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Abstract: Excitation functions of the capture reaction 
and 90” and ED = 

W(p, y,#W have been obtained at 19~ = 0” 
150-2500 keV. The results can be explained if a direct radiative capture 

process, Elfs and d --f p), to the ground state in 13N is included in the analysis in ad~tion to 
the two weal-know resonances in this beam energy range [I$ = 457#+) and 1699 $-f keV]_ 
The direct capture component is enhanced through interference effects with the two resonance 
amplitudes. From the observed direct capture cross section, a spectroscopic factor of 
C2S(I = 1) = 0.49kO.15 has been deduced for the g- ground state in 13N. Excitation functions 
for the reaction 1zC(p,ylp*)i2C have been obtained at 13, = 0” and 90” and Ep = 610-2700 
keV. Away from the 1699 keV resonance the capture y-ray yield is dQrn~ate~ by the direct 
capture process El(p --f s) to the 2366 (4’) keV unbound state. Above Z& = 1 MeV, the 
observed excitation functions are well reproduced by the direct capture theory to unbound 
states (bremsstrahlung theory). Below BP = 1 MeV, i.e., l?,, -+ 457 keV, the theory diverges 
in contrast to observation. This discrepancy is well known in bremsstrahlung theory as the 
“infrared problem”‘. From the observed direct capture cross sections at &, 2 1 MeV, a 
spectroscopic factor of C2Sfl = 0) = 1.0210.15 has been found for the 2366 (ii) kcV un- 
hound state. A search for direct capture transitions to the 3512 (#““)and 3547 @*) keV unbound 
states resulted in upper limits of C2S(Z = 1) 5 0.5 and C2S(I = 2) 5 1.0, respectively. The 
results are compared with available stripping data as well as shell-model calculations. The 
astrophysical aspect of the ‘*C(p, @‘N reaction also is discussed. 

E 

I. Introduction 

It has been dem~~str~ted recently ‘s2) that direct ~pt~re y-ray yields in proton 
capture reactions can be expected to occur to final states which have parentage in the 
ground state of the target nucleus. The observed y-ray angular distributions are char- 
acterized by the orbital angular momenta of the captured particle in the final states, 
and the observed total cross sections reveal, when compared with model ~a~~nlat~ons~ 
the spectroscopic factors for the final states. In a continuing study of direct capture 
reactions in light nuclei, the radiative proton capture on 12C has been investigated. 
Since sizable spectroscopic factors for the low-lying states in 13N have been reported 
from strapping 3- 6, and elastic proton smattering 7, data, one expects therefore to 
observe direct capture y-ray transitions to ail these states (fig. I). 

t Present address: Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, 
California 91109, USA. 
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A search for the direct capture transition to the ground state in 13N is complicated 
by the presence of two strong resonances 11-15) at Ep = 457 (3’) and 1699 ($-) keV. 
The 12C(p, yo)13N y-ray yield curve was observed previously 8-1oP13S14) at 
Ep = 100-700 keV. In an attempt to fit these data alone with a single-level Breit- 
Wigner shape for the 457 keV resonance, it was noted 14* “* “) that an additional 
non-resonant background (direct capture) contribution to the reaction had to be 

Fig. 1. Low-lying levels in 13N from ref. 7). The excitation and resonance energies for the first and 
second excited states are from the present work. The proton widths of the 457, 1699 and 1734 keV 
resonance are I’, (lab) = 39,63 and 74 keV [present work and ref. ‘)I. Also shown are expected direct 
capture transitions in the “C(p, y)13N reaction to the ground state and three low-lying unbound 
states. The latter states in turn disintegrate predominantly into the ‘W+p channel due to their large 

proton widths. 

incorporated in the analysis. On the other hand, Yonge et al. “) measured the 
12C(p, yo)13N y-ray yield curve around the 1699 keV resonance (E, = 1.5-2.0 MeV) 
and found that the observed features in this beam energy range could be well explained 
by the two resonances alone (E, = 457 and 1699 keV) without involving an additional 
direct capture component. In an attempt to solve these conflicting results, a measure- 
ment of the “C(p, yo)13N y-ray yield was performed over a wide range of beam ener- 
gies (Ep = 0.15-2.50 MeV) covering both experiments quoted above. The results are 
presented in subsect. 3.1. 

