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A COUPLED OIANNELS K>DEL FOR RADIATIVE 

CAP1URE OF NUCLEONS BY 12c. 

D. L. Johnsont 

University of Washington 
Seattle, Washington 98195 USA 

A simple model based upon coupled channels scattering calculations for nucleons on 12c has 
been applied to the corresponding radiative capture reactions. It includes only electric dipole 
transitions via direct capture ~Ius capture occurring via intermediate states consisting of only 
the 2+ first excited state of 1 C coupled to a nucleon in the s,d shell. 13t is shown that the 
shape and magnitude of measured excitation ft.mctions of the 12C(p,y·) and C(y,n ) reactions 
are largely reproduced for excitation energies up to about 10 MeV. °Furthermore, ~t is shown 
that the excitation functions are strongly affected by competition and interference between 
direct capture and the indirect modes. Angular distribution data is also fairly well reproduced 
by the model. Implications of the success of the model will be discussed. 

[Nuclear reactions, 12c(p,y·) 1~. dq(Eg,6)/dn ~ <9 MeV, 13C(y,n ) 12c, do(E ,0)/dn, E--<10 MeV, 
coupled channels model ca12Ulation, c mparison to experimental Rata] Y Y 

Introduction 

There is a continuing need for development of 
simple nuclear models that can be applied to the under
standing, prediction, and evaluation of nuclear reac
tion data. Here the interest was primarily in explain
ing data on the capture of low energy nucleons by 12c. 

a nucleon. Also shown are the laboratory energy scales 
for incident neutrons or protons which correspond to 

For applied purposes, data on neutron capture by 
12c can be useful because, for example, (1) carbon is 
used in fission and fusion reactors, (2) carbon is a 
standard for neutron cross section measurements, (3) 
carbon is used in organic neutron· detectors, and (4) 
the l3c(y,n) reaction provides a neutron source that 
must be considered under certain circumstances. Proton 
capture data may be useful for example in astrophysics. 

A simple model was applied to describe the radia
tive capture of either neutrons or protons that was 
based upon coupled channels calculations which had 
previously been tLsed to describe. their scattering by 
Uc. The model was very successful as will be shown 
and explained several complex features of experimental 
data. 

It was somewhat surpnsmg to see such good ·agree
ment however. Despite the successful application of 
the coupled channels approach to scattering, it was 
by no means clear that it should work as well for rad
iative t:<lpture. For example, weak' configurationS 
in the continuum wave functions that are neglected in 
the si111ple model might have a profound effect upon 
capture. The most important of these neglected con
figurations was expected to be that involV"init_ the giant 
dipole resonance of the target nuclet~ couplea to a 
single nucleon, such as is included in the so-called 
direct-se~-direct (DSD) capture model (Ref. 1). 

The relevant structu-re of 12c ::~.nd mass 13 nuclei 
will;-.9.e discussed. Then. the data relating to capture 
will be described and following that, the model and 
its results. Finally, ·implications of the model will 
be discussed. 

Relevant levels of 12c and A=l3 t-.'uclei 

Radiative capture of a nucleon by 12c leads to 
either of the mirror nuclei 13c or 13N. The law energy 
levels of these nuclei are shown in Figure 1. Shown 
on either side are the energy levels of 12c to whir~ 
each of the compowtd systems can decay by emission of 

a given excitation energy in the compound system or 
to the threshold for inelastic scattering to a level 
in 12c. 
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Fig. 1. Law energy level structure nf A ~ 13 nuclei. 

The proton -capture reaction can be described 
entirely by radiative transitions to the ground state 
since all other states are unbound to proton decay 
and therefore cascade transitions cannot contribute 
significantly. Neutron capture can involve transitions 
to the three bound excited states shown, however, most 
~~ the applicable data is actually for the inverse 
Cf~ ,n) reaction which involves only the ground state 

of ~c: The cross section for the Bc(y,n )12C reac
o 
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tion is easill3related by detailed balance to that of 
the 12C(n,Y) C reaction. One expects a great deal 
of similari£y in the two capture reactions because of 
the high degree of ·symmetzy between the mirror nuclei. 

