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Abstract The decay o f  the  i s o v e c t o r  E2 g i a n t  resonance i n  6 3 ~ u  has been 
s tud ied  by measuring t h e  (e,2n) c ross  sec t ion ,  i n  the  i n c i d e n t  e l e c t r o n  
energy range 22-45 MeV. The photodi  s  i n t e g r a t i o n  induced by bremsstrahl  ung 
was a l s o  measured. The e l e c t r o d i s i n t e g r a t i o n  r e s u l t s  have been analyzed 
us ing  the  d i s t o r t e d  wave Born approx imat ion E l  and E2 v i r t u a l  photon 
spec t ra  t o  o b t a i n  these mul t i  p o l e  cornponents i n  t h e  corresponding (y ,h) 
c ross  s e c t i o n .  I t  i s  found t h a t  t h e  i s o v e c t o r  E2 g i a n t  resonancedecays 
dominant ly  by two-neutron emiss ion i n  6 3 ~ ~ .  T h i s  decay channel exhausts 
65 percent  o f  t h e  energy weighted E2 sum. 

The p o s s i b l e  ex is tence  o f  a  g i a n t  quadrupol r  resonance was d i s -  

cussed soon a f t e r  the  e x p l a n a t i o n  o f  t h e  nuc lear  photoef fect l .  The l a t -  

t e r  was exp la ined  as a d i p o l e  o s c i l a t i o n  o f  t h e  nucleus2. Using t h e  ex- 

c i  t a t i o n  energy E ( E l )  o f  t h e  g i a n t  d i p o l e  resonance (GOR) as normal- 
2 

i z a t i o n ,  t h e  e x c i t a t i o n  energy o f  the  corresponding q u a d r u p o l e  mode, 

Ex(E2), was c a l c u l a t e d  based on  hydrodynamical ana log ies  and found t o  

be 1.6 t imes  Ex(El) 3 .  Microscop ic  models f o r  the  E1 were developed l a t -  

ter ' ,  b u t  s ince  t h e  d i p o l e  resonance has no exper imenta l  1  y  i d e n t i  f i a b l e  

i s o s c a l a r  p a r t ,  t h e r e  was no immediate need t o  consider  separa te ly  i so -  

s c a l a r  and i s o v e c t o r  i n t e r a c t i o n s .  The a t tempt  t o  u n i f y  t h e  macroscopic 

and mic roscop ic  t reatment  o f  t h e  g i a n t  d i p o l e  resonance5 l e d  t o  t h e  i n -  

c o r p o r a t i o n  o f  i sospin-dependent p a r t i c l e - h o l e  i n t e r a c t i o n s  i n t o  t h e  

m ic roscop ic  model 4 .  The un i  f i e d  descr i  p t i o n  leads t o  t h e  p r e d i c t i o n  o f  

a  s p l i t t i n g  o f  a l l  g i a n t  modes i n t o  i s o v e c t o r  and i s o s c a l a r  p a r t s .  The 

i s o s c a l a r  p a r t s  a r e  always lower i n  energy than t h e  u n p e r t u r b e d  s t a t e  

because o f  

whi l e  the  

rupo le  exc 

i n t o  - 6 0 ~ -  

the  a t t r a c t i v e  n a t u r e  o f  t h e  i s o s c a l a r  p a r t i c l e - h o l e  fo rce ,  

sovector  p a r t s  a r e  h igher  i n  energy. For the case o f  quad- 

t a t i o n s  the  unper turbed energy o f  2&, = 8 0 ~ - ' I 3  MeV changes 

/3 MeV f o r  AT = O and - [ ~ o A - " ~  MeV f o r  AT = I '. 
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For t h e  i s o s c a l a r  g i a n t  quadrupole resonance t h e r e  i s  a l ready  a  

good .systematics i n  t h e  l i t e r a t u r e 7 " .  Most o f  t h e  da ta  about t h i s  c o l -  

l e c t i v e  mode come f rom hadron i n e l a s t i c  s c a t t e r i n g ,  which s e l e c t i v e l y  

e x c i t e s  i s o s c a l a r  modes. For  the  i s o v e c t o r  quadrupole mode t h e r e  iscom- 