The 12C(p, ylp*)12C y-ray yield to the 2366 keV first excited state in 13N (fig. 1) 
was observed previously by Woodbury et al. Is) for Ep = 1.2-2.8 MeV. From the 
yield measurements at 0” and 90” it was assumed that the y-ray angular distribution 
was nearly pure sin2 8. This type of angular distribution in conjunction with the 
observed smooth excitation function suggested l*) that the capture mechanism to the 
2366 keV unbound state can be ascribed to the direct capture process El(p -+ s). 
The assumption of a sin20 angular distribution was later verified by Heiberg et al. ’ “). 
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In order to test the direct capture theory to unbound states ‘O), a remeasurement of 
the %(p, y1p*)12C y-ray yield curve with the use of a Ge(Li) detector was desirable. 
The high resolution of a Ge(Li) detector facilitates also the observation of the y1 
yield below Ep = 1.2 MeV because the direct capture y-ray is energetically then below 
the strong 511 keV line from the p’ decay of 13N. The results are presented in sub- 
sect. 3.2. 

A search for direct capture transitions to the 3512 and 3547 keV unbound states 
(fig. 1) is described in subsect. 3.3. 

Preliminary results of these studies have been reported ‘) and are now superseded 
by the present work. 

2. Experimental procedure and results 

Proton beams of 100 PA were provided by the 1 MV JN Van de Graaff accelerator 
at the University of Toronto and proton beams of 150 to 200 PA by the 3 MV KN Van 
de Graaff accelerator at McMaster University, Hamilton. The beam was focussed into 
a profile 5 mm wide and 15 mm high. Details concerning target chamber design, 
charge measurements, suppression of carbon accumulation on the targets, preparation 
and choice of targets and of target backings have been recently described 2921S22). 
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Fig. 2. Sample y-ray spectrum of the WI&,~)‘~N reaction obtained with the 45 cm3 Ge(Li) 
detector at D = 6 cm. Apart from the 1636 keV contaminant y-ray arising from the 23Na(p, ay)“‘Ne 
reaction, a ground state transition and a transition to the unbound state at 2366 keV are observed. 
The latter state decays in turn mainly by proton emission (r,, = 39 keV). The width of the DC + 2366 

keV y-ray peak is consistent with the above proton width [see also ref. 45)]. 
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Fig. 3. (a) Proton spectrum obtained by bombardment of a 10 pg/cm2 self-supporting lzC target 
with protons at J?& = 250 keV and 0, = 165”. (b) Angular distribution at I$, = 250 keV. (c) Energy 
dependence of the cross section at ep = 165”. The solid lines represent the predictions for Rutherford 

scattering. 

The “C targets of 10 pg,cm2 thickness ( a 4 keV at Ep = 500 keV) were deposited 

on 0.25 mm Ta backings by electron bombardment of spectrographically pure carbon 
rod. These targets were able to withstand bombardment with beam currents of 200 PA 
for periods greater than 5 days without noticeable deterioration. 

The y-rays were observed with 45 and 50 cm3 Ge(Li) detectors. The energy resolu- 
tion of these detectors was typically 2.0 keV at Ey = 1.3 MeV. The efficiency curves 
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for these detectors were obtained with the use of standard radioactive y-ray sources 
as well as y-rays from capture reactions. 

A typical y-ray spectrum for the “C(p, y)13N reaction at Ep = 1.60 MeV and 
8, = 90” is shown in fig. 2. The intensities of the y-ray transitions to the ground state 
and 2366 keV state were observed concurrently at 0” and 90” as a function of proton 
beam energy. The yields, corrected for variation in detection efficiencies, are shown 
in figs. 4 and 8. 

Since the absolute y-ray capture cross sections determine the absolute spectro- 
scopic factors for the final states (sect. 3), an independent check on the reported 
cross sections 12* I4 ) was desirable. The y-ray capture cross sections have been deter- 
mined in the present work relative to the 12C(p, p)12C Rutherford cross section. A 
proton energy range was first found for which the elastic scattering data was described 
by purely Rutherford scattering. A representative proton spectrum obtained at 
Ep = 250 keV with the use of a 10 pg/cm2 self-supporting 12C target is shown in 
fig. 3a. The angular distribution observed at E, = 250 keV (fig. 3b) as well as the 
yield curve at 8, = 165” (fig. 3c) are consistent with the predictions of Rutherford 
scattering. Within this energy range, the observed proton yield YPP at a given scattering 
angle 19, and beam energy E,, is then related to the corresponding Rutherford cross 
section (do/da), by the equation 

r,, = N,,%dQ2, (gppJp))R. (1) 

where NPP and N, are the number of incoming protons and “C atoms/cm2 in the 
target, respectively, and dS2, is the solid angle of the proton detector. The y-ray 
capture yield YPv, observed at an angle 8, and proton energy E: with the use of the 
same target as above, is related to the differential capture cross section (da/dO),, by 

where Npy is the number of incoming protons and (dQ,s,) represents the absolute 
detection efficiency of the y-ray detector. From eqs. (1) and (2) one obtains the 
differential capture cross section: 

