
(of, 1') state at 16.35 MeV and a 2+; T=1 state at 

16.44.6 Our data cannot be fit with an L=O 

distribution. Both, L=1 and L=2 distributions are 

fairly consistent with the cross section data whereas 

the L=l description is slightly better for the 

analyzing power data. 

The overall reproduction of the data by DWBA is 

similar for 170(p,t) and l*~(~,t) for the known con- 

figurations in the final nuclei. The question whether 

the zero-range approximation or the finite-range DWBA 

code or perhaps both develop serious problems at large 

momentum mismatch is still under investigation. 
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ENERGY DEPENDENCE OF THE 24~g(;,d) REACTION FOR VARIOUS R TRANSFEKS 

D.W. Miller, J.D. ~rown', D.L. Friesel, W.W. Jacobs, W.P. Jones, H. Nann, P. Pichardo 
Indiana University Cyclotron Facility, Bloomington, Indiana 47405 

J.Q. Yang 
Institute of Nuclear Research, Academia Sinica, Shanghai, China 

P.W.F. Alons and J.J. Kraushaar 
University of Colorado, Boulder, Colorado 80309 

Early analyses1 of results of (p,d) reaction low-lying JT = 1/2+, 1/2', 3/2', 3/2+, 5/2+, and 7/2+ 

cross-section and analyzing-power measurements obtained residual states of 23Mg. A few data points were also 

for R = 0 transitions raised substantial questions taken at 95 MeV in order to provide a cross normali- 

regarding the applicability of standard DWBA methods to zation of the telescope results with earlier 95-MeV 

this reaction at or above 100-MeV bombarding energy. spectrometer rneasurements.2~3 An analysis of the 

The purpose of the present investigation was to study distributions for the lowest 1/2+ state, incorporating 

transitions involving different orbital angular results from a number of other laboratories spanning 

momentum (1) and spin (j) transfers as a function of the bombarding-energy range from 27 to 185 MeV, has 

bombarding energy to provide a data base for detailed already been published. 

theoretical investigations of the energy dependence of The telescope consisted of five elements, a 2-m 

the reaction mechanism. thick Si surface barrier detector followed by 12.0, 

Measurements of cross-section and analyzing-power 13.0, 9.4 and 13.0-mm thick intrinsic Ge detectors. The 

angular distributions were carried out using the same overall (full width at half maximum) resolution of the 

detector telescope at bombarding energies of 49.2-and system including target thickness, kinematic spread, 
-+ 

2 4 150.3 MeV for the Mg(p,d) reaction to the known and the detector stack plus electronics was about 
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200 keV a t  49.2 MeV and 300 keV a t  150.3 MeV. Although 

some deu t e ron  groups were not  we l l  resolved a t  150 MeV, 

l o c a t i o n s  of t h e  r e s i d u a l  s t a t e e  were we l l  known, and 

r e l i a b l e  peak f i t t i n g  was achieved f o r  a l l  t he  c a s e s  

r e p o r t e d  here .  The a b s o l u t e  c r o s s  s e c t i o n s  a r e  

e s t i m a t e d  t o  have an  u n c e r t a i n t y  of 215% a t  49.2 MeV 

and +25% a t  150.3 MeV, t h e  l a t t e r  due t o  u n c e r t a i n t y  i n  

t h e  t e l e scope  e f f i c i e n c y .  

R e s u l t s  were obta ined  f o r  groups l ead ing  t o  t he  

two 1/2+ s t a t e s  (2.36 and 4.36 MeV), a s  w e l l  a s  t o  t h e  

low-lying 112- (2.77 MeV), 312' (3.80 MeV), 3/2+ 

(ground s t a t e ) ,  5/2+ (0.45 MeV) and 7/2+ (2.05 MeV) 

s t a t e s .  P l o t s  of t h e  r e s u l t s  f o r  t h e  1/2+ s t a t e  a t  

2.36 MeV a s  a f u n c t i o n  of a n g l e  have a l r e a d y  been 

publ ished.4  It should be noted t h a t  t h e  main o s c i l -  

l a t o r y  f e a t u r e s  of both c r o s s  s e c t i o n s  and ana lyz ing  

powers f o r  t he  R = 0 t r a n s i t i o n s  a r e  reasonably  s t a b l e  

when p l o t t e d  a g a i n s t  ang l e ,  bu t  s h i f t  s u b s t a n t i a l l y  

when p l o t t e d  a g a i n s t  momentum t r a n s f e r  f o r  t he  d a t a  a t  

d i f f e r e n t  bombarding ene rg i e s .  