p a r a t i v e l y  l i t t l e  exper imenta l  evidence. Since i s o v e c t o r  e x c i  t a t  i o n s  

a r e  suppressed i n  hadronic  i n t e r a c t i o n s ,  t h e  evidence comes from e l e c-  

t romagnet ic  experiments: cap tu re  r e a c t i o n s  and e l e c t r o n  scat ter ing.Cap-  

t u r e  r e a c t i o n  measurements can g i v e  d i r e c t  i n d i c a t i o n  o f  t h e  i s o s c a l a r  

and i s o v e c t o r  n a t u r e  o f  e x c i t a t i o n s  by comparing magnitude and s i g n  o f  

the a p p r o p r i a t e  Legendre c o e f f  i c i e n t s  i n ,  e.g., (y,po) and (y ,no)  angu- 

l a r  d i s t r i b u t i o n s .  However they observe o n l y  t h a t  p a r t  o f  t h e  i s o v e c t o r  

quadrupole mode t h a t  decays t o  t h e  ground s t a t e  o f  t h e  r e s i d u a l  nucleus, 

which i s  u s u a l l y  o n l y  a  few percen t  o f  t h e  t o t a l  s t reng th .  I n c l u s i v e  

e l e c t r o n  s c a t t e r i n g  e x c i t e s  a11 modes and i t  i s  v e r y  d i f f i c u l t  t o  sep- 

a r a t e  them. As an example, f i g .  1 shows t h e  decomposit ion o f  the  e l e c-  

t r o n  s c a t t e r i n g  c ross  s e c t i o n  i n  6 3 ~ u  i n t o  i s o v e c t o r  E1 and E2 and i s o -  

s c a l a r  E2 resonances '. From t h i  s  decomposi t i o n  t h e  i sovector  quadrupole 

i s  loca ted  around 32 MeV e x c i t a t i o n  energy and exhausts 82% o f  t h e  co r-  

responding sum r u l e .  

I t  has t o  be p o i n t e d  o u t  t h a t  i n c l u s i v e  e l e c t r o n  s c a t t e r i n g  has 

t o  take  recourse t o  genera l  t h e o r e t i c a l  expec ta t ions  and t o  cornpari son 

w i t h  hadron i n e l a s t i c  s c a t t e r i n g ,  which suppresses i s o v e c t o r e x c i t a t i o n s ,  

i n  o r d e r  t o  e s t a b l i s h  ev idence f o r  the  i s o n a t u r e o f a c e r t a i n e x c i t a t i o n .  

Furthermore, s ince  the  i s o v e c t o r  E2 resonance appears i n  t h e  t a i  l r e -  

g i o n  o f  the  E l ,  the  s t r e n g t h  i s  v e r y  dependent on the  r a d i a t i v e  t a i l  sub- 

t r a c t i o n ,  as can be seen i n  f i g .  1, Apar t  f rom t h a t ,  t h e r e  i s  a n  i n -  

creased model dependence o f  these r e s u l t s  as compared t o  those f o r  t h e  

i s o s c a l a r  resonance. Whi le  f o r  t h e  l a t t e r  i t  i s  g e n e r a l l y  accepted t h a t  

i t can be represented a c c u r a t e l  y  enough by a  su r face  o s c i  1  l a t  i o n  (Tass ie 

model, Goldhaber- Tel ler  model), t h i s  may no longer  be t r u e  f o r  isovec-  

t o r  o s c i l l a t i o n s ,  as has been shown f o r  the  d i p o l e  case''. Another p o i n t  

i s  t h a t  i s o v e c t o r  sum r u l e s  a r e  n o t  as rnodel independent as i s o s c a l a r  

sums, because o f  the  e f f e c t s  o f  exchange c o n t r i b u t i o n s .  The t h e  isovec-  

t o r  energy weighted sum r u l e ,  which i s  ob ta ined  f rom t h e  i s o s c a l a r  one 

r e p l a c i n g  2' by N Z ,  has t o  be regarded as a  lower 1 imi t f o r  the  isovec-  

t o r  s t reng th .  
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6 3 ~ u  (ae9 220 MeV '"4 6 

C rodiative tail / 
1 

F ig , l  - isovector  E1 and E2 and isoscalar  E2 g ian t  
resonances observed i n  e l  ec t ron  scat te r  i ng i n 6 3 ~ u ?  

