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A formalism calculating the cross sections of intermediate-energy proton direct capture populating
continuum states has been developed. The transition amplitude includes two terms corresponding to
potential-scattering to potential-scattering transitions and potential-scattering to resonance-scattering
transitions, respectively. The model is compared with available experimental data of the ''B(p,y5)'*C
reaction, and the results show that within the reasonable parameter limit the direct capture mechanism
is able to account for a major feature of the measured data, and, in the present case, the contributions
from the two terms are of the same order of magnitudes. The physical significance of the results is dis-

cussed.

PACS number(s): 25.40.Lw, 24.50.+g

I. INTRODUCTION

About a decade ago, an initial work was reported by
Kovash and his collaborators [1] demonstrating strong
transitions to highly excited states in '>C and 2Si as they
measured the spectra of radiative proton capture reac-
tions in ''B and ?’Al at E,=40-80 MeV. For example,
pronounced population of the levels at the excitation en-
ergies of about 19 MeV in '?C is clearly revealed in the
B(p,v) reaction. The energies of those final states are
high enough so that they are in the continuum region of
the residual nucleus. It was also pointed out that the
transitions have a preference for final states which appear
to have a strong single-particle character. This means
that there exist positive final state correlations between
the intermediate-energy (p,y) reactions and the (*He,d)
stripping reaction. During that period, most of the
theoretical studies [2-7] attributed this phenomenon to
the direct capture mechanism. In order to better under-
stand this problem, investigations have been carried out
in the following two areas. One is to extend the studies to
more nuclides and expand the energy ranges studied.
Systematic observations have been carried out for
intermediate-energy (p,y) reactions on targets !'B, I°N,
27Al, K, “Ca populating both bound and continuum
states [7—11]. The second area concerned is to explore
the similarity for similar single-particle transitions in
neighboring nuclear pairs, such as the !'B(p,y)-?C(p,7)
reactions (populating ds,, and s, ,, single-particle states),
YAllp,y)-2Si(p,y)  (2s,,5,d3,,,f7,, states), and
%O(p,7)-'""F(p,y) (ds,, states) [12-14]. All of those
studies further confirm that the intermediate-energy pro-
ton capture gives priority to final states of larger single-
particle fragments. In addition, giant resonance peaks
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have systematically been observed in the excitation func-
tions populating various final states. It has been suggest-
ed that in addition to the direct capture the semidirect
capture mechanism should be involved at the energies of
the giant dipole resonance (GDR) region.

This paper investigates the direct capture populating
continuum states induced by intermediate-energy proton.
The motivations of this study are the following.

(1) The calculations performed previously on direct
capture should be improved. Those works might be
classified into two categories. One [2—4] was to make use
of single-particle bound state wave functions instead of
the continuum wave functions. This approximation is far
from the real situation, and it is not easy to estimate the
error caused by the approximation. The other publica-
tions [5-7], though, treated the final states as continuum
states, but as we will indicate later there exist some prob-
lems in connection with the treatment of the wave func-
tions and resonance states. In this paper, we will, based
upon the general expressions of the scattering wave func-
tions, present a formalism for direct capture to unbound
states by intermediate-energy nucleon.

(2) It is of interest to analyze the measured, especially
newly measured, capture data by applying the improved
theory to examine the limitation of the direct capture
mechanism, and the necessity of involving the semidirect
capture in these processes.

(3) The microscopic theory and calculation method of
semidirect capture populating continuum states are,
perhaps, rather different from that for bound states. One
point is that if we evaluate the transition amplitude be-
tween continuum state wave functions by using the
operator for semidirect capture to bound state, which is
localized in space [15], the integral would be extremely
small. Thus before we extend the study to the semidirect
capture to unbound states, it is good to renew the direct
capture theory making it more reliable.

The new formalism for direct capture is presented in
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Sec. II. Section III contains a full description of the
evaluations and results for the ''B(p, 7o) reaction. Final-

ly, the conclusions and brief discussions are summarized
in Sec. IV.

