i e d  

o u t  t o  the  f i r s t  2' s t a t e  a t  1.98 MeV, as p a r t  o f  t he  p ion-spectrometer  tuneup e f f o r t .  

F i g u r e  2 i s  a sampl e spectrum showing t h i s  e x c i t a t i o n  us ing  negat i  vely-charged i n c i d e n t  
+ 

pion's a t  230 MeV. A r a t i o  o f  IT- t o  IT d i f f e r e n t i a l  c ross  sec t ions ,  R 5 2, was 

observed a t  a l l  angles measured as seen i n  F igu re  3. An enhancement o f  as 1 i t t l e  

as R * 2 i n  t h i s  case i s  n o t  s u r p r i s i n g  as t h i s  s t a t e  i s  known n o t  t o  be a pure 

valence-neutron e x c i t a t i o n .  However, t h i s  experiment i s  noteworthy as i t  i s  t he  
+ 

f i r s t  repo r ted  observa t ion  o f  such 'an enhancement i n  i n e l a s t i c  IT- s c a t t e r i n g .  Th i s  

7 work has been pub l ished i n  Physjcal  Review L e t t e r s  under the  t i t l e  "Neutro'n Deformation 

+ 
Parameter by Comparative Study o f  IT- and IT ~ n e l a s t i c  Sca t te r i ng . "  

E l a s t i c  and i n e l a s t i c  s c a t t e r i n g  i n  t h e  Calcium reg ion  was c a r r i e d  o u t  p r i m a r i l y  

t o  t e s t  t h e  experimental  s e l e c t i v i t y  i n  promoting valence neutrons versus valence 

protons i n  t h e  "Paul i Block ing"  exper inent  (#229). S e l e c t i v i t y  i s  expected i n  t h e  
+ 

i n e l a s t i c  fo rmat ion  o f  the s t r o n g l y  c o l l e c t i v e  2 and 3- e x c i t e d  s t a t e s ,  s ince,  from 

an extreme s i n g l e - p a r t i c l e  p o i n t  o f  view, neutrons complete ly  fill t h e  f-712 subshe l l  

i n  "Ca whereas t h e  p ro ton  f -7 /2  subshel l  i s  complete ly  empty. Thus, t h e  0' -+ 2' 

pos i  t i v e - p a r i  t y  i n e l a s t i c  t r a n s i t i o n s  (predominant ly  neut ron  f -712 -+ f ,p) a r e  dominated 

by the  n- i n t e r a c t i n g  w i t h  valence neutrons, and the  0' - 3- n e g a t i v e - p a r i t y  i n e l a s t i c  

+ 
t r a n s i t i o n s  (predominant ly  p ro ton  s,d -t f ,p) i s  dominated by T i n t e r a c t i n g  w i t h  

valence protons. A q u a n t i t a t i v e  ana lys i s  of  t h i s  experiment w i l l  be based on t h e  

s e l  f -cons is  t e n t  Hartree-Fock wavefunct ions o f  t h e  ground s t a t e  and t h e  1 owes t - l y i ng  

c o l l e c t i v e  2' and 3- s t a t e s  as c a l c u l a t e d  by G. Bertsch.  8 

Figure  4 shows experimental  p ion  spec t ra  on 40Ca f o r  bo th  charged p ion  species 

i n c i d e n t  a t  291.5 MeV, where these spec t ra  have been summed ove r  angle. The i r i c i d e n t  

energy was chosen t o  enhance t h e  i n e l a s t i c  exc i t a t i ons . '  The 2' and 3- s t a t e s  i n  

40Ca a r e  separated by l e s s  than t h e  experimental  r e s o l u t i o n ,  b u t  they  may be e x t r a c t e d  

by computer f i t t i n g  techniques. I n  any event, we expect  comparisons may be made 



a t  t he i r  respective maxima, as the Blair  phase rule predicts the angular d is t r ibut ions  

will  be out of phase. 

Figure 5 shows the angular dis t r ibut ions fo r  each charged pion species,  along 

with the "best f i t "  Kissl inger potential  l o  e l a s t i c  scat ter ing calculations ,11 where 

the neutron and proton radi i  a r e  held equal, as '+OCa i s  the highest-Z sel f-conjugate 

nucleus. Differences between the n- and n+ angular dis t r ibut ions a re  we1 1 described 

and the Kissl inger "best f i t "  parameters for. 40Ca will be appropriately scaled f o r  

the other targets .  This analysis i s  in progress. 

Figure 6 shows experimental pion spectra using a  48Ca t a rge t ,  fo r  each charged 

pion species a t  an incident energy of 291.5 MeV, where the experimental spectra were 
+ 

summed over angle. Note the strong 2 and 3- col lect ive s t a t e s  are easi ly  resolved, 

even a t  the present EPICS spectroneter resolution of about 350 keil, whereas these 

s t a t e s  could not be resolved by the (SUSI) pion spectrometer a t  the Swiss I n s t i t u t e  

(SIN) in zurich.l2 Preliminary analysis shows a strong favoring of n- fo r  the 2' 

i ne l a s t i c  excitation a t  the f i r s t  measured diffract ion maximum, with l e s s  favoring 

of n + f o r  the 3- excitation a t  the f i r s t  measured diffracti0.n maximum, which occurs 
+ 

a t  a  smaller angle than the maximum for  the 2 s t a t e .  This r e su l t  i s  not surprising 

as the ta rge t ,  '+'Ca, has more neutrons than protons. 

Figure 7 shows the e l a s t i c  scat ter ing angular dis t r ibut ion for  each charged 

pion species inci'dent on 4eCa, a t  291.5 MeV. 

Figure 8 shows the experimental pion spectra using a  ""Ca t a rge t ,  fo r  each 

incident charged pion species a t  291.5 1-lev, where the experimental spectra have 

been summed over angle. The strong 2' and 3- s t a t e s  a re  seen to be well resolved 

from one another. A l e s se r  se lec t iv i ty  i s  expected fo r  ""Ca as i t  i s  -4  neutrons 

away from the closed (N=28) f-7/2 subshell. Similarly '"Fe has been studied as i t  

i s  +6 neutrons away from the closed f-7/2 subshell. Figures 9 and 10 show the 

e l a s t i c  scat ter ing angular dis t r ibut ions for  ""Ca and '" Fe, respectively,  for  

each species of charged pions incident a t  291.5 MeV. 



. . 

I n  summary, t h e  d i f ferences between e l a s t i c  s c a t t e r i n g  d i s t r i b u t i o n s  f o r  each 

charged p i o n  species f rom "OCa appear t o  be w e l l  descr ibed u s i n g  equal neut ron  

and p ro ton  r a d i i .  I n e l a s t i c  e x c i t a t i o n s  i n  180 show an expected pre fe rence f o r  
- ' + 

T over  IT , and o u r  p r e l i m i n a r y  data show t h e  i n e l a s t i c  e x c i t a t i o n s  i n  48Ca a r e  
+ 

behaving q u a l i t a t i v e l y  as expected, w i t h  r- f a v o r i n g  t h e  2' s t a t e  and n f a v o r i n g  

. . 
t h e  3- s t a t e .  
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