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This work investigates the interference in radiative nucleon capture reactions between the giant reso-
nances and the doorway configurations mixed in compound nucleus levels. A unified formalism has been
established by which it is possible to study the interference among the four parts in the capture ampli-
tude: the potential capture, valence capture, semidirect capture, and fine resonance capture stemming
from doorway configurations. The '2C(p,y,) data in the excitation energy region of 10-30 MeV in *N
were analyzed by means of this formalism with an emphasis on investigating the dips and peaks superim-
posed on the pigmy resonance. These structures are interpreted as destructive or constructive interfer-
ences in doorway configurations. Parameters for both the giant resonances and fine levels were extracted
by fitting the measured data. We extend the study to discuss the potential of observing similar interfer-

ences in the reactions 12C(n,7,) and ?C(p,y, )"

PACS number(s): 25.40.Lw, 24.10.—i, 27.20.+n

I. INTRODUCTION

In previous papers [1,2], the interference effect in the
channel radiative capture reaction has been investigated.
Those studies show that the neutron capture data in '2C
at a neutron energy less than 30 keV can be well under-
stood in terms of the channel capture mechanism. Of
most interest, the destructive interference between poten-
tial capture and valence capture is indicated to be crucial
in understanding the very small thermal neutron capture
cross sections in 2C and its neighbor nuclides. Both po-
tential capture and valence capture stem from the one-
quasiparticle configurations (the entrance channel
configurations) in the capture states. The potential cap-
ture comes from the shape elastic-scattering wave, and
the valence capture [3] arises from the compound (reso-
nance) elastic-scattering wave.

The next kind of simple configuration, which is impor-
tant to the radiative capture reactions, consists
of the doorway states [4] (the three-quasiparticle
configurations), such as the giant dipole resonances for
E1 transitions. Similar to the entrance channel
configurations, the doorway states can be reached by two
approaches different on the reaction time scale in
nucleon-induced reactions. The semidirect capture [5] is
a process where the doorway states are reached in a
prompt way, which shows giant resonance behavior with
widths on the order of a few MeV. As the slowest ex-
treme, the part of the doorway strength which is mixed
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N*, leading to excited states of the final nucleus.

into the complex fine levels can be reached by the com-
pound nucleus process. Those two parts of the radiative
strength are expected to interfere, and the question is
where to find clear evidence of this interference effect.

The best way to identify the interference is to look for
dips caused by destructive interference between discrete
narrow levels and giant resonances with evidence that
both the giant resonance strength and the level radiative
strength arise from the doorway states. Nucleon capture
in light magic nuclei, such as 2C and '°0, provide good
chances to find this effect. This is because the level densi-
ties in those nuclei are fairly low compared with those of
the medium and heavy nuclei. The discrete levels are ex-
tended to the energy range of giant resonances, and so it
is possible to observe distinct fine structure on giant reso-
nances. In addition, experimental measurements [6,7]
have confirmed that a considerable fraction of the dipole
strength goes down to a lower energy region to form so-
called pigmy resonances for those nuclei with a closed
shell plus one or two nucleons. This behavior would
make the interference clearer. In addition, the weak cou-
pling between the valence nucleon and the light closed-
shell nucleus makes the configurations involved relatively
simple and affords easier analysis for the capture ampli-
tude.

Section II presents a unified formalism to study radia-
tive capture reaction cross sections. With this formalism,
it is possible to investigate the interferences among the
four parts of the capture amplitude: namely, potential
capture, valence capture, semidirect capture, and narrow
resonance capture due to doorway configurations. In
Sec. IIL, the *C(p,7,) data are analyzed in terms of the
above formalism. Emphasis will be put on the narrow
levels with spin-parity of %+ interfering with the broad
dipole resonances of J T’=%+ in a way that attempts to
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identify the interference in the doorway states and extract
relevant parameters for both the giant resonances and
narrow levels. In addition, the mirror nuclei 1*C and N
are well known to have corresponding levels, and the two
reactions '?C(n,y,) and '’C(p,y,) have their major
characteristic in common. A pigmy resonance also has
been observed in the reaction '*C(n,y,). In addition,
since the first excited state (2.36 MeV, %“L) and the third

one (3.547 MeV, 37) in N are of prominent single- -

particle characteristics, it is expected that the reactions
2C(p,v,) and '®C(p,¥,) would exhibit pigmy resonances.
Therefore, it is of interest to extend the present study to
see the potential of finding a similar interference struc-
ture in those radiative capture reactions. Section IV is a
brief summary.