F igu re s  1-3 p r e s e n t  t h e  c ro s s - sec t i on  and 

analyzing-power d i s t r i b u t i o n s  f o r  groups l ead ing  t o  a l l  

but  t h e  1/2+ s t a t e s  a t  49.2, 94.8 and 150.3 M e V  

bombarding energy,  p l o t t e d  a s  a f u n c t i o n  of momentum 

t r a n s f e r  q f o r  comparison. R e s u l t s  f o r  t h e  112' and 

312' s t a t e s ,  assumed t o  be dominated by a one-step 

R = 1 t r a n s f e r ,  a r e  shown i n  Fig. 1. The most 

s t r i k i n g  j-dependent f e a t u r e  of t h e  ana lyz ing  powers 

(predominate ly  nega t ive  va lues  f o r  112' s t a t e s  a t  

forward ang l e s  compared t o  t he  nea r  zero  va lues  f o r  

312' s t a t e s ) 3 r 5  which appea r s  t o  be n e a r l y  s t a b l e  w i th  

0 

a n g l e  a t  around €Icm = 8 , c l e a r l y  s h i f t s  when t h e  d a t a  

a r e  p l o t t e d  a g a i n s t  momentum t r a n s f e r .  However, t h e  

l a rge r - ang le  o s c i l l a t i o n s  i n  t he  ana lyz ing  powers s h i f t  

when p l o t t e d  ve r sus  e i t h e r  €Icm o r  q. For t he  R = 2 

t r a n s f e r  r e s u l t s  (3/2+ and 5/2+ s t a t e s )  p l o t t e d  i n  Fig.  

2, t h e  j-dependence is  l e s s  pronounced. F igu re  3 shows 

t h e  r e s u l t s  f o r  t h e  7/2+ s t a t e  a t  2.05 MeV, which i s  

presumed t o  be e x c i t e d  p r i m a r i l y  by a two-step 

mechanism. 

+ 
Figu re  1. (p,d) d i f f 5 5 e n t i a l  c r o s s  s e c t i o n  and analyzing-power angu la r  d i s t r i b u t i o n s  f o r  two R = 1 t r a n s i t i o n s  t o  
low-lying s t a t e s  i n  Mg a s  a f u n c t i o n  of bombarding energy.  P re sen t  t e l e scope  r e s u l t s  a t  49.2 and 150.3 MeV a r e  
p l o t t e d  a t  t h e  top  and bottom, w i th  t he  previous ly-publ ished spect rometer  r e s u l t s  a t  94.8 MeV i n  t h e  c e n t e r .  



24 
Mg (E dl  2 3 ~ g  (G. S., 3/2+) 

Figure  2. (p,d) d i f f 9 5 e n t i a l  c ross  s e c t i o n  and analyzing-power angular  d i s t r i b u t i o n s  f o r  two R = 2 t r a n s i t i o n s  t o  
low-lying s t a t e s  i n  Mg. 

Exact f  i n i t e - r ange  distorted-wave c a l c u l a t i o n s  

have been c a r r i e d  out using the  code6 FRUCK2 applying 

t h e  a d i a b a t i c  approximation. The s tandard bound-state 

geometry with r ad ius  1.25 fm and d i f fuseness  0.65 fin 

was employed, wi th  the  spin-orbi t  parameter A = 25. 

LT 
Proton optical-model parameters a t  49, 95 and 150 MeV 

h 

W 
L 

were obta ined from the  p r e s c r i p t i o n  of Hatanaka e t  a1.8 

F igures  4 and 5 show R = 1 and R = 2 comparisons 

between the  da ta ,  p l o t t e d  a s  a  func t ion  of 8,,, and the  

d i s t o r  ted-wave p red ic t ions  using the  Ha tanaka pre- b 
u - . 

- 
s c r i p t i o n  throughout. This p r e s c r i p t i o n  ex t r apo la t ed  a 

t o  150 MeV leads  t o  small  values  of t he  r e a l  c e n t r a l  150 - 
lo0, , , , , , , 

proton o p t i c a l  p o t e n t i a l  s t r eng th ,  but does not 0 200 400 600 200 400 600 

s i g n i f i c a n t l y  in f luence  the  d i s t r i b u t i o n  shapes shown q (MeV/c) 

i n  these  f igu res .  No a t tempt  was made to  explore  i n  

d e t a i l  o the r  refinements o r  pa ramet r i za t ions  i n  these  

c a l c u l a t i o n s  s i n c e  the  major purpose of t he  present  

+ 
Figure  3. (p ,d)  d i f f e r e n t i a l  c ross  s e c t i o n  and 
analyzing-power angular d i s t r i b u t i o n s  f o r  
t r a n s i t i o n  t o  the  l o r l y i n g  7/2+ s t a t e  i n  '%g. 