II. THEORY

(1) Transition probability. The radiative nucleon direct
capture cross section to continuum states in a final state
energy interval E'—E’'+dE’ and solid-angle interval
dQ,, with the emission of E1 radiation, can be written as

do ._1 1 1 k'm_
dE'dQ,. v 22I+1) 22 Elan 2mi? M
where
1
Ag = 6”k3i+<wfwg Y, W) @

is the direct transition probability, v is the incident nu-
cleon velocity, I is the target spin, m is the reduced mass,
k' is the nucleon wave number in the final state, ky is the
photon wave number, &, is the radial operator for an
electric dipole transition, and W; and ¥, are the initial
state and final state wave functions, respectively. We use
a superscript prime to designate a quantity belonging to
the final state. In Eq. (1), the factor (1/4m)k’'m /2m*# is
the final state level density.

J+T L US (K'r)
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(2) The initial state wave function is a plane wave func-
tion distorted by the nuclear interaction

1+172  j+1 Re( U (kr))
v=3 3 S Varl+1)—2L "
1=0 j=I1-1/2 J=|j—1I| kr
X Cl1 2 ,ucjﬁ‘;m[ c-y1,1 ) 3)

where k is the incident nucleon wave number, Cs are
Clebsch-Gordan coefficients, and ‘y,j, is the channel
wave function consisting of the intrinsic ground state
wave function of the target nucleus coupled to the nu-
cleon wave function of angular momentum (/,j) to give
total spin J and projection M. We use Re and Im to
designate the real and imaginary parts. Equation (3) is
readily obtained [16] by replacing the spherical Bessel
function j;(kr) in the partial wave expansion of the plane
wave by the optical model potential-scattering wave func-
tion Re( U,+J kr)) /kr. For the direct capture, only the
potential-scattering wave in the initial state should be
taken into account.

(3) Final state wave function. By making use of the
identity

k=3 3 4ni! Gk )Y, (K

VY (P) @)
I'=0 mp=-1I

the final state wave function is obtained

v,=3 Iz p> 3> 4m’——’—];r—Y,fm1(k )C,,,,[ l,zycj,,, m, YU (5)
I'=0 mp=—1"j'=I'+1/2 J'=|j'—1I|
where [17]
US (k',r)=Re( U,fj!’(k'r>>+i 3 ——F,’*.——N,.,r(k'r) , 6)
2 < E,—E'—il,/2
and
Nl'j'(k’r)=—7lm<§]g;}(;( ) ™

(K IJJ ) is the reactance matrix element calculated by the optical model, E;, T';, and T, denote the nearby resonance
parameters. The first term in Eq. (6) is the potential-scattering wave, and the second term is the resonance-scattering

wave.
(4) Direct capture cross section. Inserting Egs. (3) and (5
cim I+1/2=1—j—j'=J' 10

YISy =cit, (=1 R &/

3

X | =—QRI+1)2j +1)2J +1)2j'+1)

41

and

|2_2J+1

2|C/6‘1/2;L jy.Imlclml 1/2[.I,ij Amp, JMlv 20 +1

) into Eq. (1), and using the identity

172
W I TOW L, A1) 8)

the differential cross section of direct capture populating continuum states is obtained

do 32 kym

dE’ 3 vk’k'#

2J +1
2121 +1)

where

(LJ|D ' Y20 +1)e

2
2| [ 6,Uf (k'nRe{ U (kr)Ydr |, (10
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(LGI|Dj' T )y =21 +1)(2j +1)(2j'+1)

Cho W Giaj I, TVW (Ljl'j", 4 1)] (11)

Using Eq. (6), the radial integral in Eq. (10) is calculated to contain three terms
| QY

+J' ’ +J, 2 [ <
Uélkd U (k'r) YReC UH(kr) Ydr Do i

|f6 Niyk'rReC U kr)yar [

+Re J 6N (k'r)Re{ U (kr) ) dr

2%——E_{)——lr—/z_ [f(?lRe( UI-;J (k' r))Re( U1+J kr))dr} (12)

corresponding to potential-scattering to potential-scattering transitions, potential-scattering to resonance-scattering
transitions, and their interference, respectively. The last two terms make a contribution to the fine resonance structure
appearing in the gamma-ray energy spectra. We note that the previous calculations [5—-7] included only the first term
in Eq. (12).