This method 23) has the obvious advantages that (i) no detailed knowledge of the 
target composition nor of stopping power data is required and (ii) only a relative 
charge measurement Npp/Npy need be made. The absolute efficiencies of the proton 
detector (da,) and y-ray detector (dO,s,) have been determined with calibrated 
sources. Eq. (3) is justified when the yield curves for both reactions are smooth 
within the energy range of the target thickness used (m 4 keV at Ep = 500 keV). 
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This condition is well fulfilled for the two beam energies used [EP = 250 keV (fig. 3c) 
and E,* = 457 keV (fig. 4)]. The resulting total capture cross section for the 457 keV 
resonance of Q = 1255 15 pb is in excellent agreement with the reported values of 
127*9 ,ub [ref. “)I and 130+4 pb [ref. ‘“)I. The value of CJ = 130f4 pb has been 
used in the present work as the standard. 

3. Analysis procedure aud discussion 

A detailed description of the analysis procedure and theories for the yield curves is 
given in ref. ‘). Therefore only special features relevant to the present experiments 
will be discussed. 

3.1. THE GROUND STATE TRANSITION 

3.1.1. The excitation functions. In the beam energy range Ep 5 2.5 MeV three 
resonance states have been observed in proton elastic scattering dam ‘) namely at 
E, = 457, 1699 and 1734 keV (fig. 1). No resonant y-rays from the 1734 keV reso- 
nance (J” = 3’) have yet been observed. From the width TV = 0.07 meV of the 
analogue state ‘) at 3854 keV in 13C the R($+) + O(+-) M2 y-ray capture cross 
section is estimated to be CJ % 4 nb. This cross section is four orders of magnitude 
smaller than the observed capture cross sections for the dominant 457 and 1699 keV 
resonant states. The contribution of the 1734 keV resonance to the observed capture 
yield has therefore been neglected in the analysis [see also ref. ‘“)I. Since the next 
resonant states occur ‘) at beam energies Ep 2_ 4.8 MeV, the observed capture cross 
sections at Ep 5 2.5 MeV (fig. 4) were first analyzed solely in terms of the two reso- 
nances at Ep = 457 and 1699 keV. 

The yield curve for each of the resonances is assumed to be described by a single- 
level Breit-Wigner shape, where the energy dependence 131r4) of the partial widths 
ru and rP as well as the usual Thomas correction ’ 6p24) have been taken into account. 
The resonance parameters, i.e., energies ER and total widths r, can be determined 
uniquely from the data in the vicinity of the two resonances since at these energies 
resonance capture is dominant (fig. 4). The resulting values of E&‘)[keV] = 457 + 1 
(39+2) and 1699+2 (65+3) are in good agreement with previous work 7*45). The 
isotropic y-ray angular distribution for the 457 keV resonance is consistent with 
J”(2366) = _t+. F or the 1699 keV resonance (J’ = $-), the observed value of 
a2 = - 0.64 f 0.04 leads to a mixing ratio of 6,(E2/M 1) = - 0.09 +_ 0.02 ’ in excellent 
agreement with the quoted value 15) of 6, = -0.092. 

With the use of the resonance parameters quoted above, the theoretical shapes for 
the 457 (Rl) and 1699 (R2) keV resonances have been calculated for Ep = 150-2600 
keV and are shown in fig. 4a as dotted lines. Since the two resonances have different 
spin and parity, they interfere through a P, (0) interference term. However, this inter- 

7 The other possible solution of 6 = 1.4AO.2 can be excluded from transition strength arguments 
(M2(E2) = 820 W.U.). 
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Fig. 4. The differentiaI cross sections at 0” and 90” for the T-ray transition to the ground state in 13N 
are shown as a function of beam energy {I$, = IM-2500 keV;v), The sotid lines through the data points 
represent the optimal theoretics Kt (see text). The inset shows the y-ray decay schemes involved 

in the yield curves. 

