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         Angular distributions of the first emitted alpha particles and angular correlations between the 
     firstand the second emitted alpha particles were measured. These angular distributions and 
     correlations were analyzed on the basis of the compound nucleus process. The spin of 2 is assigned 

     favorably to the compound nuclear state of 12C formed in the reaction. 

• 

                             I. INTRODUCTION 

      The nuclear reaction resulting in three particles in the final state is useful to obtain 
  informations about nuclear states and reaction mechanisms. If this reaction proceeds 

  via a sequential breakup process, the, spin and parity of the compound nuclear state 
  formed in the first stage can be determined by measuring angular correlations be-

  tween the first emitted particle and the second emitted particle. 
      In the present experiment, angular distributions for the 11B(p, a)8Be reaction 

  were measured in the first stage and then, in the second stage, angular correlations for 
  the 11B(p, a)8Be(a)4He reaction were measured. An ambiguity in determining the 
  parity of the compound nuclear state remained in the first stage experiment could be 
  removed by analyzing the data in the second stage experiment. It is also noted about 

  deviations of obtained angular correlations from calculated ones. 

                      II. EXPERIMENTAL PROCEDURE 

      The 7.3 MeV proton beam from the Kyoto University 105 cm cyclotron was brought 
  into a scattering chamber designed for correlation experiment. A self supported 

  target of 11B of about 0.35 mg/cm2 thick was prepared from metallic powder of 98.5% 
  enriched 11B isotope. 

      In the measurement of the angular distribution, a solid state detector of 100 p, 
  thick was used to detect alpha particles from the 11B(p, oc)8Be reaction. The detec-

  tion angle varied from 20° to 160° in 10° steps in the laboratory system. 
      In the measurement of the angular correlation, two solid state detectors were used 
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    to detect two alpha particles in coincidence from the 11B+p-*3a reaction. A detector 
    of 100 it thick was mounted on the bow shaped arm in the scattering chamber and the 

    detection angle was fixed at 53° or 112° in the laboratory system. These angles were 
60° and 120° in the center of mass system, respectively. These angles corresponded 

    to the first and the second maxima in the angular distribution for the 11B(p, a)8Be(2.9) 
    reaction, respectively. Another detector of 50 it thick was set on the turn table and the - 

    detection angles varied in several degrees steps in the reaction plane from 60° to 148° 
    when the fixed detector was set at 53° and from 20° to 89° when the fixed detector was 
    set at 112°. 

        The electronic system was the same as reported elsewhere.') 

                         III. EXPERIMENTAL RESULTS 

       In the first stage, the 11B(p, a)8Be reaction was studied with the single detector meth-
    od. Figure 1 shows a typical energy spectrum of alpha particles from the 11B(p, a)8Be 
    reaction. A sharp peak in the spectrum corresponds to the ground state of 8Be and a 

    broad peak corresponds to the first excited state of 8Be. Angular distributions of alpha 

    particles leaving 8Be in the ground and the first excited states are shown in Figs. 2 and 3, 
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                          Fig. 1. Energy spectrum of alpha particles from the 
11B(p, a)8Be reaction. 
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             Fig. 2. Angular distribution of alpha particles from the 11B(p, a)$Be (g.s.) reaction. 
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                  Fig. 3. Angular distribution of alpha particles from the 11B(p, a)BBe (2.9) reaction. 

        respectively. The differential cross section for the first excited state of $Be was ob-
        tained from the yield fallen into the energy width of 0.5 MeV around the peak energy. 

         The error bars in the figure represent statistical errors only. 
            In the second stage, the 11B + p—> 3a reaction was studied with the a — a coincidence 

        method. Among two alpha particles detected in coincidence, one alpha particle 
        detected with the fixed detector placed at the angle Blab is designated as al and the 

        other detected with the moving detector placed at the angle 012" as a2. The third 
        alpha particle, undetected, is designated as a3. E1 and E2 are the energies of al and 

a2 respectively. Angles used in the present experiment are defined as shown in Fig. 4. 
           Figure 5 shows a typical coincidence energy spectrum of alpha particles from the 

11B+p-3a reaction together with energy spectra projected onto the E1 and E2 axes, 
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Fig. 4. Definition of angles used in the text. 
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               Fig. 5. Coincidence energy spectrum of alpha particles from the 
11B+p-*3a reaction. Histograms below and left repre-

                       sent the energy spectra projected onto the E, and E, axes. 

respectively. In the projected spectra, the ordinate represents the count of events 
after the background subtraction. The background counts were estimated from the 

yield out of the locus of a — a coincidence events. The background subtraction was 
necessary only in the domain where either E1 or E2 was lower than about 4 MeV. In 
the energy spectrum projected onto the E1 axis, a peak at higher energy side corresponds 
to E23 =3.0 MeV and another peak at lower energy side corresponds to E13 =3.0 MeV, 
where Eu is the relative energy between ai and ai. 