(5) Cross section averaged over the final state energy. In the case that the final states are too close to resolve experi-

mentally, the measured data are the averaged cross sections over the final state energy

do 1 E'+AE2 do
—) =— ——dE’ ,
<dE'>E AE fE’—AE/Z dE’

(13)

where AE is an energy space over which the average is performed. Using the identity

2

FP}\

2 E,—E'—iT, /2

TIJTIJ J
> T WIJIJ’

(14)

where T7 and T ; are the total and nucleon partial transmission coefficients, respectively, W;;,;.;- are the width fluctua-
tion correlation factors, then the averaged direct capture cross section is

32 kym 5 2
3 ok2k'H 2(21 +1)

(i)~

1 Ty Ty
4 TV

We note that all quantities in Eq. (15) can be evaluated by
the optical model. In contrast to Eq. (12), Eq. (15) con-
tains no interference term. This feature may be under-
stood in the same way as calculating the averaged nu-
cleon scattering cross sections, where there is no interfer-
ence term between the shape elastic and compound elas-
tic scattering amplitude. The first term in Eq. (15) corre-
sponds to a transition to the potential-scattering state,
where no compound nucleus is formed, whereas the
second term refers to a transition to the compound elastic
scattering state, where the factor T} T}/ T’ represents
the processes of formation and decay of the compound
nucleus in the final states.

III. COMPARISON WITH EXPERIMENT

In this section, we will discuss three questions, namely,
the evaluation of the radial integral for transition be-
tween continuum states, the non-long-wavelength ap-
proximation to the electric multipole transition operator,
and a comparison of the results of direct capture calcula-
tions to the measured data for the !'B(p,y,4)!2C reaction.

(1) As one evaluates the transition matrix elements in
Egs. (10) and (15), the most troublesome problem is the

.fé’ Re{ U5/ (k'r)YRe{ U /(kr) )dr ’

Wiy | [ 6Ne K IReC U k) )

(LGIJ\D |l T" Y (2" +1)e?

‘ . (15)

=

calculation of the radial integrals. Since both the initial
state and final state wave functions are continuum in na-
ture, and the transition operator is also not confined in
space, it is impractical to integrate directly. We have uti-
lized the contour integration method developed by Vin-
cent and Fortune [18,6,7]. In this technique, a separation
radius R,, is set up to break the integral up into two
parts

oo Rm ]
J7=T +me : (16)

The first integral of Eq. (16) can be evaluated by direct
numerical integration. The calculation of the second in-
tegral may be performed instead by integrating along the
contours C, —C, or C;—C_ as shown in Fig. 1. Pro-
vided R,, is chosen such that k'R, >>1, then the terms
in the integrand decay exponentially along either the
imaginary axis C, or C,, and rapid convergence of the in-
tegral is obtained. In the calculations of the 'B(p,y )
reaction, we have found that convergence is achieved
with R,, =30 fm and Y,, =20 fm, and the whole integral
is independent of the specific choice of R,

(2) The standard electric multipole transition operator
[19] has been applied in the present calculations
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FIG. 1. The contour integrations along the path C,—C or
C, — C_ were used to calculate the radial integral.