ference term is zero at I!?~ = 90” and hence the observed yield curve at this angle should 
be represented simply by the addition of the Breit-Wigner shapes (da/d@,, and 
(da/d@,, (fig. 4a). The observed yield is, however, a factor of 2-3 higher than 
expected below Rl and above R2 and a factor of 2-3 lower than expected between 
Rl and R2, These ~sG~e~a~~~es can be removed (see below) by including a third 
~m~onent in the capture me~ha~sm, namely the direct capture yield to the boded 
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state. Since the J” = 4- ground state can be represented by an I = 1 orbital momen- 
tum of the valence nucleon relative to the 12C target nucleus, the direct capture 
process proceeds through El (s -_) p) and El (d + p) transitions r* ‘). The predicted 
energy dependence of the direct capture yield (do/dQ)n, is shown in fig. 4a as a dashed 
line. Due to the even initial partial waves involved in the direct capture process 
(li = 0 and 2), additional interference terms with the 457 keV resonance (& = 0) 
have to be considered in the 90” yield curve analysis [see also ref. 2)] 

a(& 90”) = ~&)%@O”) + c,,(E)W,,(90°) + ~,c(E)~o,(90°) 

+~~~R~(%c(J% s + p) cos 6,(E)WI(900) 

+2&,,(E)u,,(E, d -+ P) ~0s &(E)W@f’). (4) 

The cross sections a,,(E) and flR2(E) are the Breit-Wigner shapes of the two reso- 
nances and the expressions B’RI(tI) = 1 and W,,(e) = l-O.64 P2(0) represent the 
respective y-ray angular distributions (see above). The direct capture model predictions 
for the absolute cross section (fig. 4a) and y-ray angular distribution “) are given by 
o,,(E) and W,,(0). The cross sections u&E, s + p) and a&E, d + p) are the 
individual direct capture cross sections “) for initial orbital angular momenta Ii = 0 
and Ii = 2, respectively. The phase 6,(E) is given by the usual resonance phase shift 
for Rl [6,(E) = arctan T,(E)/2(E-ER,)]. The phase 6,(E) is given by 

a,(E) = &(E)+&(E)+d?(E), (5) 

where &p(E) and dy(E) p re resent the usual differences in Coulomb phases 
[cp(l = 2)-(p(Z = 0)] an in hard sphere phases [?(I = 2)-~(1 = 0)], respectively. d 
The angular distributions in the interference terms are given “) by w,(e) = 1 and 
W,(e) = ,/zpz(0). Thus all quantities entering eq. (4) are determined except the 
absolute direct capture cross sections. The latter values have been varied in the com- 
puter program between C2S = 0.10 and 1.00 of the predicted values from the direct 
capture model calculations (subsect. 3.1.2). The best fit was obtained for C’S = 
0.45kO.15 (solid line in fig. 4a). 

The analysis of the 0” yield curve is more complicated since at this angle additional 
interferences between the two resonances as well as between the direct capture ampli- 
tude and the R2 amplitude must be taken into account. The following formula was 
used in the 0” yield curve analysis: 

GO’) = &S)K,(O”)+ ~R~(E)~~(~')+~Dc(E)WDC(O') 

+ 2bu(%x(E~ s + p) cos 6,(E)W,(0°) 

+ &,,(E)cQ&, d --) P) ~0s WV%(O”) 

+247RdWR2W cos ~3(E)[WJ(oo)+8RW4(00)1 

+d~R,(&&,s + P)cos&(E)[B’-,(O’)+ 8RW6(00)1 

+2d~R,,(E)%&%d + P) cos S=JE)[W,(O”)+& Ws(O”)]. (6) 



The phases 53, tS4 and 6, are given by expressions similar to the one given above for 
6,. The multipole mixing ratio SR involved in the R2 -+ 0 y-decay is also quoted 
above. The expressions for the y-ray angular distributions of the El/Ml interferences 
[Ur,(S), W,(8) and w,(0)] and El/E2 interferences [W,(B), PY6(@) and W,(S)] were 
obtained from the formulae given in ref. 2). Again the absolute direct capture yield 
has been varied in the computer program and results for the best fit 
C’S = 0.55~0,~~, in good agreement with the value from the 90” data 