The primary interest will be in neutron capture 
for incident energies less than - 5 ~leV(E/ 9. 4~1eV) 
and proton capture for energies less than -8 ~V 
because only elastic scattering and inelastic scatter
ing to the 2+ firs~ excited sta~e of 12c, and radia
tive capture react1ons are poss1ble. Furthermore, 
below about lOMeV in excitation, in mass 13, the 
structure of the positive parity states is very simple 
and well understood. 

Detailed shell model calculations (ref. 2) have 
confirmed that below - 10 ~V the positive parity 
states are composed almost entirely of the O+ and 
2+ states weakly coupled to single s,d shell nucleons, 
however, some mixing of configurations occurs· and the 

1/2+·, 3/2+, S/2+, and 9/2+ states from the (2+ @ dsn) 
configuration that would normally occur at - 8 Mev
are pushed to energies greater than 10 ~V. 

Capture and Photonuclear Data 

There have been several measurements of the cap
ture reaction for protons less than -3 .MeV, but only 
one measurement is known for the range of -3 to 9 ~V. 
(Ref. 3). Figure 2 shows measured excitation functions 
at 90° for both the (p,y ) and the (p,p~y) (4.44~leV) 
reactions. 0 
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Fig. 2. ~asured excitation functions of the differ
ential cross-section at goo. Lines are to 
guide the eye and are not based on theory. 
a) The 12C(pp~y) 12c"'(4.44 ~leV) reaction. 
b) The 12c(p,yQ) 1~ reaction. Data from 

references 3, ·4, and S. . 

For the capture reaction data, one would expect 
El transitions to be very prominent. These would 
in~~l\~ only 1/2+ or 3/2+ states in the compound sys
tem decaying to the 1/2 -ground st~te. Strong reson-

ance effects arP. in fact seen that correspond to the 
1/2+ state at 2.366 ~leV ;md the 3/2+ state at 6.898 
~V in 1~. Snrnrjsjngly,_a....m.inimum is_seen_)!ear the 
only other possible El candidate, the broad 3/2+ state 
at -7. 9 ~V. · A strong resonance is seen in the in
elastic scattering at the lower 3/2+ state indicating 
-that the capture reaction might also have effects 
associated with excitation of the 2+ state. The only 
other capture resonances correspond to the first 3/2-
state at 3.509 ~V and the first 1/2- state at 8.52 
~leV. Both of these resonances involve predominantly 
M1 transitions. The other compound states are not 

. expected to be significant in capture because they 
would correspond to Ml multipolarity or higher and 
are in general rather narrow. 

Since a significant capture cross-section was 
observed between resonances, (in particular in the 
wide space berween - 3.5 to - 6.4 MeV in excitation), 
an important direct capture contribution was suggest
ed. For direct capture, El radiation should predomi
nate over hi2hei mul~ipoles. Thus it appears that 
as ide from the two M1 resonances, the excitation 
function for capture of protons less than - 9 MeV 
is associated with El radiation via direct and reson
·ant mechanisms. 

There have been seve<al measurements of the 
13c(y,n) reaction at low energies. The most detailed 
data available at the time of this work was that of 
Bertozzi et al,(Ref. 6) whi~ is· shown in Figure 3. 
Note that the excitation function at 77° is quite 
similar in shape to the (p,y ) excitation function 
at goo. 0 
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The data of Bertozzi et al, were quire useful for 
the theoretical comparisons to be discussed. It was 
known that El capture or photoemission involving the 
ground state has an angular distribution that can be 
described with only two terms in a Legendre expansion. 

