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    1. Introduction 

              12     The reactionC(  z,d)13N has been studied thus far by several 

authors over the range from 12 MeV to 25  MeV1), and it has been found 

that the reaction can be reproduced in the frame-work of zero-range 

(ZR)DWBA in the range of the bombarding energy from 16 to 18 MeV. 

In these analyses the particle unbound states have been also studied 

by using  resonan6?.form factors. 

    It is interesting to investigate the reaction mechanism at higher 

incident energies. It is considered that finite range effects become 

important even in the light ion  reactions2)                                           when the incident energy 

and hence the momentum mismatching increases. These effects are 

approximately included by local energy approximation  (LEA  )3) which has 

been successfully applied  _to the incident energy around 40  MeV4). 

In that energy region, however, finite-range effects are not so large 

and the difference between ZR and LEA is not significant. H.Doubri 

et  a1.5) studied the (d,T ) reaction at  82-MeV, and found that the 

reaction can be well explained in terms of LEA. In the present paper, 

the importance of the effects of the finite range in the reaction 

12C( T
,d)13N at 81.4 MeV is demonstrated. The reaction mechanism to 

the unbound states is also discussed. 

 It is considered that even in the unbound state, usual DWBA theory 

is still a useful tool for the case of small width. However, the form 

factor oscillates in sign and decreases slowly in magnitude with 

increasing radius. We must therefore introduce some practical methods 

to the numerical integration. Huby and Mines6) used a convergence 
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factor  e-ar in the integrand and extrapolated the result to the limit 

 a'  0  . Vincent and  Fortune7) employed very ingenious method, in which 

the radial integration was carried out in complex r - plane instead of 

real radius. At present, this is the most useful method for the analysis 

of the resonance state. 

    Determination of the form factor has always been the problem for 

nuclear spectroscopy with direct reactions. Usually the form factor is 

determined by separation energy method. For the unbound state, the form 

factor can be compared with actual scattering wave function which is 

experimentally obtained by the corresponding resonance scattering, so that 

the ambiguity of the form factor could be small. The spectroscopic factor 

deduced from the transfer reaction is compared with the single particle 

width obtained from the resonance scattering. 

     In section 2, experimental procedures are described. In section 

3-1. the effects of finite-range and non-locality are discussed. 

In section 3-2 the analysis with the resonance form  faCtors is presented. 

The results are  summarized in section 4.

 § 2. Experimental Procedure

       The ion beam of doubly charged 3He at 

   cyclotron at Institute for Nuclear Study, 

 (inoviyul4 analyzed by a beam analyzer magnet 

   transported to the target chamber through 

   The beam intensity at the target was  1--2

81.4 MeV from the synchro-

University of Tokyo, was 

to  0.1 % accuracy, and was 

a cleaning magnet and Q-magnets. 

nA in a bunched beam.
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The target was a natural carbon foil of thickness 5.64mg/cm2 which was 

prepared by a  method of thermal cracking of methane gas. The reaction 

products were detected with the INS magnetic analyzer system8). 

The position signals were obtained by an array of proportional counters 

placed at the focal plane. The particle identification was provided by 

the energy signals from plastic  Scintillation counters placed behind the 

array of proportional counters. The position signals were fed into the 

PDP-9 computer to obtain deuteron spectrum. At the end of  each run, 

the spectrum obtained was transferred to  2t41: central computer TOSBAC-

3400 and processed with on—line  programs9). 

     The mesurements were carried out at various angles between  6° and 

 400 in  2° steps and between  400 and  60° in  2.5° steps. In order to 

avoid the kinematical energy spread, the acceptance angle of the spectro— 

meter was limited as small as  0.4° . The over—all energy resolution 

was about 300 keV(FWHM)  mainly due to the energy loss in the target and 

the kinematical spread. 

    A typical energy spectrum is shown in  fig.l. Except for the ground 

state, all the states are particle unbound  states. Some prominent 

peaks are observed above the background which is mainly due to the three 

body break up and the cross sections of unbound states were obtained after 

substracting this continuous back ground part. The peaks at 2.37 MeV and 

3.55  MeV (doublet with 3.51 MeV) are  s1/2 and d5/2 single particle states, 

respectively. The broad bump near 8 MeV is considered due to d3/2 

single particle resonance. The peak at 10.4 MeV corresponds to  7/2  --

5/2 doublet state. The peaks near 11.1 and 12.1 MeV are considered to 

be 5/2 and 7/2 states, respectively10) 
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3. Result and Analysis

3-1 DWBA calculations using bound state form factors. 

    The DWBA analysis was carried out for the ground state,  2.37-MeV 

state and 3.55  MeV  state. For the 2.37-and  3.55  MeV states, 

loosely bound form factors for binding energy 0.05  MeV were used. 