The constructive (below RI) and destructive (above Rl) interference between the 
Rl amplitude and the direct capture amplitude is consistent with the conclusions from 
refs 14116S17). F th . ur ermore, it is noted that the observed yield curves at 0” and 90” 
in the energy range IZP = 1.5-2.0 MeV are reproduced fairly well by an analysis with 
and without a direct capture component involved (figs. 4a, b). These results demon- 
strate that the concI~sjons drawn by Yonge et d. “1 are not unique (see also intro- 
duction). Their data can also be fitted equally well with the inclusion of the direct 
capture process. Further away from the I699 keV resonance the data require, however, 
the inclusion of the direct capture component in the analysis, The results from the 
present work demonstrate clearly, at all beam energies, the presence of a direct 
capture process to the ground state whose intensity is C2S = 0.49+0.13 of the 
expected maximum yield. The presence of the direct capture process is particularly 
evident through interference effects on the tails of the two ~~s~na~ce~ (fig. 4). These 
results demonstrate furthe~ore the feasibility of detecting a direct capture component 
and of reliably determining its intensity even. in the presence of strong and broad 
resonances in the reaction, 

3.1.2. Direcr capture cross sections and spectroscopic factors. The calculations of the 
direct capture cross sections were performed with the use of a square-well potential 
of radius R = 4.48 fm (see ref. ‘)> as well as a diffuse-edged Wosds-Saxon potential 
wit-h a Coulomb potential corresponding to a u~fo~mly charged sphere. For a 
surface di~useness of a = 0.6 fm, the potential depth Y0 and nuclear radius fi of the 
Woods-Saxon potential were adjusted to fit the binding energies of the ground states 
in 13N and 13C, The results are: Y0 (final state) = 39.75 MeV and R = 2.85 fm 
(or r. = 1.22 fm). With these values for a and R the potential depth for the initial 
(continuum) state was determined from fitting proton elastic scattering data (w hard 
sphere phases): YQ (initial) = 94.0 MeV. The resulting e ion functions and 
absolute capture cross sections crac are in good a~eeme~t the corresponding 
results from the square-well potential* 

In order to assess the accuracy of these model calculations, the following tests have 
been performed: (i) a 10 % change in the diffuseness parameter u and nuclear radius 
J? resulted in a 2 Ir/, and 10 % change in flDc, respectively; and (ii) the inclusion of a 
Thomas spin-orbit coupling term in the potential with V_. = 6 MeV changed 
DDC by 3 %- The predicted direct capture cross sections are therefore uncertain to 

Z?I 15 % within the accepted ranges for the abuve parameters. 
From a comparison of the observed and predicted direct ~a~t~~e cross section, the 
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spectroscopic factor for the $- ground state in r3N was found to be C’S(Z = 1) = 
0.49 kO.15. The quoted error includes a 15 % uncertainty in the theory (see above). 
This spectroscopic factor is in fair agreement with the corresponding values deduced 
from stripping data, i.e., C’S(Z = 1) = 0.73 [ref. 4)], 0.74 [ref. “)I, 1.35 [ref. “)I and 
0.7-1.5 [ref. “)I. Stripping data to the ground state in 13C yield C’S(Z = 1) = 0.61- 
1.16 [refs. “j-“)]. Shell model calculations predict a value of C2S(Z = 1) = 0.61 
[ref. ““)I and 0.56 [ref. “‘)I. 
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Astrophysical S-factor for the reaction ‘%(p, yo)13N from previous 8-1o) and 
The solid line through the data points represents the model calculations. 

present work. 

3.1.3. The astrophysical S-factor. The 12C(p, yo)13N reaction is the first member 
in the CNO cycle and its cross section is therefore of interest at stellar energies 
(Er x 20-50 keV). The usual astrophysical X-factor is deduced from the experimental 
cross section through the relation 32) 

a = Se-2”q/Ec.m., (7) 

where q is the usual Coulomb parameter and I&,. represents the projectile energy 
in the c.m. system. Fig. 5 shows the experimental S-factor below the EP = 457 keV 
resonance as deduced from the present work as well as refs. *-lo). The present data 
at EP = 150-450 keV are in good agreement with the results from Vogl 14). The 
theoretical S-factor (solid line in fig. 5) has been calculated from an analysis including 
the low-energy tail of the 457 keV resonance, the direct capture process and their 
respective interference terms (see subsect. 3.1.1). The extrapolation of this theory to 
lower energies results in 5’ = 1.45 +0.20 keV - b at EC.,. = 25 keV, in good agreement 
with the previously quoted value of S = 1.33kO.15 keV - b [refs. 13* ‘“)I. 
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3.2. THE TRANSITION TO THE 2366 keV UNBOUND STATE 

301 

3.2.1. The excitation functions - theory. The direct radiative capture of a projectile 
into an unbound (resonant) state, which in turn disintegrates again into the “target + 
projectile” channel, is in close analogy to the usual electron bremsstrahlung process. 
The essential difference is in the involvement of nuclear phase shifts ~3~ in the former 
process (see below). 