   Then, energy spectra projected onto the E1 axis, are plotted against O' for each 
fixed angle 8iab as shown in Figs. 6 and 7. Figure 6 is for Oliab = 53° and Fig. 7 is for 
elab =112°. In these figures, peaks appear just on the loci corresponding to E23 = 
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   Fig. 6. Plot of coincidence energy spectra against BQ ° for Be= 53°.The straight and curved 
           lines represent the calculated loci corresponding E5, = 3.0 MeV and E13=3.0 MeV, 
           respectively. 
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              Fig. 7. Plot of coincidence energy spectra against O b for ©l° =112°. The straight and curved lines 

represent the calculated loci corresponding E55=3.0 MeV and E13=3.0 MeV, respectively. 

          3.0 MeV and E13 =3.0 MeV. Sharp peaks corresponding to E23 =0.1 MeV or E13 = 
          0.1 MeV also appear at angles around 62 b =110° in Fig. 6 and around 012" =50° in 
          Fig. 7. The energy states Eij =0.1 MeV and Eii =3.0 MeV correspond to the ground 

•and the first excited states of 8Be, respectively. 
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                   Fig. 8. Angular correlations between al and a2 for the process corresponding to E23=3.0 
                         MeV for O?m=60° (a) and Bim=120° (b). The abscissa BZem represents the angle 

                          of emission of a2 on the reaction plane in the recoil center of mass system. Arrows 
                          indicate the direction of the incident proton beam. 
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   Angular correlations between ai and a2 for the processes corresponding to E23 
3.0 MeV for Or =60° and 120° are shown in Figs. 8 (a) and 8 (b), respectively. The 
abscissa Bryn' represents the angle of emission of a2 on the reaction plane in the recoil 
center of mass system. The direction Om =0° represents the direction of velocity of 
the composite a2 — a3 system in the center of mass system. The differential cross sec-
tions are deduced from the yields in the energy width of 0.4 MeV around the peaks. 

                         IV. DISCUSSION 

(1) Angular Distribution for the 11B(p, a)8 Be(2.9) Reaction 

   The angular distribution of alpha particles from the 1113(p,  a)8 Be(2.9) reaction 
shows a feature nearly symmetric about 90° with a minimum at 90° and two maxima, 
one at about 60° and the other at about 120° in the center of mass system. The angular 
distribution obtained is fitted with the Legendre polynomials EkAkPk (cos 0). The 
numerical result is of the form do/d52oc1.00+0.055P1-0.21P2-0.11P3-0.31P4 and 
is shown in Fig. 9 with a solid line. Also is shown the curve obtained as the sum of 
even-order terms only, d6/d52oc1.00-0.21P2-0.31P4, with a dashed line. It is found 
that the angular distribution of alpha particles is represented for the most part by the 
even-order Legendre polynomials up to 4. It is most probable that a process through 
a compound nuclear state of 12C prevails in the 11B(p, a)8Be(2.9) reaction. 
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            Fig. 9. Legendre polynomials fit to the angular distribution for the 

11B(p, a)8Be (2.9) reaction. Solid line represents de/dQoc1.00 
+0.055P1-0.21P2-0.11P3-0.31P4 and dashed line da/d.fl 
cc 1.00-0.21P2-0.31P4. 

   If the reaction proceeds via a compound nuclear state, the angular distribution is 
expressed as 2) 

          dQ/dS lac lk(—)JO—JsZ(10J10J; jok)Z(11J11J; jlk)Pk(cos 0), (1) 

where j0 is the channel spin of the initial state (p+ 11B(g. s.)), j1 that of the final state 

(a+ 8Be(2.9)), and to and ll are the orbital angular momenta of the incident and emergent 
particles, respectively. In the present case, the value of j0 is 1 or 2 and the value of j1 
is 2. J is the spin of the compound nuclear state. There are restrictions on k defined 
as 
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 kmax  S  minimum  (210, 211, 2J). 

      On the basis of the experimental result that kma. =4, several combinations of 10, 11 
      and J" are allowed and the values of Pc are 2±, 3± and 4±. 

         The angular distributions are calculated from Eq. (1) for each allowed combination 
      of lo, 11, and P. Two combinations are favorable to reproduce the experimental result, 

      that is, one to =3, 11=2, and Jn =2+ and the other 10=2,1, = 3, and J" =2-. Calculations 
      for any other combination give wrong sign P2(cos 0) component in contrast to the ex-

      perimental result. In Fig. 10, the calculated curves corresponding to Jn =2+ and 2-
      are shown with the solid and dashed lines, respectively. These curves indicate the func-

      tion da/dQ2ccd6/dQ2(jo=2)+ad6/dQ2(jo=1), where a=0.3 for J'n=2+ and a=0.2 
      for Jn =2-. Values of a are chosen to give a good fit. The angular distribution is 

      essentially reproduced with the function dv/dS2(jo =2), which has a minimum at 0°. 
     The function d6l dQ(j0 =1), which has a maximum at 0°, is required to fit details of the 
      angular distribution. 
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                      Fig. 10. Angular distributions calculated from Eq. (1) in the text. 