II. FORMALISM

The radiative nucleon capture cross section from an in-
itial capture state W; to a final state W, is, in the case of
electric dipole transition,

Gy =1Ly el M
#

where m is the reduced mass, and k, and k are the wave
numbers of the outgoing photon and the incoming nu-
cleon, respectively. e? is the total electric dipole transi-
tion operator, which can be elaborated as

D=D,+d , 2)

where 2. and d act on the target and valence nucleon, re-
spectively.

In the present case, ¥; includes the entrance channel
(one-quasiparticle) configurations ', and the doorway
states (three-quasiparticle configurations) important to
the capture reaction 1,&23). The wave function should be
normalized to meet the initial condition of a standard
plane incoming wave e"kZKmS, where m denotes the spin

projection. Then, one has

VvV QI+ rm
\Ijﬁ'l)zz k—?’[ i(r )@IOJm @jm Iml¢le 4 (3)
where
—2i
Ul (nN=—""—Ur), @
b 1~l7‘{ljj b
and
Upy (uj; >+ Dac (r)
=Re{Ujjr) 2 “ E,—E—(i/2)0;, U
(5)
is the scattering radial wave function,
Im{ U (r))
Ny(ny=— DT ©)
Im(ﬁ,j

Re and Im designate real and imaginary parts, (7{’ ) is
the optical-model reactance matrix element, %/’ G ) is

the optical-model scattering wave function, the @’s are
Clebsch-Gordan coefficients, and the quantity

Sl =1Y X Dy, 1™ D

is the channel wave function consisting of the intrinsic
ground-state wave function of the target nucleus, ®,,,
coupled to the nucleon angular momentum wave function
Y; to give total spin J and projection M. In Eq. (5), A
refers to a nearby fine level. The reader is referred to the
original article [1] for the nomenclature.

The two terms in Eq. (5) are the potential scattering
wave and resonance compound nucleus scattering wave,
corresponding to the potential capture and valence cap-
ture, respectively.

The single-particle configuration in the final state ¥,
which is able to contribute to the transition matrix ele-
ment in Eq. (1), is

(1) ‘tl ( ) oM

= / f 8
=15, Sp—" , 15,1 > (8)

where s, denotes the (d,p) spectroscopic factor associat-

ed with the final state f.

Similar to the entrance channel configurations, there
are also two parts for the doorway states. One appears as
giant resonances. The other appears in fine resonances.
The former can be reached in a prompt way in capture
reaction, the semidirect capture, and may be written as

(8]

b
(3s) — g
vi % E—E,+(i/2)T
X (Y2, (VI L )

where E,, I',, and b, are the parameters designating the
energy centroid, width, and strength fraction of gth giant
resonance, respectively. In Eq. (9), we introduce the sum
over index g to phenomenologically model the possible
split of the giant dipole resonance (GDR) due to nuclear
deformation or appearance of a pigmy resonance. ¥\!*
represents the potential scattering part in Eq. (3),

172

V'= A (r)Y1,.6,¢)0 (10)

4

is the particle-phonon coupling potential, o, is the p
component of the relative coordinate vector of the neu-
tron center of mass to that of the proton (=R —Ep ),
4'(r) is the coupling form factor, ¥'%) ,f represents the
core dipole excitation wave function with a valence nu-
cleon remaining in the orbit of the final state f,

_1 + J M
Y= Uy (NIDEX(Y X0 )M, (1)