F i g .  2 shows the l oca t i on  o f  the isovector  E2 resonance i n  sev- 

era1 nuc le i .  The data are  from e lec t ron sca t te r i ng  and capture reac- 

t i o n s  and were obtained f rom the compi l a t i o n s  o f  ~ e r t r a n d ~  and ~i tthan" 

p lus  the recent data o f  re f .  9. As f i g .  2  shows, the isovector  E2 i s  

located a t  1 2 0 - 1 3 0 ~ - ~ / ~  MeV f o r  most nuc le i  . According t o  r e f .  11 the 

isovector  E2 mode exhausts -100% o f  the energy weighted sum i n  most nu- 

c l e i .  

Sinca we have  p o o r  i n f o r m a t  i o n  o n  t h e  i s o v e c t o r  E2 mode 

as ye t ,  a  b e t t e r  knowledge o f  t h i s  mode i s  o f  great  in teres t .Thereason 

i s  t ha t  we can learn  about features tha t  a re  not  present i n t h e  isoscalar 

mode. The main proper t ies  which influente the isovector  strengths,which 

p lay  l i t t l e  o r  no r o l e  f o r  the isosca lar  case, a re  ve loc i t y- dependen t  

and exchange e f f e c t s  i n  nuclear i n te rac t i ons 6.  Once we have learned t o  

measure the isovector  resonances accura te ly  and t o  evaluate r e s u l t s  i n-  

dependent o f  m d e l  , we wi I 1  have more s t r i ngen t  t es t s  o f  nuclear models. 
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F ig .2  - Systematics f o r  t h e  e x c i t a t i o n  energy o f  
the  i s o v e c t o r  E2 q i a n t  resonance versus the  atomic 
mass A. 

Apar t  f rom t h e  l a c k  o f  accura te  data on the  i sovector  quadrupole 

mode, t h e r e  i s  no data about  i t s  decay p r o p e r t i e s .  There i s  recent  e v i -  

dente t h a t  the  decay o f  g i a n t  resonances i s  dominant ly  s t a t i s t i c a l l * .  I f  

t h i s  i s  a l s o  t h e  behaviour  o f  t h e  i s o v e c t o r  quadrupole mode, we would 

expect t h a t  i n  6 3 ~ u  i t  would decay dominant ly  by emiss ion o f  two neu- 

t r o n s ,  s ince  t h i s  i s  the  dominant decay mode o f  pho toabsorp t ion  arqund 

22 MeV e x c i t a t i o n  energy. The (y,n) decay channel becomes v a n i s h i n g l y  

small  above 27 MeV 1 3 .  T h i s  has mot i va ted  us t o  search f o r  t h e  i s o v e c t o r  

E2 i n  t h e  (y,2n) decay channel . 
l n  t h i s  paper we r e p o r t  measurements o f  the (y,2n) e l e c t r o d i  s in te-  

g r a t i o n  c ross  s e c t i o n  i n  6 3 ~ u .  l n  o r d e r  t o  per fo rm t h e  mul t i p o l e  de- 

cornposit ion, t h e  v i r t u a l  photon method i s  used. 

2 .  THE VIRTUAL PHOTON MEíHOD 

Dur ing t h e  l a s t  decade t h e  s tudy o f  t h e  g i a n t  m u l t i p o l e  reson- 

ances, toge ther  w i t h  the  emergence o f  v i r t u a l  photon c a l c u l a t i o n s  u s i n g  

the d is to r ted-wave  Born approx imat ion  (DWBA) o f  Onley and c 0 1  1 a b o r -  

atorsn-", have J o i n t l y  s t i m u l a t e d  a renaissance o f  i n t e r e s t  i n  e l e c-  

t r o d i s i n t e g r a t i o n  experiments. 
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The b a s i c  premise o f  t h e  v i r t u a i  photon technique i s  t h a t  t h e  

e l e c t r o d i s i n t e g r a t i o n  c ross  sec t ion ,  a (E,), f o r  i n c i d e n t  e l e c t r o n s o f  
e , x  

energy Eo ,  can be expressed i n  terms o f  the  photonuclear  c ross  sec t ion ,  

ou (E) assoc ia ted  w i t h  t h e  a b s o r p t i o n  o f  r e a l  photons o f  energy E and 
Y,X AL 

m u l t i p o l a r i t y  XL through t h e  v i r t u a l  photon spectrum, N (E~,E,z) 