~ (9) = A
0 

(1 + a2P2(cos9) ) (1) 

Ther~fore it was possible t'o solve for the total 
cross section (4wA ) and the a coefficient at each 
energy in the exci£ation functfon where measurements 
at the two angles were made. Near the M1 resonance 
at -9 t>leV, there can be an additional ~a1 P1 {cos9) tenn 
in the angular distribution due to El/Ml Interference. 
Hence, this procedure was not used for energies near 
the 9 MeV resonance. 

The Caoture 1-bdel 

The capture model is briefly outlined here, 
details may be found in Ref. 3. The cross section 
for radiative capture from a continuum state to a 
bound state is proportional to the square of the 
electromagnetic matrix element between the initial 
continuum wave function.and the final bound state 
wave function. 

Here the electric dipole operator was used· and 
wave functions for only the 1/2+ and 3/2+ incident 
channels were needed. 

The initial continuum wave functions were pro
vided by solution of a coupled channels optical 
model calculation of the scattering of nucleons by 
IZc. . 

The incident wave function corresponding to the 
J1T=3/2+ channel can be written in the following short 
hand notation which represents the presence of excit
ed core states. 

ljli(3/2+) = (0~@ d3/2)3/2+ + cz·~ sl/2)3/2+ + 

cz•® d5/2)3/2+ + cz• ~d3/2)3/2+ (2~ 

For each configuration in the expansion, the coupled 
nucleon h<C> a tl.ifferent radial wave function which 
varies with the incident energy. The expansion for 
the 1/2+ incident channel is analogous. 

The coupled-channels scattering calculations of 
. Mikoshiba, Tanifuji, and Terasawa (Ref. 7) have been 

reproduced in this work in.order to generate the con
tinuum wave functions. Their view was that the o• 
arid 2+ states were the lowest states in the ~rround 
state rotational band of an oblate deformed Ilc 

. nucleus. (S = -0.5). Excitation of the z+ state was 
-tfeated phenomenologically via an interaction of the 
ind.dent nucleon with the non-spherical part of a 
deformed oblate optical potential. A great deal of 
effort was made by Mikoshiba, et al., to reproduce 
the excitation functions of proton elastic and inelas
tic scattering cross sections and to give the correct 
locations for positive parity resonances below about 
10 MeV in l3N. In order to·fit the resonant states, 
the real optical potential describing the interaction 
of a nucleon with 12c was allowed to depend slightly 
upon the nucleon energy. In addition, a spin orbit 
potential and very weak spL~-spin and (t2) orbital 
angular momentum dependent interactions were incor
porated. No imaginary potential was used because all 
scattering channels were e~licitly included. The 
scattering of neutrons by 12C was then described us
ing· ~he same potential, after removing the coqlomb 

term. 

The wave function of the grmmd state of either 
13N or 13c must be expanded in the same weak coupling 
form as the incident wave function for use in capture 
calculations. It has been shown (Ref. 8) that the 
ground state expansion ·includes many 12c core states 
coupled to p-shell nucleons. The largest configura
tions involve the o• ground state, 2+ states at 4.44 

·and 16.1 MeV, and 1+ states at 12.7 and 15.1 MeV. 
; However, only configurations involving the o+ and z+ 
I first excited states coupled to p-shell nucleons can 
i couple via El radiation to the simple continuum wave 
; functions that have been considered. The important 
parts of the grm.md state wave function can be written 
as 

(3) 

1 Here 9 and 92 are expansion coefficients which are 
·: re~ateA to the spectroscopic factor for each configur

ation. 

The ·radial wave functions for each of the bound 
configurations were calculated using a Woods-Saxon 
form and a spin orbit tenn. The same radius, diffuse

. ness,spin orbit,and coulomb potential parameters were 
· used as for the coupled channels scattering calcula-

tions, however, the depth of the potential was adj us-

I. ted to reproduce the binding energy of a single 
nucleon for each configuration. The binding energy 
of a nucleon coupled to the 2+ state was taken to be 
4.44 MeV more than the normal ground state binding 

I 

energy. 