1/2
NZ

3
A On

. (12)

is the creation operator of the core dipole excitation.
The part of the doorway configurations mixed into the
fine levels in the capture state is of the form
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GRI_ Y2+ )7 where a{> designates the configuration coefficient of the
¥ —-_—_k_—( é)IOsm @Jm Im; doorway state ¥'>} . in the level A.
Inserting Egs. (3 (9), and (13) into Eq. (1) for the ini-
i tial state and Eq. (8) for the final state, performing the
X 1 ) (3)¢,(3 13) average over the initial state and sum over the final state,
2 < E,—E—(i/2)T; Lf> yields
J
(3)
13)___1 2J +1 7.(1) +7.( + YAC(YAyf+YAyf) (14)
i = k2 2, 22I+1) || W0 W %) E—(i/2)0Ty ||~
[
where is the level radiative doorway amplitude, and

TN =V (4/3)k3 /80 (LI D |15, T )20+ 1)S,
Xz [(Ur)Ir i, ; (ridr (15)

is the potential (direct) capture amplitude, and

D=V (@733 /A0 GT Dy 1j T )20+ 1S
Xe [ U rAnU, ; (ndr (16)

is the semidirect capture amplitude. In these equations,

is the nucleon effective charge (—Ze/A for neutron,
Ne / A for proton). (1jJ|Dy|lzjsJ ;) is the reduced matrix
element of the angular-spin part. In Eq. (16),

Alr)=— ZN 0y
242 0.096{r2)(NZ/A)
> e
~ E—E,+(i/2)T,
V. f(r— zW14bdf(r)] (17)
and
—1
fr)={1+exp I—;K H . (18)
In Eq. (17),
g1

0.096{r%)(NZ/A)

and B specifies the contribution due to terms which do
not commute with the dipole operator [5]. In Eq. (14),
I, =171.1% is the level nucleon width,

v, =V (4/3)k3 /A0 LTID\Lj T )20+ 1)S,

Xthszj r)r‘lllfjf(r)dr (19)

is the level valence radiative amplitude, and F&ly)f
=|y§)s|? is the level valence radiative width,

v, =V 327 /9) (k3 /v )(1+B)s TZea(}?’ (20)

(;fy) = E%% i flz is the level radiative doorway width.

As clearly exhibited, Eq. (14) contains all the interfer-
ence eﬁ‘ects in nonstatlstlcal capture reactions. The two
terms ,]J r and y;wyh,  give rise to the interference in
the channel capture [1]. The cross term between ‘T(,JJ r
and ‘Z'(,jj 7 is the well-known direct-semidirect interfer-
ence. The interference in doorway states stems from the
two amplitudes T} ; and y,. v

III. 2C(p,7,) REACTION AND INTERFERENCE IN
DOORWAY STATES

In this section, the data of the reaction '2C(p,y,) in the
excitation energy region in 3N of 10-30 MeV will be ex-
amined, and model calculations based upon the above
formalism will be made in a way that attempts to fit the
measured data, extract parameters, and explore the in-
terference effect concerned.

The measured capture cross sections [6,9-13] of the re-
action '2C(p,y,) are plotted in Fig. 1, exhibiting the fol-
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FIG. 1. Composite yield curve of capture y ray in the reac-

tion '2C(p,7,)°N. The data are taken from Refs. [9—13]. The
solid line is the calculated results based upon the formalism
given by Eq. (14) with parameters shown in Tables I and II.
The dashed line is the calculated potential capture cross sec-
tions.
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lowing features: (1) two broad bumps centered at E, =13
and 21 MeV with widths of 7 and 4 MeV, respectively; (2)
two strong destructive interference minima (dips) at
E_=11.74 and 14.04 MeV; and (3) a number of peaks at
E,=10.25, 15.1, 18.15, and 23 MeV. The mean level
space in the energy region is about D=0.4 MeV [6],
while the mean level width is T =0.25 MeV. This means
that the energy region with which we are concerned is
still in the discrete-level range. In addition, most levels in
this region do not have observable strength in the (p,,v)
channel [6]. All those features make it possible to ob-
serve clear fine structure on the giant resonances.

