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7w0-part1c1e e1a5t1c tran5fer react10n5 6etween heavy 10n5 are 5tud1ed u51n9 the 5em1c1a551ca1 appr0ach 1nc1ud1n9 60th 0ne- and 
tw0-5tep c0ntr16ut10n5 t0 the tw0-part1c1e tran5fer pr0ce55. 600d a9reement w1th the data 15 06ta1ned w1th f0rm fact0r5 and 0pt1ca1 
p0tent1a1 ca1cu1ated fr0m nuc1ear 5tructure. 8ecau5e the pha5e5 0f 0ne- and tw0-5tep pr0ce55e5 turn 0ut t0 6e very 51m11ar 1t 5eem5, 
h0wever, d1ff1cu1t t0 extract, fr0m the 1nterference pattern, c1ear-cut 1nf0rmat10n 0n the re1at1ve 1mp0rtance 0f the 51mu1tane0u5 
and the 5ucce551ve tran5fer pr0ce55e5. 

7he 1nterp1ay 0f0ne- and tw0-5tep mechan15m5 ha5 
a1way5 6een a m05t cruc1a1 and de6ated a5pect 1n the 
m1cr05c0p1c de5cr1pt10n 0f tw0-part1c1e tran5fer 
react10n5 6etween heavy 10n5 [ 1 ]. We have 5h0wn 1n 
a recent paper [2 ] that w1th the 5y5temat1c 1nc1u510n 
0f 60th 51mu1tane0u5 and 5ucce551ve pr0ce55e5 0ne 
repr0duce5 the a6501ute ma9n1tude 0f the cr055 5ec- 
t10n a550c1ated w1th the tw0-part1c1e tran5fer reac- 
t10n5. 0ne  u5ed here tran5fer amp11tude5 eva1uated 
5em1c1a551ca11y w1th 10ca1 0ne-part1c1e f0rm fact0r5 
6a5ed 0n pa1r1n9 wave funct10n5. 7he ana1y515 ha5 
c0nf1rmed prev10u5 f1nd1n95 [ 1 ] 0n the d0m1nance 
0f the 5ucce551ve tran5fer pr0ce55. 0ne  5h0u1d n0te, 
h0wever, that the fu11 ca1cu1at10n and the 0ne 1nc1ud- 
1n9 0n1y the 0ne-5tep c0ntr16ut10n 1ead t0 51m11ar re1- 
at1ve cr055 5ect10n5 and a150 t0 an9u1ar d15tr16ut10n5 
wh1ch, a1th0u9h d1fferent 1n ma9n1tude, 100k a11ke. 
7h15 exp1a1n5 why 0ne may u5e the 0ne-5tep f0r- 
ma115m a5 a 5pectr05c0p1c t0011n the ana1y515 0f tw0- 
part1c1e tran5fer react10n. 

A p05516111ty 0f 06ta1n1n9 1nf0rmat10n a60ut the 
re1at1ve 1mp0rtance 0f the tw0 pr0ce55e5 15 6y mea5- 
ur1n9 the pha5e 0f the tran5fer amp11tude. 7h15 c0u1d 
6e d0ne 6y ana1y51n9 tw0-part1c1e e1a5t1c tran5fer 
react10n5 5uch a5 e.9. 160 + 180. 7he 05c111at0ry pat- 

tern d15p1ayed 6y the e1a5t1c an9u1ar d15tr16ut10n at 
6ackward an91e5 0r191nate5 [ 3 ] fr0m the 1nterference 
0f the e1a5t1c and the tran5fer amp11tude5 pr0ce55e5, 
and 5h0u1d theref0re 6e 5en51t1ve t0 the pha5e 0f the 
tran5fer amp11tude. 

7he t0ta1 e1a5t1c 5catter1n9 amp11tude 15 1n fact 
91ven 6y 

f(0)  ~---fe1a5t1c(0) +ftran5fer( 7t --  0) . ( 1 )  

