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INTRODUCTION 

Hypernuclear physics  research  a t  Brookhaven today. c e n t e r s  around t h e  

hypernuclear spec'trometer a t  t he  AGS which began opera t ion  a l i t t l e  over a 

year ago. The major r e s u l t  of t h e  program whlch has r ecen t ly  been completed 

is a d e t a i l e d  s tudy of t he  hypernucleus 12c Hypernucleus formation has been 
A 

observed out t o . q u i t e  high momentum transfer--280 MeV/c. 

There a r e  s eve ra l  c l a s s e s  of hypernuclear s t a t e s  which r e q u i r e  l a r g e  

momentum t r a n s f e r  f o r  t h e i r  formation. Our experiments provide evidence f o r  

t he  formation of some of t hese  s t a t e s  a t  a l e v e l  i n  good agreement wi th  

d i s t o r t e d  wave impulse approximation ca l cu la t ions ;  however, o the r  s t a t e s  1 
which should have been amply produced according t o  t he  b e s t c u r r e n t  theo- 1 
r e t i c a l  c a l c u l a t i o n s  a r e  no t  observed. We have measured angular  d i s t r i b u t i o n s  . 

f o r  t he  formation c r o s s  s e c t i o n s  of t he  observed s t a t e s  from 0 t o  19'. 

The l a r g e  range of t hese  d i s t r i b u t i o n s  (compared t o  previous measurements) 

permits  a s t ra ight forward  i d e n t i f i c a t i o n  of t h e  sp ins  and.composition of t h e  

s t a t e s .  

12c, PAST EXPERIMENTS A 

The hypernucleus 12c has been an ob jec t  of g r e a t  i n t e r e s t  dur ing  t h e  
A 

I 
pas t  decade. It was f i r s t  observed i n  1970 by Bohm e t  a l .  . i n  an  experiment 

using t h e  emulsion technique. 'Surpr i s ingly ,  t h e  f i r s t  observat ion of t h i s  

hypernucleus was not  of t h e  ground s t a t e ,  bu t  of a s t a t e  a t  11 MeV e x c i t a t i o n  

energy decaying by proton emission. This w a s  t h e  f i r s t  example of a highly 

exc i t ed ,  p a r t i c l e  uns tab le  s t a t e  of any hypernucleus . . A t  , the Zvenigorod I 
2 

conference (1977), Pniewski and Zieminska repor ted  an observa t ion  i n  emulsion 

of t h e  ground s t a t e  of 12c by t h e  Warsaw group. A 



Several counter.experiments 3 9 4 9 5  haveused the (K-,;-) reaction in flight to 

12 study ,,C, in each case with small momentum transfer to the nucleus. Hyper- 

I nucleus formation by stopped kaons proceeds with 250 MeV/c momentum transfer to 

the nucleus. However in this technique, used by Faessler et a1. 6, the momentum 

transfer is not variable. 

I EXPERIMENTAL METHOD 

7 12 
We used the reaction K- + C -+ ':c + .- with kaon momentum 800 MeVlc 

12 3 
to form *C. The kaon and pion momenta were measured to one part in 10 . 

I The missing,mass was evaluated to give the spectrum of hypernuclear states. 

At zero degrees, the reaction takes place with 70 MeV/c momentum transfer. 

Small momentum transfer suppresses the background of quasi-free lambda for- 

mation and gives a high probability of hypernucleus.prod~~tion. However, 

small momentum transfer corresponds to small angular momentum transfer and 

I thus a limited class of states are preferentially excited. It is advantageous 

I to vary the momentum transfer over as large a range as possible, so that 

I other hypernuclear states may be observed. This was done by detecting the pion 

I ,  at angles up to 19 degrees with respect to the kaon direction. The experiment 

I uses the Low Energy Separated Beam I at the Brookhaven Alternate Gradient 

5 
Synchrotron. The beam contains 2 10 kaons per AGS pulse (of one second 

duration) accompanied by 12 times as many other particles (mainly pions). 

