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1214 13 13 .. 
. The reaction C( N, N) C has been stud~ed at a bombarding 

energy of 100 MeV. The measured differential cross sections have been 

compared with exact finite range DWBA calculations including recoil. 

The angular distribution of the reaction popUlating the 2s1/ 2 state in 

13 ~ 
C at 3.09 MeV shows pronounced oscillations which are out of phase 

with those of the predicted angular distribution. The measured spectro-

scopic factor for this state is such that it is unlikely that an 

unexpected reaction process is dominating the expected direct/ transfer 

process. 

Recently it has been shown that the inclusion of "recoil effects" in 

numerical DWBA calculation~ of heavy ion transfer cross sections strongly affects' 

the predicted differential cross sections in both shape and magnitude (parti-

cularly at higher energies), and explains many observations which are- not 



, . 

, 2 

1 2 ' -previously understood, , - In particular, the inclusion-of recoil increases the 

nwnber of l-transfers which contribute to the cross sectioll • This ~an be seen 

from considering the selection rules. The angular momentum selection rules for 

a reaction A(a,b)B are: 

and 

jl 
where a =·b + x]t and B 

1 
x is transferred •. 

i. e." b and A are'. the cores between which 

'\ 
If recoil effects are not included, there is an additional "rule" which 

is an artifact of the "no-recoil" approximation. 
1 . 

It is: (-1) = 6n where .6n is 

the change in parity from the initial to the final system. The l-values which 

satisfy this pseudo rule are called "normal" 1's and those which do not are 

called "non-normal" l' s • The contributions of these non-normal 1,.,transfers to 

the cross secti~n have been found to be quite important in many heavy ion ' 

reactions. 

One example of this was the successfu~ analysis of single nucleon trans-

~ .. d' d b 14N 12C d liB . h' gh • 1 Th l' .l.er reactl.ons l.n uce y on' an. at l. er energl.es. e re atl. ve 

lack of structure in some of the angular distrib~tions for these reactions was 

explained by the complementary contribution of a "normal" 1 = 0 transfer and 

a "non-normal" R. = 1 transfer, both of which were highly structured b~t out·of 

. .' . 12 l~ 13 13 
phase with each other. In part1cular, the C( N, N) C reaction at , g.s. 

78 MeV was well fit, with the incoherent sum of these rapidly oscillating com-

ponents, producing a smooth angular distribution: in reasonable agreement with 

the data. 



3 

This explanation'of"the relatively structureless angular distribution is 

quite plausible, but it would be pref~rable to fit an angular distribution with 

structure to test the correctness' of the theoretical treatment. Such a test 
. . 

can be achieved by measuring the angUlar distribution of the reaction 

'. 12 . 1'" ) 3 13 . ' C( N, N) C(3.09 MeV,2sl /
2

) wh~ch, according to the first of the above 

selection rules, will have only an R. = 1 contribution to the cross sec-

tion. If this contribution has the same rapidly oscillating -angular dependence 

found in the R. = 1 contribution to the l3c ground state cross section,' then the 

,experimental 2s
ll2 

angular distribution would be expected to have pronounced 

oscillations. 

T h • d" h d' h l"'N l2C 1 • o test t ~s pre ~ct~on, we ave measure t e + e ast~c scatter-

ing and single nucleon transfer differential cross sections at a bombarding 
1'" . . 

energy of ioo MeV using an N beam from the Berkeley 88" cyclotron. The reac-

tion products were analyzed with magnetic spectrometer system. 3 
A momentum 

spectrum for the transfer reaction is shown in Fig. l,with the gro~d state 

and 3.09 MeV state • di d S' l3N · d b 1 9" V ~ncate. ~nce ~s boun '. y only •. '" Me ,no 

excited.states of l3N are expected in the spectrum. 
13 . 

Figure 2 shows the angular distributions of Lhe C states •. Also shown 

for comparison is the measured elastic scattering angular distribution and its 

optical model fit. It can be seen clearly from Fig. 2 that the l3C ground 

st~te (lPl/2) does not oscillate while the angular, distribution for the 3.09 l1eV. 