The 3.55  MeV state is a doublet with  3.51-MeV. Since the single particle 

width of the  3.55-MeV state is about seven times larger than that of the 

 3.51  MeV  state10), the  3.55-MeV state only was considered. 

     The calculations were carried out in the  frame-work of zero-range 

 DWBA, zero-range DWBA with finite range correction by means of local energy 

approximation using the code  DWUCK11), and exact finite-range DWBA using 

the code  INS  -DWBA412). These calculations were performed with the  TOSBAC  - 

3400 computer at  Institute for Nuclear Study (INS). The results of the 

calculations are shown in fig.2 with the following designations together 

with the experimental data;  ZR-L(zero  -range calculation using local 

potential),  ZR-NL(zero  -range calculation using non-local potential), 

 LEA-NL(finite  -range correction using non-local potential), and  FR-NL 

(exact finite-range calculation using non-local potential). The non-

locality parameters for 3He and for deuteron were assumed to be 0.25 

and 0.54, respectively, which are the conventional values. The  finite-

range parameter of LEA was taken to be 0.77 (in  DWUCK). In the 

calculation for exact finite-range, the interaction between deuteron and 

proton was assumed to be of guassian form, 

        V(r) = Vexp(-r2/                             2, 

              0
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where the range parameter was taken to be  2.0fm which gives a 

reasonable radius of 3He obtained from the electron scattering  experiment13) 

    The distorting potential used has a form 

 V( r)  = VC(rC)-V0f (X0) + (VMC ) 2V(i•)d
r-J.Xj+.1riD771i7f(XD) 

where f(xt) = (1+ex1)-1 =  (r-rtA1/)/a 

and VC(rC) is the Coulomb potential of a uniformly charged sphere of 

radius  reA1/. 

    The potential parameters of deuteron were substituted by the 

 12C + d 
potential of  ref.14), and those of 3He were determined from the 

elastic scattering on 12C at 82.1  MeV15), (see fig.3). All these 

parameters are  summarized in Table 1. In the present calculations, 

the potential  set.l in the Table was used. The binding potential 

of a proton was a usual one. 

    Since there exist some  ambiguties in deuteron optical potential, 

its influence was examined by changing the real part  V
o and the imaginary 

part WD in ZR-DWBA. When  Vo is reduced to as small as 50 MeV, the 

fit to the ground state (p1/2) and the  2.37  -MeV  (31/2) state improves only 

slightly. On the other hand the fit for the  3.55—MeV (d5/2) state becomes 

worse. When  WD was  varied, no significant improvement was observed for 

all the states. 

    There remains also some ambiguity in determining the form factor, 

When the proton real radius parameter  r0 is increased to  1.4fm, a 

little improvement was obtained for the p1/2 state, but not for the  s1/2 

and the d5/2 states. 
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     The real radius of the optical potential of  3He of  set.l may be 

somewhat too  small. If we use the optical potential set.2, in which 

a larger radius (r =  1.2fm) is assumed, the DWBA result gives better fit 

to the p1/2 state only. However, this optical potential set yields 

considerably poor fit to the observed elastic scattering data compared 

with the former one at backward angles (see Fig.3). 

     As the result, a slight improvement is obtainable only for the p1/2 

 state  by a reasonable change of potential parameters, but for  the-81/2 

and the d5/2 states  Almost no significant effect is observed. Thus, 

we consider that the potential sets employed in the present calculation 

is an appropriate one. 

3-2 The DWBA calculations using resonance form factor. 

     For the resonance state, the DWBA calculation was performed in the 

 frame-work of ZR-L and LEA-NL with the same potential as that of section 

3-1. As seen in section (3.1) (see fig.2), the LEA provides a good 

approximation for the calculation with bound state form  factor. We 

therefore employed LEA also for the case with resonance form factor. 

     The  DWBA calculation was performed by the method of Vincent and 

 Fortune7) using the code  INS_DWBA216) with FACOM  360-75 computer 

at the Institute of Physical and Chemical Reserch (IPCR).  The integration 

was carried out along real axis from 0  fm to  rt  fm in  0.1  fm step and 

then proceeded along a line parallel to the imaginary axis with the 

same step. 
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In the present calculation, rt was taken to be 14-20  fm. The results 
                      ckstuicA are shown  in fig.4.by oldotted (ZR-L) and solid  (LEA-AIL)  curves. 

    For the form factors of the  2.37-MeV  (81/2) and  3.55-MeV (d5/2) 

states, we used so called Gamow  functions17) with complex  eigen 

value ER  -41/2, where ER and  r'are the resonance energy and width, 

respectively. As an example, the resonance form factor of  81/2 is 

shown in fig.5 together with the loosly bound form factor. 