I A Cerenkov counter identifies kaons in the beam. The counter CK (Fig. 1) has 

a k i t e  radiator which. discards light from pions by total internal reflection 

while transmitting light from kaons t o  six symmetrically mounted photomultiplier 

tubes. 



One d ipo le  and f o u r  quadrupole magnets (Dl, 41-44 i n  Fig.  1 )  b r ing  .the 

12 beam t o  a dispersed focus on t h e  t a r g e t .  The tarF;et f o r  t h e  s tudy of AC 

was a s c i n t i l l a t i o n  counter ,  ST. I n  seventy percent  of hypernuclear decays, 

t he  depos i t ion  of energy i n  t h e  t a r g e t  s c i n t i l l a t o r  is l a r g e  enough t o  d i s -  

t i ngu i sh  the  event.  This s igna tu re ,  though not  e s s e n t i a l ,  g r e a t l y  s imp l i f i ed  

the  a n a l y s i s  of t h e  da t a .  

Multiwire propor.t ional chambers PI-P3 de f ine  the  t r a j e c t o r y  of t he  kaon 

f o r  momentum determinat ion.  The chambers have t h r e e  planes of wi res ,  each 

wi th  one mi l l imeter  wi re  spacing. The pion from hypernuclear formation is 

de tec t ed  i n  a second, s i m i l a r l y  cons t ruc ted  spectrometer mounted on a p la t form 

t h a t  can r o t a t e  up t o  35 degrees wi th  r e spec t  t o  t h e  beam d i r e c t i o n .  A l i q u i d  

hydrogen Cerenkov counter  (CH) was used during p a r t  of t h e  d a t a  t ak ing  t o  

d e t e c t  pions immediately a f t e r  t he  t a r g e t .  Time of f l i g h t  between t h e  sc in-  

t i l l a t i o n  counters  S l y  'ST and S2 provided add i t i ona l  p a r t i c l e  i d e n t i f i c a t i o n .  

The pQon. de t ec t ing  spectrometer has  a s o l i d  angle  of 12 m s r .  The energy 

r e s o l u t i o n  of t h e  experiment w a s  2.5 MeV FWHM, p r i m a r i l y . l i m i t e d  by t h e  use  

4 
of a t h i c k  t a r g e t .  ~ a o n ' f  lux. a t  t h e  t a r g e t  was t y p i c a l l y  2.4 10 per  AGS pulse .  

RECENT RESULTS FRm BROOKHAVEN CONCERNING =C 

An a n g u l a r : d i s t r i b u t i o n  of t h e  s t a t e s  of 12c exc i t ed  i n  t h e  r e a c t i o n  
A 

12c ( ~ - , n - )  ':c was measured7 w i t h  kaon momentum 800 MeVlc. Figure 2 

shows a spectrum taken a t  0 =15O corresponding t o , a  momentum t r a n s f e r  t o  
KT 

t he  nucleus of 210 MeV/c. The lower mass peak corresponds t o  a binding 

energy of the  lambda of 10.79 - + .ll MeV. Experiments using the  emulsion 

technique r e p o r t 2  a binding energy of 10.76 - + .19 MeV f o r  t h e  ground s t a t e  

of ':c. This agreement, l eads  us  t o  i d e n t i f y  t h e  lower peak a s  t h e  ground 

s t a t e . .  



The higher  mass peak has 11 MeV e x c i t a t i o n  energy and an  a n a l y s i s  of 

i t s  angular  d i s t r i b u t i o n  l eads  u s  t o  conclude t h a t  it corresponds t o  more 

than one s t a t e .  