Figure 4. Comparison of cross-section and analyzing-power results  a t  three bombarding energies for R = 1 (p,d) 
transitions with EFR distorted-wa.ve calculations as described in text .  

Figure 5 .  Comparison of cross-section and analyzing-power results  a t  three bombarding energies for R = 2 (p,d) 
transitions with EFK distorted-wave calculations as described in  text .  
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s tudy was t o  provide the  da ta  base f o r  f u t u r e  analyses  

of  t h i s  type. However, s u b s t a n t i a l  shortcomings a r e  

a l r eady  apparent  i n  the  comparisons made here.  For 

example, t he  analyzing powers f o r  t he  j = 2-1/2 cases  

a r e  out-of-phase wi th  the  p red ic t ions  a t  49 MeV, but 

become i n  phase (though only roughly s i m i l a r  t o  the  

p red ic t ions )  a t  t he  higher bombarding energies .  The 

analyzing-power comparisons f o r  t he  j = R+1/2 cases  a r e  

g e n e r a l l y  b e t t e r  f o r  a l l  t h ree  ene rg ie s ,  except f o r  t he  

150-MeV r e s u l t  f o r  the  312' s t a t e  a t  3.80 MeV. 

Spectroscopic  f a c t o r s  ex t r ac t ed  from a "co r rec t "  

a n a l y s i s  should be independent of bombarding energy. 

The l i m i t e d  comparisons descr ibed above show an 

i n c r e a s e  i n  the  spect roscopic  f a c t o r s  by a f a c t o r  of 2 

t o  3 f o r  t he  two R = 0 cases  s tud ied  between 49 and 150 

MeV. Only a smal l  i nc rease  (30-50%) was observed i n  

t h e  spect roscopic  f a c t o r  over t h i s  energy range f o r  t he  

R = 1 cases  s tud ied ,  and the  R = 2 comparisons showed 

t h a t  t he  ex t r ac t ed  spect roscopic  f a c t o r  was e s s e n t i a l l y  

cons tan t .  This  gene ra l  t rend is c o n s i s t e n t  with the  

f a c t  t h a t  t he  R = 0 t r a n s i t i o n s  more gene ra l ly  seem t o  

cause  problems i n  the  c a l c u l a t i o n s  due t o  the  increased 

momentum mismatch and the  d i f f i c u l t y  of t r e a t i n g  the  

nuclear  i n t e r i o r  properly.  It should be noted t h a t  t he  

more ex tens ive  a n a l y s i s  of Alons e t  a1.4 of t h e  R = 0 

d a t a  show e s s e n t i a l l y  no energy dependence of the  

spec t roscop ic  f a c t o r  from 27 t o  185 MeV when a somewhat 

l a r g e r  and more d i f f u s e  bound-state geometry i s  used, 

and impulse approximation optical-model parameters a r e  

employed a t  150 and 185 MeV. 

+present address  : Physics Department, Pr inceton 
Univers i ty ,  Pr inceton,  N J  08544 

1) J.R. Shepard, E. Rost, and P.D. Kunz, Phys. Rev. 
C 25, 1127 (1982). 

2 )  D.W. Mi l l e r ,  W.P. Jones,  D.W. Devins, R.E. Marrs, 
and J. Kehayias, Phys. Rev. C 20, 2008 (1979). 

3 )  D.W. Mi l l e r ,  W.W. Jacobs, D.W. Devins, and W.P. 
Jones ,  Phys. Rev. C 26, 1793 (1982). 

4)  P.W.F. Alons, J.J. Kraushaar, D.W. Mi l l e r ,  
J. Brown, D.L. F r i e s e l ,  W.W. Jacobs,  W.P. Jones,  
H. Nann, and P. Pichardo, Phys. L e t t .  145B, 34 
(1  984). 

5 )  H. Nann, D.W. Mi l l e r ,  W.W. Jacobs,  D.W. Devins, 
W.P. Jones,  and Li Qing-Li, Phys. Rev. C 27, 1073 
(1983). 

6) Program DWUCK5, P.D. Kunz (unpublished);  extended 
ve r s ion  of J.R. Comfort (unpublished).  

7) K.C. Johnson and P.J.R. Soper, Phys. Rev. C 1, 976 
(1970); J.D. Harvey and R.C. Johnson, i b i d .  C 2, 
636 (1971)- 

8 )  K. Hatanaka, M. Fujiwara,  K. Hosono, N. Matsuoka, 
T. S a i t o  and H. Sakai,  Phys. Rev. C 29, 13 (1984). 