The expansion parameters of the grm.md state wave 
· function were taken from spectroscopic factors calcu
lated by Cohen and Kurath (Ref. 8), whose results 
have been shown to be in good agreement with a wide 
variety of experimental data for p-shell nuclei. 
The values were 91 ~ 0.783 and 92 a 1.059, hence the 
probabilities for each configUration were comparable. 

An example of the radiative capture mechanism is 
shown schematically in Figure 4. Here one sees a 
d~/2 proton incident upon the o• target. After 
cOllision, a compound system is formed with a wave 
function as in equation 2. Each of the configurations 
in th~ compound system can radiate via El single par
ticle transitions to a configuration f2 the 1/2-
ground state with the core states of C acting only 
as spectators. Direct capture takes place via radia
tive decay ?f the d~12 nucleon to a bound p112 orbi
tal. A s1m1lar process occurs for capture na the 
1/2+ incident channel. 

BEFORE COLLISION AFTER COLLISION 

~ INCIOENT STAT~ d";;O 
o• 

. • GROUND STATE 
OF 11 C. 

13N GROUND STATE (IJi) -

Fig. 4. Schematic diagram of the 12C(p, y ) I~ 
. . . 0 

r7act1~ Ln~olVLng coupled-channels capture 
Vla exc1tat1on of the 2 first excited state 
of 12c. Incident channel is Jrr = 3/2+. 
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It can he sho~,;n·'that 'the cross section for El 
capture to the ground state can be written as 

(J .. ~(~/2+2 
+ 2M3/2+

2
] 

37f vl 
. (4) 

where Mt;2+ and M312+ are the reduced matrix elements 
for El transitions via either the 1/2+ or 3/2.+ inci
dent channels, Ky is the photon wave number, and vl 
is the relative velocity of the incident nucleon 
and the target. Furthermore, because of the wave 
functions,each matrix element is expressed as the sum 
of seve~l coherent contributions as in Figure 4. For 
the 3/2 channel, the matrix element can be written 
as 

M
312

+ .. (3/2+IEII 1/2- )• e1A1+ 0zAz+ 0zAa+0zA,. (5) 

where el and ez are the ground state expansion•para
meters and the A's are partial amplitudes .for each of 
the El ·single ~art~cle transitions, in Fi~re 4. For 
example, A~ = \,.2~ s112 !EII2 ~P3; 2> 
Interference effects may be expected between the tran• 
sitions contributing to each of the reduced matrix 
elements. · 

The angular dependence was also calculated for 
both capture and photonuclear reactions. For pure 
El capture, the angular distribution has the form 
shown in equation 1. The a2 coefficient can be ex-

pressed as a2=2Re ~/2 "M3; 2) - M3; 2 
2 

z . 2 - (6) 
~/2 + 2 ~/2 

This coefficient is sensitive to the ratio of caoture 
proceeding via either the 1/2+ or 3/2+ incident • 
channels. The first term in the numerator· is related 
to El/El interference between transitions via the 
two incident channels. If one ignores this term then 
the a2 coefficient is bounded between a2~ 0.0 (isoto
pic) for capture solely via 1/2+ + 1/2 - transitions 
and a2 =-o.s for capture solely via 3/2+ + 1/2- tran
sitions. The effect of the interference term could 
give an a2 coefficient outside these limits. 

Results 

Calculations of the radiative capture cross 
section were made for protons up to 9 MeV and for 
neutrons up to 6 MeV using the model described above. 
The results for proton capture evaluated at 90° are 
compared to the experimental pata between 2. 7 and 
9 MeV in Figure S. The. agreement is excellent except 
for the two Ml re:Jonances shown i11 Figure 2, which 
are not included in t..'1e model resonance. The para
meters used in the model appear to be near 'optimal. 
Some studies of the sensitivity to these parameters 
have been done but will not be presented here. 