Dover e t  a1. have ca l cu la t ed  t h e  angular  d i s t r i b u t i o n s  of t h e  ground 

s t a t e  and simple p a r t i c l e  ho le  exc i ted  s t a t e s  of ':c. The r e s u l t s  of t h a t  

ca l cu la t ion  (with kinematic condi t ions  appropr ia te  t o  t h i s  experiment) a r e  

shown i n  Fig. 3 along wi th  our d a t a  po in t s .  The important f e a t u r e s  of t h e i r  

c a l c u l a t i o n  a r e  a s  follows: 

a )  The d i s t o r t e d  waves f o r  t he  inc iden t  kaon and outgoing pion a r e  

generated from an o p t i c a l  p o t e n t i a l  der ived from t h e  Fermi averaged fi + h 

and ITN + ITN f r e e  space amplitudes.  

b) On s h e l l  t r a n s i t i o n  amplitudes f o r  t h e  elementary process  K-n +- IT-A 

a r e  used. 

c )  The wave func t ions  f o r  n and A s t a t e s  a r e  ca l cu la t ed  from a Woods- 

Saxon nuclear  p o t e n t i a l  shape wi th  depth chosen t o  f i t  t he  binding energy 

appropr ia te  t o  t h e  o r b i t a l  under cons idera t ion .  

The ground s t a t e  angular  d i s t r i 'bu t ion  is  we l l  reproduced by t h e  ca l -  

c u l a t i o n  a p a r t  from an o v e r a l l  normalizat ion f a c t o r .  The shape of t h e  angular  

d i s t r i b u t i o n  of t h e  11MeV peak is  a l s o  we l l  dkscribed,  assuming p a r t i c l e  ho le  con- 

- 
f i g u r a t i o n s  ( Ap 

312' nP312 
) ; t h e  former con£ i g u r a t  ion  g ives  

+ + + r i s e  t o  a 0 and a 2 s t a t e ,  t h e  l a t t e r  t o  a 2 s t a t e .  (Unnatural p a r i t y  

s t a t e s  a r e  not  expected t o  be exc i ted  with s i g n i f i c a n t  s t r e n g t h  i n  our kinematic 

range. ) 

+ .  -k 
Figure 3 shows the  r e l a t i v e  con t r ibu t ions  of t h e  0 and 2 components t o  

t h e  11 MeV peak a s  a func t ion  of angle  according t o  Dover e t  a l .  A t  small  

angles ,  t h e  angular  d i s t r i b u t i o n  shows the  sharp  r i s e  c h a r a c t e r i s t i c  of t h e  

+ 
coherent ly produced 0 s t a t e .  The shoulder  a t  l a r g e  angles  is  explained i n  



. 
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+ 
terms of t h e  e x c i t a t i o n  of t h e  2 s t a t e s .  Making t h e  assumption t h a t  a t  0' 

+ 
we a r e  e x c i t i n g  0 only and a t  15' we a r e  e x c i t i n g  2' only we can set l i m i t s  

on the  spacing of these  s t a t e s  although they a r e  no t  resolved by our experiment. 

+ + + 
Assuming t h a t  a t  15' only one 2 s t a t e  con t r ibu te s ,  t h e  0 -2 spacing i s  l e s s  

+ 
than  420 keV. Assuming t h a t  a t  15O the  two 2 components c o n t r i b u t e  equal  

+ + 
s t r eng th ,  t h e  2 -2 spacing i s  l e s s  than  800 keV. These limits w i l l  c o n s t r a i n  

t h e  s p i n  dependent p a r t s  of the  lambda nucleus r e s i d u a l  i n t e r a c t i o n  and a r e  

cons i s t en t  wi th  a weak s p i n  dependence. 

A fundamental quest ion should be posed: a r e  t h e  s t a t . e s  exc i t ed  i n  t h e  

(K-,IT-) r e a c t i o n  pure p a r t i c l e  ho le  s t a t e s ?  For example, t h e  coherent 

-1) o+ 
(Ap3/2'np3/2 s t a t e '  can mix wi th  t h e  coherent (As 112 'ns1/2 

- 1  O+ s t a t e  

r e s u l t i n g  i n  t h e  much discussed s t rangeness  analog s t a t e ,  o r  an anti-analog 

s t a t e  depending on t h e  s i g n  of t h e  mixing angle.  The wave func t ion  of t h e  

coherent e x c i t a t i o n  then  has t h e  form 

+ 
$ = c o s a ( A ~ ~ ~ ~  ,nP312 - 1 -  0 + s i n a  (Asil2 ,nslI2 -I)  o+. 