As in the case of direct capture to bound states, the y-ray angular distributions of 
the direct capture transitions to unbound states should be characterized by the orbital 
angular momenta of the final unbound states and the observed total cross sections 
should reveal, when compared with model calculations, their spectroscopic factors. 
The formula for the y-ray angular distributions are identical with those derived for 
direct capture transitons to bound states and are described in ref. ‘). The calculation 
of the total direct capture cross sections to unbound states is described below. Despite 
the fact that one is dealing with unbound states, the total cross sections can be pre- 
dicted exactly for electric dipole direct capture transitions ““) which represent the 
dominant transitions for direct radiative proton capture ‘I~). In comparison, the 
theory for one-particle transfer reactions to unbound states is difficult to be treated 
exactly 3B 33* 44). 

The weakness of the electromagnetic interaction Hint, relative to nuclear interac- 
tions, allows a first-order time dependent perturbation theory to be used in computing 
the cross sections: 

do = $+E) 
1 

C I<f~fl~i~tlW12, 

1 (3, + I)(%, + 1) mlrnf 

where& and j, are the spins of the projectile and target, respectively, and P is the 
circular polarization of the y-radiation (P = +l), pi is the relative velocity in the 
asymptotic region of the projectile and target nucleus, i and f refer to wave functions 
describing the initial and final states. The density of final states, p(E), is given by 

/I(E) = 47c iX 6 $ t.+q2dq dQ2, 
( ) 

where p is the reduced mass, q is the final velocity of the projectile and q represents 
the wave number of the y-radiation. For El transitions, the interaction is described by 

where 2, is given by 2, = p (Z,,/M, -2,/M,) with (2,) 44,) and (Zt ,M,) noted as the 
charge and mass of the projectile and target, respectively, and e is the electric charge. 
The functions I$p(e,,, (py, 0) are elements of the rotation matrix for L = 1 where 
(0,, q,,) specify the direction of the emitted y-radiation with respect to the beam 
direction. The coordinates (r, 8, cp) are the coordinates of the projectile in the c.m. 
system. 
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The wave functions of the initial and final states are assumed to be represented by 
[see also ref. “)I 

and 

The notation is the same as the one given in ref. ‘). In the case of a square-well 
potential, the radial wave functions #~~~~)~~r are given a~alyt~~~y by spherical 
Bessel functions for Y 5 R. matched at R, to the exterior Coulomb functions 
[F&r) cos 6, + G&r) sin 6, J/kr. The final state wave function representing the reso- 

Fig. 6. (a) Radial wave function for partial p-wave of the 12C+p system at E,, = 2 MeV. The nuclear 
phase shift &, = 1 has been assumed to be given by the “hard sphere” phase shift at the nuclear radius 
i?& E - 10”). (b) Radial wave function describing the 25% resonant state at 2366 keV in 13N. For 
R0 = 4.48 fm a squire-we~f depth of Y, = 259 MeV is determined from the matching conditions 

(see text). 

nant state is given by a scattering wave function which describes the resonant elastic 
scattering [6, - arctan F/2@-&)] of a projectile from the target nucleus at an 
energy correspo~d~ug to the virtual level in the combined system. For a given nuclear 
radius Ro, the potential depth VO required to reproduce the excitation energy of this 
virtual (resonant) state can be obtained from the usual matching procedures for the 
radial wave functions ‘). With this potential V,, the radial wave function of the 
resonant state is then corn~le~~y deter~~ed. The radial wave f~n~~on for the 2366 
(3’) keV resonant state in ‘3N(Z, = 0) is shown in fig. 6 together with the radial wave 
function for a p-partial wave of the initial state. 
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If the above wave functions are inserted into the matrix element of eq. (8), the cross 
section for El direct capture is given by 

where Ei and Ef are the initial and final energies of the projectile in the c.m. system, 
Ey is the y-ray energy and Rllllr represents the radial matrix element 