Results of calculations of the neutron capture 
cross section are shown in Figure 6. The shape is 
quite similar to that for proton capture, as expected., 
except for the law energy (p,y) resonances that can
not-occur in neutron capture. 

·.:.~:- . 
The resul t.s of calculations of the (y ,n ) cross 

section are campared to a sampling of experi~ental 
~ta in Figure 7. Agreement is not quite as good as 
for the p,y reaction, hawever, it is believed that 
small changgs in the model would give excellent agree
ment. 

To ex~~ine what determines the shape of the cal
culated cross section, the contributions frdm each of 

3.0 

1.0 

4 5 6 8 9 
E,(MeV) 

Fig. S. f2(:(p_,_y_0_),.l•~-r-e_a_c-ti~~-. Comparison· o·t:alcu-

Fig. 6. 

2.4 

2.0 

Fig. 7. 

lated and measured excitation function at 90°. 
Data from Z.7 to 9 MeV on~y (Ref. 3). 
·~~~~~~~~~~~~ 

' .a 
:t. 

·- .. _ OJ:..,-:-;==-...,..-.~....,..~t¢..:;.;.=.~ 
... ---r---2- -l-4--;--· 6 

En (MeV) 
12c(n,y ) 13c reaction. Calculated cross 
sectiong for 1/2+ and 3/2+ incident channels. 

llc <r. no> 12c 

EXPERIMENT 
·-- Ber!Qtzl 61 al. (Se ~) 

f Green a Oonallue 
!Gr 64) 

a EdQt !Ed 60) 

THEORY 

7 a 10 
E,..(MeV) 

1:3C(y ,n )12~---;~;~~i-~~·: , C-o~aris~~-~f--~alcu-
lated ~d measured cross-sections. 

·the transitions involved in the 3/2+ incident channel 
are shown separately in Figure 8 along with interfer
ence effects. The total contribution from capture via 
the 1/2+ incident channel is also shown but is small 
except for the low energy resonance which is predom
inantly di:ect capture via~ s112 + p112 ~ransition. 
Cross sect1ons for capture. v1a the transitlons shown 
in Figure 4 are labeled 1 to 4. Curves labeled by 
two numbers correspond to the effects of int~rference 
between two transition channels. 

The direct capture contribution (channel 1) is 
seen as a broad resonance centered near a proton energy 
where one expects a potential scattering resonance in 
the elastic d-; channel. Hawever, a strong dip is 
seen in this to~tribution due to competition effects 
associated with a resonance in the (2+ ® s1 )3/2+ con
figuration of the incident wave function. ~~tl": that 
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the direct capture contribution is not at all like ex· 
perimental observations. 

Capture that proceeds via the inelastic configura
tions has a profm.md effect upon the shape and magni· 
tude of the exc:i tat ion fimction. For example, the. 
strong interference minimum seen for protons of -5.3 
~~V is caused by interference be~;en direct captu~2-
and capture via the (2+ ~ sl/2)3/2 + (2+ ® p3/2)11 
transition (channel 4). Also, the broad minimum for 
protons of - 7 MeV is due mainly to ;interfe~i~ce 
betwee? direct capture and the (2+ 0-d~l2)31 +(2+® 
p312)1 2- transition (channel 2). Furthermore, the 
rise in cross section at higher energies is caused pre· 
dominantly by capture via the (2~~d ) +(2~p ) 
~ans.ition (channel 2) plus const~Gve interf6tences 

'between it and the other inelastic capture channels. 
At the lowest energies, the direct mechanism dominates 
as might be eXpected. 