    The potential was determined so as to reproduce the experimental 

resonance energies. The geometry of this potential and the strength 

of the spin-orbit term  Vs were assumed to be equal to the  case of loosely 

bound form factors (see Table 1), and the  inginary part was taken to be 
zero. Then the real part of this potential is expressed by 

            V =  59-0.25E  (MeV) 

    As shown in  fig.6, this potential reproduces fairly well the observed 

elastic scattering of low-energy protons on 12C off resonance energy 

when inelastic channel is not appreciable  (below  E =  ̂ -7  MeV). 

3-3 The results for higher excited states. 

    The experimental results for other states than the ground (p1/2) 

state,  2.37  MeV  (s1/2) and  3.55-46V (d5/2) states are given in  fig.7. 

The 7.9  MeV  (3/2+) state is considered to be a d3/2 single-particle 

resonance state having a width of 1.72 MeV. In spite of such a large width, 
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the angular distribution is very similar to that of the d5/2 state at 

3.55 MeV which has much smaller width. 
                                                           0 

    The 7.2 -- 7.4  MeV states are considered to be a 7/2--5/2doublet1.) 

It is noticeable that the angular distribution of these two states is 

flatter than that of the other states. 

    The 10.4 MeV peak corresponds to the states strongly excited by 

proton resonance scattering at E = 9.13  -- 9.15 MeV. This peak is 

considered to be a  7/2  --  5/2 doublet, each of which has a rather small 

single particle  width10) The reason for the relatively strong excitation 

of these states is the angular momentum  Mismatching which suppresses 

the low spin states. In this case the difference of the angular 

momentum between the incident wave and the outgoing wave at the nuclear 

surface is about three. At  I  - lower incident energy where angular 

momentum mismatching is small such as observed at 29.3 MeV, this state 

is not so strongly excited. 

    Near the peaks at 11.1 and 12.08 MeV, there are many levels such 

as  5/2+,  5/2,  3/2+,  3/2,  1/2+ and  7/2—, all having small single particle 

 widths10). The appearance of the two relatively strong peaks suggests 

an exsistence of high spin states. The angular distributions for these 

states are very similar to that of the 10.4 MeV states, suggesting that 

these levels are also  5/2 and/or  7/2 states.
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4. Discussion 

4-1 Angular distribution 

     Main featurers of the result of the present analysis are summarized 

as follows; 

(1) Conventional zero-range local DWBA calculations cannot give overall 

fits to the observed angular distributions, and finite-range effect is 

found to be significant in the present energy region. The LEA is shown 

to be a good approximation to the exact finite-range calculation even 

at such a high incident energy as 81.4 MeV. The finite range effect 

reduces the contribution of the inner part of the form factor, which 

eventually suppresses the lower partial wave components. This effect 

becomes large with increasing incident energy and increasing momentum 

mismatching. The correction for the potential non-locality yields a 

better fit as the result of the same effect. (Fig.2) 

(2) The resonance form factor is better than loosely bound form factor 

in order to reproduce the angular distribution of the unbound state. 

The  resonance form factor well reproduces the second hump for the  s1/2 

state, whereas it smears  out the structure which is otherwise produced 

in the angular distribution for the d5/2 in comparison with the observed 

result. Resonance form factor gives similar result for the cases of 

finite-range and potential non-locality. (Fig.2) This is considered 

to be due to the effect that the resonance form factor decreases slowly 

with increasing radius, and that the contribution of higher partial 

waves is larger than the case of loosely bound form factor. (Fig.4) 

(3) Although considerable improvement is obtained by including above-

mentioned effects, the overall fits are not very satisfactory. 
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 Phenomenologically speaking, very large non—localities of 

the optical  potential give very good fits to all the states. This 

situation is very similar to those of (d,p) and  (pod) reactions at 

considerably high incident  energy/8) 

    The physical meaning of this large  non—locality is still not clear. 

One possible case may be to take into account a coupled channel effect. 

In our reaction, the inelastic channel of 3He on 12C(4.43 MeV 2+))s 

very  large15) so that the coupled channel effect may be important. For 

example, the two step process via an inelastic channel is of the order of 

about one—tenth of the direct process. However the ground (P1/2) state and 

the  3.55—MeV  state', (d5/2) are mainly single particle states and are excited 

strongly. Therefore, the two step precess would be negligible for these 

states. The 2.37 MeV  (012) state is  usiJRtly considered as mainly 

single particle state  also On the other hand, it is shown that the 

differential cross  section for the  s1/2 in heavy ion reactions is well 

reproduced by the coupled channel calculation in which a large admixture 

of core excited state is assumed for the description of this  state19). 