I n  f i g .  3 t h e  E1 and E2 DWBA v i r t u a l  photon spec t ra  f o r  e l e c-  

t r o n s  o f  i n c i d e n t  energy 45 MeV a r e  shown f o r  Cu. T.he advantage of an 

e l e c t r o d i s i n t e g r a t i o n  experiment i s  t h a t  i t  enhances E2 absorp t ion ,  be- 

cause the  E2 spectrum i s  b i g g e r  than E l .  Even though v i r t u a l  photonspec- 

t r a  f o r  f i n i t e  n u c l e i  a r e  a l r e a d y  a v a i l a b l e 1 7 ,  throughout  t h i s  work we 

w i l l  use DWBA spec t ra  f o r  a p o i n t  nucleus, because f o r  t h e  energy range 

considered here  i n  "CU s i z e  c o r r e c t i o n s  a r e  n e g l i g i b l e .  

F íg .3  - E1 and E2 v i r t u a l  photon 
spec t ra  f o r  45 MeV e l e c t r o n s  i n -  
e l a s t i c a l l y  s c a t t e r e d  frorna cop- 
per  nuc leus.  
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The enhancement o f  t h e  E2 r e l a t i v e  t o  t h e  E l  v i r t u a l  p h o t o n  

spec t ra  has a l r e a d y  been e x p l o i t e d  i n  severa1 exper iments t o  s tudy E 2  

a b s o r p t i o n  by n u c l e i ,  e.g. re fe rences  18-21. I n  these exper iments t h e  

p h o t o d i s i n t e g r a t i o n  c ross  s e c t i o n  induced by bremsstrahlung 
ubr,x(Eo) 

i s  a l s o  measured by i n t e r p o s i n g  a r a d i a t o r  ahead o f  t h e  ta rge t :  

where N i s  the  number o f  nuc le i /cm2 i n  t h e  r a d i a t o r  and K(Eo, E ,Z) i s  
r 

the  bremsstrahlung c ross  sec t ion .  By u s i n g  the  r a d i a t o r  t h e  m u l  t i p o l e  

cornposi t i o n  o f  the  photons seen by t h e  t a r g e t  i s  changed. For  6 3 ~ ~  and 

t h e  energ ies  invo lved  here t h e  v i r t u a l  spectrum con ta ins  about t w i c e  as 

many E2 photons as E1 photons, b u t  t h e  bremsstrahlung spectrum has no 

p r e f e r r e d  m u l t i p o l e s .  

Severa1 exper imenta l  checks o f  the  DWBA v i r t u a l  photon spec t ra  
2 1- 2  5 

have been made , b u t  t h e  m s t  accura te  o f  these t e s t s  was an ex- 

periment where an isochromat o f  the  E1 v i r t u a l  p h o t o n  s p e c t r u m  was 

measured by coun t ing  the  number o f  ground- state p ro tons  e m i t t e d  by t h e  

16.28 MeV i s o b a r i c  analogue s t a t e  i n  O 7 - r  as a f u n c t i o n  o f  i n c i d e n t  

e l e c t r o n  energy25 .  The exper imenta l  r e s u l t s  agree w i t h  those p r e d i c t e d  

by the  v i r t u a l  photon c a l c u l a t i o n  w i t h i n  the  exper imenta l .e r ro r  o f  one 

percent .  

The bremsstrahlung c ross  s e c t i o n  which e n t e r s  i n  eq.(2)has a l s o  

been subjected t o  exper imenta l  t e s t s Z 6 .  I t  was shown t h a t  the  Davies- 

Bethe-Maximon bremsstrahlung c ross  sec t ion ,  which w i l l  be used i n  t h i s  

work, i s  i n  e x c e l l e n t  agreement w i t h  p h o t o d i s i n t e g r a t i o n  exper imenta l  

r e s u l t s  above 28 MeV. 