Both the giant resonances appearing in Fig. 1 are of
isospin T_ =1, and spin-parity J"=37. The lower-
energy one is often called the pigmy resonance although
it is really too large to justify this name. The microscopic
structure of those broad resonances so far is not com-
pletely understood [14,15]. Most of the strengths shown
here are of E'1 in character. Measurements of the polar-
ized proton beam and angular distribution indicate that
the total E2 capture cross sections are of the order of 0.2
ub and no resonance structure was observed [11-13].

There are four levels in the studied regions identified to
have a spin-parity of %*, and expected to interfere with
the broad resonances. The two dips at E,
=11.74 and 14.04 MeV are due to destructive interfer-
ence, and the two peaks at E, =18.15 and 23 MeV are at-
tributed to constructive interference. As will be indicated
shortly, the valence widths for those levels calculated in
terms of Eq. (19) are much less than the extracted total
radiative widths (see Table II). Thus, most of the level
radiative widths stem from the doorway configurations,
and the observed dips afford unambiguous evidence for
the interference in doorway states.

Using the formalism given in Eq. (14), the proton cap-
ture cross sections feeding the ground state in >N have
been calculated in the energy region E, =10-30 MeV.
The global optical-model potentials and parameters of
Ref. [16] were used to calculate the nucleon transmission
coefficients and the optical-model wave functions. The
real part of the same potential is used to calculate the ei-
genvalues and eigenfunctions of the bound single-particle
states. It should be stressed that the present calculations
are not sensitive to the details of the optical potential.
Only the real part of the global potential [16] was slightly
adjusted to reproduce the measured nucleon binding en-
ergies. By fitting the measured data, the parameters for
both the giant resonances (semidirect capture) and the
fine levels have been extracted and given in Tables I and
II, respectively. The calculated valence widths for the
concerned levels are also presented in Table II. It can be
seen that the valence mechanism is inadequate to account
for the extracted level radiative widths. The calculated
2C(p,7,) cross sections are shown in Fig. 1 as a solid
line. The dashed line plotted in Fig. 1 represents the cal-
culated results including only the E1 direct capture,
which is also inadequate to reproduce the background of
the measured cross sections.

The pigmy resonance was also found in the reaction
12C(n,7,), although the data there [17-20] are sufficiently

TABLE 1. Form factors for nucleon semidirect capture in
12C. See Eq. (17) and the text for nomenclature. The nuclear ra-
dius and surface thickness in Eq. (18) were taken to be the same
as the real part of the adopted optical potential.

2C(p,vo) 2C(n,v,)
E, (MeV) 13.0 13.0
Pigmy resonance r, MeV) 7.0 5.0
bo_, (b) 0.05 0.05
E, (MeV) 21.0 21.0
GDR r, MeV) 4.0 2.5
bo_, (b) 0.017 0.017
V, (MeV) 65.0 65.0
Coupling parameters W, (MeV) 30.0 30.0
b (fm) 0.55 0.55
(r?) (fm?) 14.0 14.0

poor that no fine structure is seen, so none appears. The
related direct-semidirect model calculations along with
the data are presented in Fig. 2, and the model parame-
ters of semidirect capture form factors extracted from the
fitting are listed in Table I. The mirror nuclides '*C and
N are fairly similar in many aspects of nuclear proper-
ties, such as the corresponding low-lying level structure,
electromagnetic transitions between the low-lying states,
the positions and excitations of the T, =3 states around
E, =15 MeV, the pigmy resonances at E, =13 MeV, and
GDR at E, =21 MeV. It is expected that there would be
similar interference structure (dips and peaks) in the pig-
my resonance and GDR region in >C(n,y,) as that of
1'ZC(p,‘yo). In fact, the early measured data of 13C(}/,n)
showed peaks at 11.0, 13.8, 16.5, and 17.8 MeV superim-
posed on the pigmy resonance and shoulder resonances at
20.8 and 30 MeV on GDR [21]. Also, a structure was
found in the coefficients of the Legendre polynomial p, at
E,=20.5 MeV, which was referred to as a secondary
doorway state [22]. At the present stage, the primary
task for experimental measurements in this reaction is to

TABLE II. Narrow levels concerned in N, which have
J”=%+ and observable strengths in the channel (pyy,). T, is
the level total width. TI;, is the proton width.
Vapr =V +v8,=(Ty,)"%e" is the total radiative amplitude
feeding the ground state. I}, is the valence width. D
represents destructive and C represents constructive.