We estimated the contribution of two—step process using the form factor 

including the core excited state, but obtained no  improvement.

4-2 Spectroscopic factor 

    The spectroscopic factors obtained from various cases shown in fig.2 

and fig.4 are listed in Tabledttogether with those obtained from low                            p, 

incident  ehergy1) and resonance  reactions10). As shown in Table  )t, 

 the spectroscopic factors obtained from resonance form factors are 

slightly larger than those from loosely bound form  factors. 
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    LEA gives smaller spectroscopic factors than FR. 

We used the normalization factor D02=  2.99 x  104  MeV2• F3 according 

to  Basse14). 

 9 ro     For the  ead state, the spectroscopic factor obtained is 0.78 for FR. 

This value is a little larger than the value predicted by Cohen and Kurath 

(0.66). The spectroscopic factors obtained for lower incident energies 

and that of analogue state obtained from the reaction 12C(d,p)13C at a 

low incident  energy20) are considerably larger than the value of Cohen 

and Kurath. As is suggested in  ref.l, such large values may be due 

to the resonances in 12C  +t and  120 + d systems. Since the resonance 

effect is very small at 81.4 MeV, our value should be more reliable. 

    For the  s1/2 state, the spectroscopic factor obtained from ZR 

calculation is too small to fit the experimental data. The LEA 

calculation using the resonance form factor gives a value of 0.15, 

which is somewhat smaller than that derived from the  case of low incident 

energy. This value is considerably smaller than the value of reduced 

width8
p2= 0.54 obtained from proton elastic  scattering. 

    For the d5/2 state, the spectroscopic factor obtained from LEA 

with the resonance form factor is 0.87, which is much larger than the 

experimental value of 9p2 =  0.21. This is quite opposite to the case 

of  s1/2. 

    In conclusion, the spectroscopic factor obtained from the present 

experiment is reasonable  fort  the  ground,  state. For unbound 

states, these values do not agree with the values of  e  2 As pointed out 

in  ref.l, more accurate calculation of penetrability, in which the potential 
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scattering is correctly accounted for, gives much smaller reduced width1) 

Therefore an agreement for the  s1/2 state may be improved. On the 

other hand, according to the  shell model calculations by T.Sebe23), 

the spectroscopic factors for the  s1/2 and the d5/2 states are as large 

as 0.92 and 0.83, respectively. The coupled channel calculation of low 

energy 12C + p scattering2'4) also gives large  spectroscopic factors for 

these states. They are 0.92 and 0.72 for the  s1/2 and the d5/2 states, 

respectively. 

    For the d5/2 state these large values are consistent to the value 

obtained from our measurement, whereas for the  s1/2 state our result 

is too small compared with the theoretical values. 

    At the present stage, it is not  possible yet  to determinecorrect 

values of the spectroscopic factors. In order to provide further con— 

sistency check on the spectroscopic factors obtained from the two types 

of measurements (resonance reactions and the direct reaction), it is 

necessary to study the stripping reaction to unbound states more 

extensively for various targets and for a wide range of incident energy.
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Figure Captions 

Fig. 1. A typical energy spectrum of deuterons at  70. 

Fig. 2. Comparison of DWBA calculations with the expermental data. 

        For 3He the potential set 1 is used. 

        The dotted curves (-----) are the results of ZR-L, dashed curve 

          -  —) are ZR-NL, solid curve (  ) are  LEA-UL, and dott-dashed 

      curve are  FR-NL. 

Fig. 3. Angular distribution for elastic scattering of 3He on  12C at 

        82.1 MeV. The curves are the results of optical model calculations. 

Fig. 4. The DWBA calculations using resonance form factors together 

        with expermental data. 

        The dashed curves  (—  —  —) are the results of ZR-L and solid 

        curves  (---- ) are  LEA-NL. The  DWBA calculations using loosely 

         bound form factors are given by dotted curves  (-  -  -  -  -) for comparison. 

Fig. 5. The form factors of  sl/2 state. The solid curve  (---- ) and 

         dotted curve  (----) are real part and imaginary part of resonance 

        form factor, respectively. The dashed curve is loosely 

        bound form factor. 

Fig. 6. The optical model calculations of low energy proton elastic 

        scattering on  12C. The experimental data at  E = 4.66 MeV 

        are taken from ref.21, and those at  E = 7.05 MeV are taken from 

 ref.22. The other data are obtained from tandem Van de Graaff 

        accelator of Kyoto  University25) 

Fig. 7. Angular distributions for higher excited states of the reaction 

 12C(ud)1-n3-  at 81.4  MeV energy. 
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