3. THE EXPERIMENT 

The 6 3 ~ u  (e,2n) c ross  s e c t i o n  was measured by r e s i d u a l  a c t i v i  t y .  
+ 

The r e s i d u a l  nucleus 6 3 ~ u  decays by 6 (62%) and e l e c t r o n  cap tu re  (38%) 

t o  6 1 ~ i  2 7 .  We have f o l l o w e d  the  decay by d e t e c t i n g  t h e  67.4 keV y -  r a y  

l i n e  t h a t  r e s u l t s  f rom t h e  decay t o  6 1 ~ i ,  u s i n g  a Ge-Li d e t e c t o r  system. 
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The t a r g e t s  ( f i v e )  used a r e  99.89 enr i ched  6 3 ~ u  w i t h  a  th i ckness  o f  

10.16 -+ 0.10 rng/cm2 measured by weighing. The t a r g e t s  were a c t i v a t e d  i n  

the e l e c t r o n  bearn o f  the  São Paulo L inear  E l e c t r o n  A c c e l e r a  t o r .  The 

LINAC c u r r e n t  was measured by a  Faraday Cup. 

We have a l s o  measured t h e  p h o t o d i  s i n t e g r a t  i o n  i n d u c e d  b y  

bremsstrahlung u s i n g  a  0.358 g/cm2 copper r a d i a t o r ,  p laced i n  the  e lec -  

t r o n  beam j u s t  ahead o f  t h e  t a r g e t .  The LINAC c u r r e n t  wasmeasuredusing 

a  secondary emiss ion moni t o r  c a l  i b r a t e d  r e l a t i v e  t o  a  Faraday, Cup. The 

measured y i e l d s  were coc rec ted  f o r  energy l o s s  o f  e l e c t r o n s  i n t h e r a d i -  

a t o r  and the  e l e c t r o d i s i n t e g r a t i o n  produced i n  t h e  t a r g e t s  was sub- 

t r a c t e d .  

The r e s u l t s  ob ta ined  f o r  t h e  e l e c t r o d i s i n t e g r a t i o n  c ross  sec- 

t i o n  and the  bremsstrahlung induced p h o t o d i s i n t e g r a t i o n  a r e  shown i n  

f i g .  4 by the  open and f u l l  c i r c l e s  r e s p e c t i v e l y .  

4. DIXUSSION 

Fi1q.4 - a, 2n(Eo) f o r  6 3 ~ u  
(open c i  r c l e s )  and the  pho- 
t o d i s i n t e g r a t i o n  induced by 
bremsstrahlung ( f u  l l c i r -  
c l e s ) .  The s t a t i s t i c a l  e r -  
r o r s  a r e  o f  the s i z e o f  t h e  
p o i n t s  o r  sma l  l e r ,  The 
srnooth curves (El+E2) and 
Obr a r e  t h e  bes t  f i t t o t h e  
data (see t e x t ) .  

I n  o r d e r  t o  decompose o u r  e x p e r  i m e n t a  1 e l e c t r o d i s i n t e g r a t i o n  

c ross  s e c t i o n  i n  terms o f  E1 and E 2  c o n t r i b u t i o n s  we w r i t e  e q . ( l )  as: 
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Since t h e  (y,2n) t h r e s h o l d  i s  a t  19.7 MeV, i n  t h e  energy range covered 

by o u r  dxperiment t h e  m u l t i p o l e s  t h a t  a r e  expected t o  c o n t r i b u t e  a r e t h e  

i s o v e c t o r  E1 and i s o v e c t o r  E 2 .  Around 30 MeV t h e r e  should a l s o  be t h e  

i s o s c a l a r  E3 rode,  b u t  i t  g i v e s  n e g l i g i b l e  c o n t r i b u t i o n  t o  the  e l e c t r o -  

d i s i n t e g r a t i o n  c ross  s e c t i o n  (see r e f  .21). I n  eq. (3) we use f o r  (E) 
~ 9 2  

a v a i l a b l e  photonuclear  data2' .  S ince t h e  photonuclear  da ta  do n o t  d i s -  

t i n g u i s h  d i f f e r e n t  m u l t i p o l e s  we a r e  assurning: 

For uE2 (E) we w i l l  use a  L o r e n t z i a n  shape w i t h  peak a t  
Y, 2n 

= 30 M ~ V )  and a  w i d t h  o f  8 MeV. The systemat ics f o r  t h e  

d i c a t e s  t h a t  i t  i s  a  broad resonance as i l l u s t r a t e d  i n  f 

The curves l a b e l l e d  (El+E2) and Ubr shown i n  f i g  

1  2 0 ~ ~ " ~  ( E ~  = 

i s o v e c t o r E 2  i n -  

i g .  I. 