+ 
Dover e t  a l .  have assumed a mixing angle  a=-10 and added t h e  mixed 0 c ros s  

+ 
s e c t i o n  t o  t h e  n e t  2 e x c i t a t i o n .  The r e s u l t i n g  angular  d i s t r i b u t i o n  is 

shown i n  Fig. .4 along wi th  our d a t a  po in t s  f o r  t he  11 MeV peak. This ca l -  

c u l a t i o n  i s  i n  much poorer agreement wi th  our da t a  than t h e  c a l c u l a t i o n  of 

Fig. 3 which assumes no mixing. Thus mixing e f f e c t s  a r e  no t  of maj'or importance. 

The ex i s t ence  of core  exc i ted  hypernuclear s t a t e s  has been predic ted .  
9 

These s t a t e s  would c o n s i s t  of a ' lambda i n  an s o r b i t  coupled t o  t h e  exc i t ed  

s t a t e s  of t he  core.  A search  w a s  made i n  t h e  reg ion  above the  ground 

s t a t e  f o r  an event excess  us ing  our 15' da ta .  We s e e  no evidence f o r  such 

s t a t e s .  The t o t a l  event  excess  i n  t h e  reg ion  2 t o  7 MeV e x c i t a t i o n  i s  6% 

+ 5% of t h e  ground s t a t e  s t rength . '  This i s  t o  be compared wi th  an expec- - 

t a t i o n  of two s t a t e s ,  one a t  3'.29 and one a t  5 .ll MeV e x c i t a t i o n  wi th  summed 



s t r eng th  33% of t h e  ground s t a t e  s t r eng th .  The disagreement between experi-  

ment and theory should motivate  a d d i t i o n a l  experiments t o  search  f o r  core  

exc i ted  s t a t e s  pred ic ted  i n  o t h e r  hypernuclei .  An experiment d e t e c t i n g  gamma 

rays  from t h e  deexc i t a t i on  of t h e  core  i n  coincidence wi th  a (K-,T-) energy 

d i f f e rence  measurement would be p a r t i c u l a r l y  e f f e c t i v e  i n  observing these  

p a r t i c l e  s t a b l e  s t a t e s .  The absence of core  exc i t ed  s t a t e s  a t  t h e  expected 

s t r e n g t h  may be a t t r i b u t a b l e  t o  u n c e r t a i n t i e s  i n  t h e  knowledge of  t h e  l lc 
12 

and C wave func t ions  o r  i t  may s i g n a l  some more fundamental problem i n  the  

t h e o r e t i c a l  understanding of hypernuclei .  

FUTURE PLANS FOR HYPERNLTCLEAR RESEARCH AT BROOKHAVEN 

I n  e a r l y  1980 we w i l l  extend our  experiments t o  s e v e r a l ,  as y e t  unexplored 

13 14 
hypernuclei  ( C ,  180, and N) . We f e e l  t h a t  t h e  comparison of ad jacent  

hypernuclei ,  ones t h a t  d i f f e r  by a s i n g l e  neutron,  by a s i n g l e  proton, o r  by 

two neutrons w i l l  be a va luable  t o o l  i n  pinning down t h e  na tu re  of t he  s t a t e s  

exc i ted  i n  t h e  (K,T) r eac t ion .  Targets  used t o  s tudy hypernuclei  i n  t he  in-  

1 f l i g h t  s t rangeness  exchange r eac t lon  have thus  f a r  been pr imar i ly  even-even 

1 n u c l e i  wl th  equal  numbers:.of neutrons and protons.  I n  s e l e c t i n g  t a r g e t s  we 

have departed from t h i s  r e g u l a r i t y .  