7he 1atter amp11tude ha5 6een eva1uated 5em1c1a55- 
1ca11y f0r the react10n 160 + ~80 at 5evera1 60m6ard- 
1n9 ener91e5 acc0rd1n9 t0 the f0rma115m 91ven 1n ref. 
[ 2 ], 1nc1ud1n9 60th 0ne- and tw0-5tep c0ntr16ut10n5. 
We ju5t reca11 that 6a51c 1n9red1ent5 0f the ca1cu1a- 
t10n are 10ca1 0ne-part1c1e tran5fer f0rm fact0r5 and 
0ver1ap5 1n the 1ntr1n51c frame, def1ned 6y the re1a- 
t1ve 10n-10n c00rd1nate, the 10n91tud1na1 rec011 6e1n9 
appr0x1mate1y taken 1nt0 acc0unt thr0u9h an aver- 
a9e pha5e. 7he t1me 1nte9ra15 are carr1ed 0ut 0ver the 
c1a551ca1 traject0ry, further appr0x1mated a5 a par- 
a601a ar0und the c0mp1ex turn1n9 p01nt. 51x 1nter- 
med1ate channe15 have 6een u5ed 1n the 1ntermed1ate 
170 +~70 ma55 part1t10n, c0rre5p0nd1n9 t0 the p05- 
5161e c0m61nat10n5 0f the three 51n91e-part1c1e 1eve15 
0d5/2, 151/2 and 0d3/2 1n 170. 7he 9r0und 5tate 0f 180 
15 de5cr16ed a5 a tw0-part1c1e 5tate 0ut51de the 160 
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F19. 1. E1a5t1c an9u1ar d15tr16ut10n5 f0r the react10n 1 6 0 +  180 at 
d1fferent ener91e5.7he exper1menta1 data [7,8] are c0mpared w1th 
the re5u1t 0f a m1cr05c0p1c ca1cu1at10n, 1nc1ud1n9 60th 0ne- and 
tw0-5tep tw0-part1c1e tran5fer pr0ce55e5, a5 d15cu55ed 1n the text. 
0pt1ca1-m0de1 parameter5 were a150 ca1cu1ated m1cr05c0p1ca11y 
acc0rd1n9 t0 ref5. [5,6]. 7he parameter5 f0r the rea1 part are 
V=43.24 MeV, r0,= 1.165 fm, av=0.605 fm, wh11e f0r the 1ma- 
91nary part they are W=37 MeV, r0w=0.97 fm, aw=0.77 fm at 
E=24 MeV, W=40.37MeVr0w=0.97fm, aw=0.81 fm atE=27 
MeV, and W=43.35 MeV r0w=0.97 fm, aw=0.83 fm at E=32 
MeV. 1n (a) the da5hed curve5 91ve the cr055 5ect10n5 a550c1ated 
w1th the ••pure•• e1a5t1c 5catter1n9, 1.e., ne91ect1n9 the c0ntr16u- 
t10n c0m1n9 fr0m the tran5fer pr0ce55. 1n (6) the da5hed curve 
91ve5 the cr055 5ect10n5 06ta1ned 6y 0n1y 1nc1ud1n9 the 0ne-5tep 
c0ntr16ut10n t0 the tran5fer pr0ce55. 

c0re, w1th wave funct10n [4]  0.89 (0d5/2)2+0.396 
(15~/2)2+ 0.223 (0d3/2)2. F1na11y t0 9enerate the e1a5- 
t1c W K 8  pha5e 5h1ft5 and t0 def1ne the c1a551ca1 tra-  
ject0ry we have u5ed the f01d1n9 p0tent1a1 91ven 1n 
ref, [5] and  an ener9y-dependent  1ma91nary par t  
eva1uated acc0rd1n9 t0 the m1cr05c0p1c pre5cr1pt10n 
0f  ref. [ 6 ] (cf. f19ure capt10n). 

7he  re5u1t5 0f  the ca1cu1at10n are 5h0wn t09ether 
w1th the da ta  [ 7 ], 1n f19. 1 . 7 0  ev1dence the effect 0f  
the 1nterference w1th the tran5fer pr0ce55, the cr055 
5ect10n5 9enerated 6y the ••pure•• e1a5t1c pr0ce55 are 
a150 5h0wn, a5 da5hed curve5, 1n f19. 1 a. 7he  0vera11 
a9reement  w1th the da ta  15 4u1te 5at15fact0ry, 1n v1ew 
0f  the a65ence 0f  any adju5ta61e pa ramete r  0r 5ca11n9 
fact0r, 60th 1n the 0pt1ca1 p0tent1a1 and tran5fer 
c0up11n95. 

We n0w turn t0 the 4ue5t10n 0f  the c0mpet1t10n 

6etween 0ne- and tw0-5tep pr0ce55e5. A5 an examp1e, 
1n f19. 16 the re5u1t5 06ta1ned 1n the fu11 ca1cu1at10n 
are c0mpared  w1th th05e 06ta1ned 6y 0n1y c0n51d- 
er1n9 the 0ne-5tep c0ntr16ut10n. 0 n e  can 5ee 1n the 
f19ure that  max1ma and m1n1ma 1n the an9u1ar d15- 
tr16ut10n, a1th0u9h d1fferent 1n ma9n1tude 51nce the 
amp11tude5 f0r the tw0-5tep pr0ce55 are 1ar9er than 
the 0ne5 a550c1ated w1th the 0ne-5tep, are n0t 519- 
n1f1cant1y 5h1fted w1th re5pect t0 each 0ther. 7h15 15 
6ecau5e the tw0 amp11tude5 turn 0ut t0 have a pha5e 
d1fference 0f  0n1y a few de9ree5. 5uch a re5u1t may  
6e under5t00d reca111n9 that  the 5ec0nd-0rder tran5- 
fer amp11tude can 6e expre55ed 1n term5 0f  the 0ne- 
part1c1e tran5fer amp11tude5 (wh1ch 1n turn have the 
5ame pha5e5 a5 the 51mu1tane0u5 tw0-part1c1e amp11- 
tude5) 1n the f0rm 