The a7 coefficient of the angular distribution 
was calculated for both the (p,y) and (y,n ) reactions. 
The results are compared in Figu~e 9 to the0values 
deriv~d from ~e (y,n) data of Bertozzi, et al.(Ref.6) 
d~sc:1~ed earl1er. N8te that the a2 coefficient varies 
s1gn1f1cantly with energy, innicating the changes in 
the ratio of transitions via the 1/2+ continuum channel 

compared to the 3/2+ channel. Since the a coeffi- . 
cient exceeds the limits of 0 and -0.5 destribed ear
lier, it reflects the interference between the two El 
modes. The calculated a2 coefficient is considered 
to be in fairly good agreement with the experimental 
data. !'hj!;h ar~ qf unlql_own quality . 
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Fig. 9. 13c(y,n )12c reaction. Comparison of calcu· 
lated a~ coefficient to experimental results. 

Discussion 

Considering the complexity of the competiorr and 
interference effects, it is surprising that the·shape 
and magnitude of the experimental data are so well re
produced. It is apparent that the coupled channels 
calculations of Mikoshiba, et al. (Ref. 7) provide an 
excellent description of the important continuum wave 
functions. 

The success of the model seems to imply that weak 
configurations in the continuum wave functions that 
were neglected are not important for capture at these 
low energies. One might expect a small ~robability 
for configurations such as (1+ €)s11 )3/2 in the con· 
tinuum wave function where the 1+ ~~ate is either the 
12.71 ~V (T=O) or the 15.1 MeV (T=l). Such config· 
uratians could radiate to the ground state via El 
single particle transitions just like the ones con
sidered. However, one would not expect such configur· 
ations to become important until higher energies in 
the weak coupling view. Furthermore, the transition 
amplitudes would tend to be small beca~~e of the deep 
binding of the nucleOn coupled to the highly excited 
core state in the ground state configuration. 

A more important configuration for El capture 
might be expected from a configuration in thl

2
compound 

system having the giant dipole resonance ~f2+ C COuP· 
led to a p-shell nucleon (e.g. (l"@p11 ) I ). Such 
a configuration could radiate strong!~ ~o the ground 
state because of collective El enhancement even when 
only a small admixture is present in the compound 
system. It is explicitly included in the so-called 
DSD model (Ref. 1). It can be shown th~t at low eneT· 
gies, tlte effects of the coupled channels mechanism 
are dominant over the DSD mechanism because of a large 
overlap of radial wave functions external. to the com
pound system which does not occur for the DSD mechan· 
ism. · 

Another way of viewing the simple mechanism des
cribed is from the point of view of photonuclear re
actions. It is well known that for iight nuclei away 
from closed shells, there is considerable El strength 



below the main dipole states at - 20 MeV. The broad 
pygmy resonance in mass 13 nuclei at - 13 MeV is a 
good example of this effect. Note that the model des
cribed here predicts the lower part of the pygmy 
resonance to be associated primarily with the 
(2+® d512)3/2+ configuration in the continuum. 

One would therefore expect that capture involv
ing low lying excited target states might be applic" 
able at low energies. for other light targets that 
do not lead to closed shells. For example, the 
17Q(y,n) reaction at low energy (Ref. 11) shows 
effects very similar to those seen here including a 
significant resonant dip that might be explained as 
the effect of competition or interference between 
modes involving various core states. Note that a 
similar coupled channels model was developed by Buck 
and Hill (Ref. 12) to treat photonuclear reactions 
on closed shell nuclei. Some success was obtained 
for 16o. A significant difference was that here a 
complex wave function was used for the ground state. 

The model described here has similarities to the 
valence model (Ref. 13) in that a significant portion 
of the capture occurs via the direct transition and 
is correlated with the nucleon width. It is also 
similar to the DSD model (1) in that core excited 
states are involved, however, here the coupled 
single nucleons decay rather than the core state. 
It is also similar to a compound nuclear mechanism 
in which only the first stage of core excitation is 
involved. Note that resonances such as the first 
1/2+ state in 13N have been treated as· compound nuc
lear effects (Ref. 14) with an underlying direct 
component, however, in the present· model it is pre
dominantly a direct capture·resonance. 
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