.4 a r e  t h e  bes t  

f i  t s  t o  o u r  da ta  u s i n g  eq. (3) f o r  t h e  e l e c t r o d i s i n t e g r a t i o n  c ross  sec- 

t i o n  and eq. (2) f o r  the  brernsstrahlung y i e l d  s imul taneously .  Fig.5'shows 

the photonuclear  data from r e f .  28  decornposed i n t o  E l  and E2, as ob- 

t a i n e d  from the  f i t  t o  our  data. J u s t  t o  i l l u s t r a t e  t h e  e f f e c t ,  cu rve  

l a b e l l e d  E1 i n  f i g .  4  i s  t h e  r e s u l t  o f  i n t e g r a t i n g  t h e  c ross  s e c t i o n  o f  

f i g .  5 assuming i t i s  a l l  ,E1 . The d i f f e r e n c e  between curves (EI+E2) and 

E1 i s  40% a t  45 MeV. The c a l c u l a t e d  p h o t o d i s i n t e g r a t i o n  y i e l d ,  o f  course, 

remains unchanged i f  we assume t h a t  t h e  photonuclear  c ross  s e c t i o n  i s  

a l  l E l  . The d i  f f e r e n c e  between curves (El+E2) and E1 shows t h e  sensi - 
t i v i t y  o f  e l e c t r o d i s i n t e g r a t i o n  c ross  s e c t i o n  t o  t h e  mul  t i p o l e  cornpo- 

s i t i o n  o f  t h e  photonuclear  process. The i s o v e c t o r  E2 cornponent ob ta ined  

from the f i t  exhausts 65 percen t  o f  t h e  energy weighted sum. Th is  r e s u l t  
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Fiq .  5 - The data po in ts  show the photo- 
nuclear cross sect ion (y,2n) f rom r e f  .28. 
The curves show the decornposition i n t o  E1 
and E2 components. 

i s  cons is ten t  w i t h  the e lec t ron  scat te r ing  r e s u l t  o f  r e f .  9,which f i nds  

tha t  the isovector  E2 exhausts 82 percent o f  the corresponding sum. Since 

we.observed on l y  the dominant decay channel, the remaining strength can 

be i n  o ther  channels (y,pn;y,2p;. . . I .  

5. CONCLUSIONS 

We have measured the (e,2n) cross sec t ion  f o r  6 3 ~ u .  Combining 

t h i s  measurement w i t h  photod is in tegra t ion  induced by bremsstrahlung we 

have shown t h a t  the (e,2n) cross sec t ion  i s  the dominant decay channel 

f o r  the isovector  E2 resonance i n  t h i s  nucleus, exhausting 65percento f  

the energy weighted sum. 

The e lec t rod i s in teg ra t i on  cross sec t ion  can be used as an im-  

por tan t  to01 t o  measure the decay o f  E2 s t rength  i n  nuc le i .  
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O decaimento da ressonância g igante i sove to r i a l  de quadrupolo 
e l é t r i c o  no 6 3 ~ u  f o i  estudado através da medida da secção de choque 
(y,2n), usando-se e1 étrons de energia 22-45 Meu. A fotodes i ntegração i n-  
duzida por bremsstrahlung f o i  também medida. Os resultados da eletrode-  
sintegração foram anal isados usando-se os espectros de fõtons v i r t u a i s  
E1 e E2 calculados na aproximação de Born de ondas d is torc idas ,  a f i m  
de se obter  a composição mul t i p o l a r  de processo (y,2n) correspondente.  . 
Obtemos que a ressonância g igante i sove to r i a l  E2 decai dominantemente 
pela emissão de do i s  nêutrons. Esse c a n a l  de d e c a i m e n t o  e b g o t a  65 
por cento da correspondente regra da soma ponderada em energia. 