An important i s s u e  i'n hypernuclear physics  is  t h e  s t r e n g t h  of t he  A -  

5 
nucleus s p i n  o r b i t  coupling. Recent d a t a  on 160 has  been i n t e r p r e t e d  a s  

A 

demonstrating t h a t  t h e  A-nucleus s p i n t o r b i t  coupling i s  a t  l e a s t  one order  

of magnitude, smal le r  than the  nucleon-.nucleus coupling. This  -conclusion comes 

~ from a. comparison of t h e  energy of hypernuclear s t a t e s  r e s u l t i n g  from the' 

s u b s t i t u t i o n  of A f o r  e i t h e r  a p neutron o r  a p ' neutron.  
112 : 3 /2 

1 It should be emphasized t h a t  t h e  two body A-nucleon s p i n  o r b i t  i n t e r a c t i o n  g ives  
I 

r i s e  t o  s e v e r a l  terms1' i n  t h e  A nucleus p o t e n t i a l .  I n  a d d i t i o n  t o  t h e  usua l  
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sA.lA term, s p l i t t i n g s  can a r i s e  from t h e  i n t e r a c t i o n  of t h e  s p i n  of t h e  A w i th  

the  angular  momentum of unpaired nucleons. This sA.% i n t e r a c t i o n  is  e f f e c t i v e  

even i n  t h e  case of a  lambda p a r t i c l e  i n  an s o r b i t a l .  A phenomenological 

a n a l y s i s  of t h e  ground s t a t e s  of p  s h e l l  hypernuclei  shows t h i s  term t o  be 

16 
l a rge .  I n  t he  case  of 0 described above, both terms a r e  c e r t a i n l y  present  A 

and t h e  p o s s i b i l i t y  of a  f o r t u i t o u s  cance l l a t i on  cannot be el iminated.  I n  

the  case  of 13c we can observe a  lambda p a r t i c l e  i n  a p o r b i t  i n t e r a c t i n g  
A 112 

with  a .:-O+ core. 

1 Late i n  1980 we  p lan  t o  modify our experiment t o  i nc rease  t h e  hypernuclear 

event  r a t e  by almost a  f a c t o r  of 10. This  w i l l  be accomplished by us ing  the  

l a s t  s t a g e  of t h e  beam l i n e  f o r  kaon momentum a n a l y s i s ,  thereby decreasing 

t h e  f l i g h t  pa th  f o r  kaons. With the  increased f l u x ,  experiments observing 

hypernuclear gamma rays  i n  coincidence wi th  t h e  (K,n) d a t a  w i l l  be  f e a s i b l e .  



FIGURE CAPTIONS 

Fig. 1 The hypernuclear spectrometer at Brookhaven. 

~ i g  . 2: The mass spectrum of 12c as recorded at 15O with a resolution of 2.5 A 

MeV, FWHM. The solid curve represents a.parabolic fit to the quasi- 

free continuum, while the dashed curve is a linear extrapolation, 

used to determine the continuum background under the peak. 

- 12 
Fig. 3 Angular distributions (lab) calculated for the reactions 12~(d,n ) AC 

at iucirlent laboraeory momentum 800 M~V/C are compared with the 

Brookhaven data. The upper curve is for the state , 

after renormalization of the calculated cross section by a factor 

excitation 0.48. The lower curves are forthe (Ap312,np312 ) O+ 

-1) +.: and for the sum of the ( p A 3/2'nP3/2 2 

excitations, using Woods-Saxon wave functions and adopting B = 
A 

+ 
0.1 MeV fur these chree states. The net (0 , 2+, 2-l.) excitation 

cross section is plotted and then compared with the data after 

+ 
renormalization by a factor 0.39. For comparison, the 0 angular 

distrfbution calculated for oscillator wavefunctions is also plotted. 

-1 Fig. 4 The calculated angular distribution for the (Asll2 ,ns112 
) O+ 

excitation, with B = 10.8 MeV and Woods-Saxon wavefunctians. Its A - 
amplitudeis mixed with that for the (Ap312,np3/2 l) O+ excitation, 

+ 
with mixing angles= -10'. This mixed 0 cross section is added 

to that for the net 2' excitation, the latter being unaffected by 

this mixing, and the 'result (.TOTAL CALC . ) i s  then compared with 

the Brookhaven data, after renormalizing it by a factor 0.55 

(.dashed curve). 
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