E, (MeV) 11.74 14.04 18.15 23.0
Jﬂ' %+ %+ _;_+ %+
T, (keV) 250 180 322 900
I (keV) 70 126 30 70
Yayr: Dayp (€V) 4.2 3.7 32 5.5

6 (deg) 90 180 0 90
i, (eV) 0.09 0.08 0.058 0.014
Interference D D C C
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FIG. 2. The same as in Fig. 1 but for '2C(n,7,)'*C. The data
are taken from Refs. [17-20].

identify the source of the discrepancy from different la-
boratories [17-20] for the *C(n,y,) data in the pigmy
resonance region centered around 13 MeV.

A few additional comments may be made concerning
the reactions '2C(p,y,), which lead to excited states of
the final nucleus. The first and third excited states in ’N
(2.345 MeV, %+ and 3.547 MeV, %*’) have been found be-
ing of large (d,p) spectroscopic factors [6]. It is most
likely that the reactions '?C(p,y,) and ?C(p,y;) would
present pigmy resonances and interference structure.
The early measured data [10,22,23] seem to show a GDR
located at E, =26 MeV and a pigmy resonance at E, =21
MeV in the 'C(p,y,;) cross sections. Most of the
strength comes from the f,,-ds,, transitions [24]. In
addition, the '°O(p,y,) data [7] also shed some light on
the conjecture on '2C(p,y;). This reaction shows a GDR
lying at E, =22 MeV and a pigmy resonance at E, =17.5
MeV, stemming mainly from 17-3% transitions. The
ground state of 17O possesses a big d’s ,2 spectroscopic fac-
tor. We note the advent of new tagged beam techniques
[25-27] has made it possible to get precision measure-
ments of those radiative capture reactions leading to ex-
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cited states. Obviously, in the case of *C(p,y,), the ex-
pected interference structure would correspond to the
fine levels of 2~ in *N.

IV. SUMMARY

Similar to the entrance channel configurations, the
doorway states can be reached in radiative nucleon cap-
ture reactions either in a prompt way as the semidirect
capture, or by a compound nucleus process. The former
process stems from the part of the strength exhibiting gi-
ant resonances, while the latter arises from the part of the
strength mixed into narrow levels. To investigate the in-
terference effect between those two components in radia-
tive capture reactions is the major objective of the
present work.

Equation (14) presents a unified formalism to study ra-
diative nucleon capture reactions, which includes the
four nonstatistical mechanisms and their interference
effects: namely, the potential capture, valence capture,
semidirect capture, and fine resonance doorway capture.

The '2C(p,y,) data at the excitation energy range from
10 to 30 MeV in 3N were examined. Model calculations
based upon the developed formalism were made to fit the
measured data and extract the relevant model parame-
ters. The results are presented in Fig. 1 and Tables I and
II. Special attention was paid to investigate the interfer-
ence between the 2% fine levels and the 3" giant reso-
nances centered at E, =13 and 21 MeV. The valence
widths for those levels were checked to be too small to
account for the extracted widths, and the direct capture
model proves unable to reproduce the background of the
measured cross sections. It is shown that the observed
dips at E,=11.74 and 14.04 MeV provide evidence of
destructive interference in doorway states.

As an extension of the studies on '2C(p,y,) and by ex-
amining the similarities of the final-state structure, we
discuss the possibility of observing interferences of the
doorway configurations in the reactions 2C(n,y,) and
2C(p,y;) [perhaps also !’C(p,y,)]. The reaction
12C(n,y,) is expected to exhibit a similar interference
structure as that of 2C(p,y,), while >C(p,y;) shows in-
terference between 7~ fine levels and broad resonances.
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