a <2~ = ~ a ~ a ~  

+ 0 0  

f , a , (0 ,  +Q).  (2) 
c~ 

8ecau5e 0f  the pa1r1n9 ener9y, the effect1ve Q-va1ue5 
Q~ a550c1ated w1th the 1ntermed1ate channe15 are, 
even f0r the 9r0und 5tate 0f  the 1ntermed1ate 
0 d d - 0 d d  5y5tem, a1way5 ne9at1ve. 1n 0rder  t0 
065erved marked  1nterference effect5 0ne ha5 t0 u5e 
10w 60m6ard1n9 ener91e5 where the e1a5t1c cr055 5ec- 
t10n f0r 1ar9er than 90 ° ha5 a ma9n1tude c0mpara61e 
t0 the tran5fer cr055 5ect10n f0r 1e55 than 90 °. Fur-  
therm0re, e1a5t1c tran5fer ha5 0n1y 6een mea5ured f0r 
119ht 10n5. U n d e r  the5e c1rcum5tance5 there w111 6e a 
5tr0n9 Q-va1ue m15match and the pr1nc1pa1 par t  1nte- 
9ra1 6ec0me5 the d0m1nant c0ntr16ut10n. 7h15 fea- 
ture make5 1t d1ff1cu1t at the pre5ent t1me t0 u5e the 
pha5e a5 a pr06e f0r d15cr1m1nat1n9 am0n9 the c0m- 
pet1n9 react10n mechan15m5. 

A5 a check 0f  the va11d1ty 0f  the 5em1c1a551ca1 eva1- 
uat10n 0f  the tran51t10n amp11tude5 and 0f  the u5e 0f  
10ca1 0ne-part1c1e tran5fer f0rm fact0r5 a5 we11 a5 0f  
the appr0x1mate t rea tment  0f  rec011, we have u5ed 
the 5ame appr0ach t0 de5cr16e 0ne-part1c1e e1a5t1c 
tran5fer react10n5. We have 5e1ected tw0 ca5e5 0f  
e1a5t1c 5catter1n9, name1y th05e a550c1ated w1th the 
react10n5 ~2C+ ~3C and ~60+ ~v0. 1n the f0rmer ca5e 
we have a55umed a (0p1/2)~ (0p1/2), 2 = 0 ,  tran5fer 
pr0ce55 1nterfer1n9 w1th the ••pure•• e1a5t1c 5catter1n9, 
wh11e 1n the 1atter we have u5ed a (0d5/2)--~ (0d5/2) 
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F19. 2. Ca1cu1ated e1a5t1c an9u1ar d15tr16ut10n5 f0r the react10n5 
~2C+ ~3C and ~60+ 170, c0mpared w1th the exper1menta1 data 
[9,10]. 1n (a) the da5hed curve5 91ve the re5u1t 06ta1ned 1n the 
"pure~ e1a5t1c 5catter1n9. 1n (6) the d1fferent 1nc0herent c0ntr1- 
6ut10n5 a550c1ated w1th an9u1ar m0mentum tran5fer 2 = 0, 2 and 
4 are a150 5eparate1y 5h0wn 

tran51t10n, w1th the 2 = 0 c0ntr16ut10n 1nterfer1n9 w1th 
the e1a5t1c and the 2 = 2 and 2 = 4 c0ntr16ut10n5 add- 
1n9 1nc0herent1y t0 the cr055 5ect10n5. 1n 60th ca5e5 
5pectr05c0p1c fact0r5 e4ua1 t0 un1ty have 6een 
a55umed, and 5tandard 0pt1ca1 p0tent1a15 a5 91ven 1n 
ref5. [ 9,10 ] have 6een u5ed. 7he  re5u1t5 0f the ca1- 

cu1at10n5 are d15p1ayed 1n f19. 2 and de5cr16e the 
0vera11 trend 0f the  data 1n much the 5ame way a5 the 
4uanta1 ana1y515 [ 9,10 ] a1ready pu6115hed. 

We can 5ummar12e th15 n0te 6y 5tat1n9 that a 
4uant1tat1ve m1cr05c0p1c de5cr1pt10n 0f tw0-part1c1e 
e1a5t1c tran5fer 6etween heavy 10n5 can 6e 06ta1ned 
1n the 5em1c1a551ca1 appr0ach 1nc1ud1n9 the c0ntr1- 
6ut10n5 due t0 the 0ne- and tw0-5tep tw0-part1c1e 
tran5fer pr0ce55. H0wever, the 1ar9e ne9at1ve Q-va1- 
ue5 a550c1ated w1th the 1ntermed1ate channe15 91ve 
r15e t0 51m11ar pha5e5 f0r the a550c1ated amp11tude5, 

thu5 mak1n9 1t d1ff1cu1t t0 extract fr0m the an9u1ar 
d15tr16ut10n 1nf0rmat10n c0ncern1n9 the1r re1at1ve 

pha5e. 
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