                           Curves indicate daldQccdald12(j0=2)-+adaldQ(j5=1). 
                              Solid line corresponds to J"=2+(a=0.3) and dashed line 

                                 J"=2- (a=0.2). 

          From the analysis of the angular distribution based on the compound nucleus pro-
      cess, it is concluded that the spin of 2 is assigned favorably to the compound nuclear 

      state of 12C formed in the 11B(p, a)8Be(2.9) reaction at Ep=7.3 MeV. There is, how-
      ever, an uncertainty in determining the parity of this state, because the function d6/ 

dS2(jo =2) which dominates the angular distribution gives the same distribution for 
  •J =2+ as for Jr =2-. 

      (2) a—a Angular Correlation for the 11B(p, a)8 Be Be(2.9)(a)4 He Reaction 
          If the 11B(p, cc)8Be(2.9) reaction proceeds through a compound nuclear state, the 

       angular correlation between a1 and a2 is expressed as3) 

W(01024) = EvAv° v i vzPv°v, v 2(01020),(2) 

       where 
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The angles 01 and 02 correspond to the directions of emission of the first emitted alpha 

particle and the second emitted one respectively, with respect to the direction of incident 
proton beams. In the present case 0 =0. In addition to the notations defined previ-
ously, J is the spin of the recoiled 8Be nucleus, 12 the channel spin of the final a + a 
system produced from the breakup of 8Be and l2 the orbital angular momentum of a2. 
From the properties of Z coefficients and Gy coefficients involved in Eq. (2), the values 
of v are even and limited as v0< minimum (2J, 2l0), v1<211, and v2< minimum (2J, 
212). 
   The angular correlations of two alpha particles are calculated from Eq. (2). In 
the calculations are used two combinations of 10, 11, and J, that is, 10 =3, 11 =2, and 
Jn =2+, and 10=2, 11 =3, and PC =2-, which are selected in the analysis of the angular 
distribution for the 11B(p, a)8Be(2.9) reaction. 12=2is uniquely determined for the 
breakup of the recoiled 8Be(2.9) nucleus into two alpha particles. In Fig. 11 are shown 
the calculated curves corresponding to Jn =2+ and P=2- with the solid and the dashed 
lines, respectively, for 0 m=60 These curves indicate the function W cc W(j0 =2) + 
aW (j0 =1), where a =0.3 for Jn =2+ and a =0.2 for Jn =2-. There, are used the same 
values of a as chosen in the analysis of the angular distribution. The calculated curves 
corresponding to Jn =2+ and Jn =2— are out of phase with each other. This fact is 
useful to decide the parity of the compound state. As seen from the figure, the positive 
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              Fig. 11. Angular correlation functions calculated from Eq. (2) in 
                    the text. Curves indicate WccW(j0=2)+aW(jo=1). 

                      Solid line corresponds to J"=2+ (a=0.3) and dashed line 
                       corresponds to J"=2- (a=0.2). 
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   parity can rather be chosen than the negative parity. But the detailed fit cannot be 
   obtained as far as the values of  a mentioned above are used. 

       From the analyses of the angular distribution and the angular correlations, it is 
   concluded that the  11B(p, a)8Be(2.9)(a)4He reaction at Ep=7.3 MeV proceeds via a 
   sequential process through the J=2 state of 12g. In the excitation functions of the 

11B(p, a)8Be(2.9) reaction a broad resonance was reported at Ep=7.18 MeV.4) The 
   proton energy of 7.3 MeV in the present experiment corresponds to the side of this 
   resonance peak and then this resonance seems to be the J =2 state. 

      There are some problems to be noted; (1) In the angular distribution of alpha 
   particles from the 11B(p, a)8Be(2.9) reaction, there are small odd-order components 

   as seen in Fig. 9. On the basis of the compound nucleus process, these odd-order 
   components can be explained in terms of the interference between two processes via 

   compound nuclear states of parities different with each other. (2) The mean life time 
   of the compound nuclear state formed in the 11B(p, a)8Be(2.9) reaction is of about 2 x 

   10-21 sec because the energy width is of about 0.34 MeV.4) This value of life time seems 
   too short for the reaction to be considered strictly as a compound nucleus process. 

   Moreover, the mean life time of 8Be(2.9) is of about 4.5 x 10-22 sec. In this time in-
   terval, the first emitted particle does not fly so far from the recoiled 8Be(2.9) nucleus. 

   Then the breakup of 8Be(2.9) cannot be considered as the one of the isolated system. 
   From these facts mentioned above, it is expected that the shape of angular correlation 

   deviates from the pattern calculated on the basis of the sequential breakup process. 
   (3) At angles Bryn' +70°, the first emitted alpha particle and one of the component 

   alpha particles of 8Be(2.9) compose kinematically the 4+ state of 8Be and, then, the 
   interference between two 11B+p-->3a processes through the 2+ and 4+ states of 8Be 
   can occur. If it is the case the angular correlation of alpha particles from the 11B(p, 

a)8Be(2.9)(a)4He reaction can be distorted by the effect of interference around Om^ 
    +70°. 
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