Since the initial and final radial wave functions Us, and ulr are described in the 
asymptotic region by distorted Coulomb functions (fig. 6), the radial integral cannot 
be evaluated analytically nor numerically in a straightforward manner. This problem 
has been solved by Faessler ““) with the use of the Ehrenfest theorem 

p(f) = -pw2(r) = z , ( > 
and hence the radial matrix element can be replaced by 

R zilzf = <MrlO = - $ (hl g Izi>, (14) 

where CD is the frequency of the emitted y-radiation. In this method, which is of course 
limited to El transitions, the derivative of the potential determines the radial matrix 
element. If the potential V(r) is described by a square-well potential of depth - V. 
for r S R. and the usual Coulomb potential for r 2 Ro, then the matrix element 
can be written as 

R 
1 

Zlllf = 2 
[S 

R0 
uI, V. S(r - Ro)ulf dr -2, Z, e2 

Pm 0 s 

m 1 
UZ, 1 %dr - 

Ro r 1 
The first integral reduces to the integrand at r = R. and the l/r2 factor in the second 
integral ensures convergence. We write for brevity 

(15) 

From eq. (15) it follows that direct capture radiation is produced as a consequence 
of the acceleration of the incoming particle which gives rise to bremsstrahlung. The 
acceleration from the attractive nuclear potential is, however, reduced through the 
repulsive Coulomb potential. It is expected that the latter influence will be of increas- 
ing importance at beam energies below the Coulomb barrier, Calculations of both 
interaction matrix elements are described below. 
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For the “C(p, yrp*)% capture reaction to the 2366 (4’) keV unbound state, the 
matching procedure for this state yielded for R,, = 4.48 fm a potential depth of 
V,, = 25.9 MeV for the 2s, orbit. The Coulomb potential for this radius is V, = 
(ZpZte2/R,) = 1.93 MeV. The direct capture process to this 3’ state is due to an 
El(p + s) transition. The p-partial wave phase shifts in the initial wave functions 
were assumed 12) to be zero consistent with available elastic scattering data 3 6* 37) 

1.0 
BEAM EN?& (MeV) 

3.0 

Fig. 7. For the reaction 12C(p,yIp*)‘zC the nuclear part I’,,,, = [VOu,,u& and the Coulomb 
part Vcoul = Z&e2 J$0ur,(l/r2)ul,dr of the interaction energy are shown. 

(dliZ1 S 10” at E, 5 3 MeV). For the resonant state one has 81,=1 = 90” at the 
resonance energy Ef = ER. With these values the two interaction matrix elements 
have been evaluated numerically. The Coulomb matrix element was extended as 
far as 150 fm where the integrand was reduced to 5 1 % of its maximum value 
of smaller radii. The results (fig. 7) demonstrate that the contribution of the 
Coulomb matrix element to the process relative to the nucIear part is of increasing 
importance at beam energies below the Coulomb barrier and therefore cannot be 
neglected in the calculations as suggested by ref. ““). For example, the neglect of 
V coul at J% = 1 MeV would yield a 60 % higher cross section. 

For the direct capture process to the 2366 (3’) keV unbound state in 13N (r = 
39 keV), the y-ray intensity (fig. 2) was determined from the complete y-ray peak 
(fig. 2) which corresponds to the energy interval AE, = EyR+r, where EyR is the 
mean y-ray energy. Eq. (13) has then to be integrated over this energy interval. 
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Calculations have shown that the exact evaluation of this integral can also be done by 
assuming that the energy dependence of the cross section is given by a Breit-Wigner 
shane: 

L 

s ER+~- 

a(EJ = O(Ei ) Er)dE, x (r ( Ei ) 
ER-T 

Er = Ea)/0a && dE, 

= Qi,Ef = ER,'; - 

With this result the final expression for the El total capture cross section is given by: 

This formula was first derived by Faessler ““) in a similar fashion, with the excep- 
tion that VcoUl had been neglected (see above). 