(2sl/~) state has pronounced oscillations, in qualitative agreement with the 

prediction given above. However, a serious discrepancy appears when the- oscil-

lations of the 3.09 MeV (2S
1

/ 2) angular distribution are compared with those 

of the elast~c scattering angular distribution in Fig. 2. We see that the two 

distributions oscillate out ,of Dhase. The diffraction model for heavy 'ion . 
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transfer reactionsS indicates that this phasing is Characteristic of an even 

I. transfer and, as has been pr~viously mentioned, the transfer reaction is 

expected :to populate the 2s
1

/ 2 state with I. = 1 only •. It is possible that the 

diffraction model is too crude to give reliable predictions of such phasing. 

To investigate this question we must employ a more accurate theoretical treat-

. mente 

Exact finite lrange DWBA calculations including ';recoil were made,using 

2 the program LOLA. These are shown in Fig. 3. The ground state (lPl/2) 

angular distribution is reasonably well fit with the DWBA pr.ediction which is 

an incoherent sum of I. ~ 0 and I. = 1 components and gives a product spectro

scopic factor of 0.51. This number is in good agreement with the value deter-
2',:' . . ... , .' ..... 

mined in the 78 MeV analysis' (0.53) and with the theoretical value of Cohen and 

Kurath6 (0.42). On the other hand, the I. = 1 'prediction for the 2s1/2 angular 

distribution is clearly out of phase with the. data, as anticipated by the con

sideration of the diffraction model above. Curiously, the data bear an amazing 

resemblance in phase and shape to the I. = 0 'contribution to the ground state 

angular distribution. \. , 

We'have investigated the dependence of these predictions on the optiCal 

model parameters used. Other parameter sets which fit the 14N + 12C elastic 

scattering in this energy region 7 were tried in the DWBA calculations. Also 

investigated were the effects of small changes in the bound state parameters 

, . (those used ~n the fits shown are rO = 1.25 F and a = 0.S5 F. None of these 

changes produced any discernable . change in the phase of the angular distribu-

tions. 
) 

Since the finite range DWSA program LOLA has given good agreement with 

other oscillating angular distributions in this mass and energy reg,ion2 (no 
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2S1/2 states were studied, "however) and has also correctly predicted the angular 

d o °b' f' 2 • h 30S ·(16 15 )31p' . 42' M V 8 l.strl. utl.on 0 a sl/2 state l.n tel. 0, N ,reactl.on at e , we 

must conclude that the fault does not lie with the code, and that the reaction 
, 

process responsible for the population of the 2s1/2 state is somehow not being 

correctly described. 

At high excitation energy there-appears (Fig. 1) a weakly excited group 

at 7.3 ± 0.3 MeV. The angular distribution of this grOup is shown in Fig. 2~ 

Based on a comparison with other , 
, 8' 

single-nucleon transfer data, this group 

~ay corresporulto the 5/2+ and 3/2+ states (at 6.86 and 7..68 MeV) which are 

known9 ,to be mainly a [12C(2+) ~ 2s1/2] con'figuZ-ation. The similarity of the 
, ' 

angular distributions for the 7.3 MeV and 3.09 MeV states (Fig. 2) might then 
that 

suggest/a multistep reaction mechanism is contributing in these cases. However, 

it should be noted that the spectroscopic factor for the 2s1/ 2 state obtained 

by matching the envelope of the 1-': 1 calculation to the envelope of the data 

is ~ than unity, I.e., the DWBA prediction is greater, on the average, than 

the data. Thus it is unliJ<ely that some unanticipated reaction process is 
. 

dominating the direct transfer to th~ 2s1/2 state and inverting the phase of the 

angular distribution. 

We would like to thank J.So Blair and D.L. Johnson for helpful 

discussions • 
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FIGURE CAPTIONS 

Position spectrum for the 12C(14N,13N)13C reaction. 

Experimentally observed angular distributions. The elastic scattering 

optical model fit was obtained with the parameter set: Vo = 145 MeV, 

rO = 0.925 F, aO = 0.816 F, Wvol = 35.3 MeV, r I = ~.30 F, a I = 0.178 r, 
1/3 1/3 

where R = rO (12 + 14 ~). 

DWBA calculations (using the optical parameters of rig. 2) for the / 

13c ground state and 3.09 MeV excited states. As discussed in the 

text, the 3.09 MeV excited state should be an 2. = '1 transfer but seems 

to more closely resemble an to= 0 transfer. 

\ 
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