3.2.2. The excitation functions - experiment. The excitation functions at 0” and 90” 
for the transition to the 2366 keV unbound state (fig. 8) are in good agreement with 
the results from Woodbury et al. I*), except that the yield curves have been extended 
to lower beam energies close to the final resonant energy. The smooth yield at 90” 
is interrupted by a prominent feature near EP = 1.7 MeV. Away from this feature 
the smooth yield is associated with a sin20 angular distribution as shown in the inset 
and is also evident from a comparison of the 0” and 90” yield curves. The angular 
distribution is consistent with an El(p -+ s) transition revealing an 1, = 0 orbital 
momentum relative to the “C target nucleus in the wave function of the 2366 keV 
unbound state. The energy dependence of the 90” yield curve is well reproduced by 
the model calculations [eq. (16)] at I$ 2 1 MeV (solid line in fig. 8). Below E,, w 1 
MeV the experimental yield drops continuously with beam energy (dashed line) 
while theory predicts a continuing flat yield curve with a divergent increase close to 
the final unbound state. The latter divergence in cross section is due to the dependence 
c x l/E,. This divergence problem is well known in bremsstrahlung theory 3g-43) 
(“infrared problem”) for projectiIe energies Ei close to the final projectile energy 
Ef and consequently for EY = Ei - Ef + 0. The solution of this problem may require 
[refs. 3 g - ““)I the inclusion of higher order terms in the time-dependent perturbation 
theory as well as the inclusion of higher order radiation processes. No attempt has 
been made in the present work to follow these lines in order to improve the direct 
capture theory at beam energies close to the final resonance energies. 

The feature at EP = 1.7 MeV and 90” can be explained as an interference between 
a Breit-Wigner amplitude for the 3512 + 2366 keV resonant y-decay and the direct 
capture amplitude, slowly varying with beam energy (see also ref. ““)). At 0”, a 
normal resonance yield curve is observed due to the absence of the direct capture 
yield at this angle. From a fit to the observed data, the 3512 --f 2366 keV branch is 
found to be (8 + 1) % in fair agreement with the reported value ’ “) of (5 + 1) %. 
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3.2.3. Nuclear structure information. From a comparison of the observed and 
predicted total cross sections for the DC --f 2366 keV direct capture transition at 
Ep 2_ 1 MeV, a spectroscopic factor of C’S@ = 0) = 1.02 +0.15 for the 2366 keV 
unbound state is found. From the observed proton width of F = 39 keV for the 
2366 keV resonant state, a reduced width (or spectroscopic factor) of 0”(1 = 0) 
% 0.81 (R, = 4.48 fm) is deduced using the usual relationship between an observed 
width and its reduced width “‘) and including the Thomas correction ““) for broad 
resonances. Both results are in fair agreement. Stripping data yield C’S (I = 0) 
x 0.25 [ref. 3)J and 1.02 [ref. ‘)I. It should be noted that stripping data to the 
analogue state in i3C at 3086 keV, which is bound, give C’S (I = 0) w 0.90-0.97 
[refs. 27pzg>l* 

The 3512 (+-) --f 2366 (4’) keV y-ray branch (8&l o/,) corresponds to a strength 
of M’(EI) = 0.094+0.013 W.U., in comparison with M2(E1) = 0.038+0.011 W.U. 
for the analogue transition ‘) 3684 + 3086 keV in 13C. If the states involved in these 
transitions are good analogue states, then both strengths should be identical 35). 
However the transition strengths deviate by a factor 2.5 + 1.0 corresponding to a 
similar deviation in the strengths of the analogue El decays from the first excited 
states 35). Warburton and Weneser 35) suggested that this deviation may be due to 
differences in the external radial wave functions for the 2366 (13N) and 3086 (‘“C) 
keV analogue states since there is a large Thomas-Ehrman level shift of 720 keV 
between these states. 

3.3. THE TRANSITIONS TO THE 3512 AND 3547 keV UNBOUND STATES 

A search for the direct capture transitions to the 3512 (g-) and 3547 (3’) keV un- 
bound states was performed for Ep = 2.3-3.0 MeV and 0, = 55”. The observation 
of these transitions is, however, complicated due to the expected widths (60-70 keV) 
of these y-ray lines and the increasing low-energy y-ray background for E, 6 2 MeV. 
The observed upper limits of o(DC --f 3512) 5 0.5 fib and o(DC + 3547) 5 2 pb 
corresponds to C2S (I = 1) 6 0.5 and C’S (I = 2) 6 1.0, respectively. These upper 
limits are not inconsistent with the corresponding values deduced from elastic scatter- 
ing data ‘): 0”(Z = 1) = 0.06 and @(Z = 2) = 0.56. Stripping data yield C2S(Z = 1) = 
0.13 [ref. “)I and 0.02 [ref. 3)] and C’S(Z = 2) = 0.87 [ref. “)I and 0.14 [ref. 3)]. In 
view of the large discrepancies between these sets of spectroscopic factors, a more 
detailed search for the direct capture transitions to these two unbound states (e.g., 
with the use of a gas target) is desirable. 
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