2L +1

m[(L +1)j(k,r) =k, rj 4(k,r)].
Y

L:

(17)

The frequently used long-wavelength approximation (%)
is certainly improper for calculating transition ampli-
tudes between continuum states. We use the effective
charge to cover the target recoil effect. The corrections
arising from the magnetic moment current and spin-orbit
coupling current are expected to be small, typically yield-
ing a 5% correction to the cross section [20], and ignored
here. The possible contributions from the exchange
current [3,24] were also ignored in Eq. (17).

(3) Both the experimental and theoretical studies for
the '"B(p,yy) reaction were quite extensively performed
previously [1,5-7]. Weller et al. [7] attributed the
strength bump in the 19 MeV region of '>C in the spectra
to a superposition of three sharp peaks at energies of
18.43, 19.65, and 20.68 MeV. It seems, however, that the
experimental resolution was not sufficient to fully identify
the fine structure. In fact, quite a lot of discrete reso-
nance states have been established experimentally in this
energy region [21]. Thus we utilize Eq. (15) to calculate
the energy-averaged direct capture cross section. The ex-
perimental data are taken from Ref. [7], and the bump
width in the 19 MeV region of the spectra is taken to be
2.5 MeV.

The potential parameters listed in Table I were used to
calculate the scattering wave functions and S matrix ele-
ments of the initial state and final state, respectively [23].
The parameters are based upon the potentials given in
Ref. [7]. The potential for the final state was adjusted to
place the peak of the d5,, partial wave transmission
coefficient at 19.5 MeV. The potential to calculate the in-
itial state was adjusted according to both the proton
scattering data and the pattern of the "B(p,7,,) excita-
tion function. Figure 2 shows the contributions to the ex-
citation function of partial wave f,,-ds,, transition
from the two terms in Eq. (15), respectively, and the sum.
It can be seen that the two contributions are of the same
order of magnitudes. To explain this result, we note that
the nucleon energy corresponding to the final state of the

TABLE 1. Optical model parameter for ''B(p,y5). The
reader is referred to Ref. [22] for the nomenclature of the pa-
rameters.

Initial state Final state

Vo (MeV) 50.0 52.4
W, (MeV) 3.38 0.4
Vo (MeV) 7.79 6.64
ro (fm) 1.12 1.23
ry (fm) 1.30 1.16
rso (fm) 0.98 1.03
r. (fm) 1.29 1.10
aq (fm) 0.63 0.66
a; (fm) 1.01 0.83
a,, (fm) 0.57 0.66

""B(p,7 o) reaction is about 3.5 MeV. In this case, only
one of the inelastic channels is opened. Thus the com-
pound elastic scattering amplitude in the external region
is relatively strong, and the contributions to the cross sec-
tions from the potential-compound transition would be
comparable to that from the potential-potential transi-
tion. With an increase of the excitation energy in the
final state, the number of opened channels will increase
and the fraction of compound nucleus processes will con-
tinue to decrease. Figure 3 exhibits a comparison of the
measured data and the results of direct capture calcula-
tions for the !'B(p, ) excitation function. Three transi-
tions for the incident channels (,j)= f,,, f5,,, and p;
going to the continuum final states having (/’,j')=ds
are presented. In addition, the calculated results of Ref.
[7] are also included here for comparison. We note that
among the three partial wave transitions, the contribu-
tion from the f,,,-ds,, transition is the dominant one,
and the calculated total direct capture cross sections may
account for the major feature of the measured data, such
as the order of magnitude of the cross sections and the
behavior of the excitation function via the incident ener-

—

(500)(ub/sr)
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o

FIG. 2. The calculated ''B(p,y,,) excitation function of the
transition from the partial wave f5,, to the final states of ds ;.
The dashed and dash-dotted lines represent the contributions
from the first and second terms of Eq. (15), respectively. The
solid line gives the sum.
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FIG. 3. A comparison of the measured data and the results
of direct capture calculations for the !'B(p,y5) excitation func-
tion. The measured data are taken from Ref. [7]. The solid,
dash-dotted, and dash-dot-dotted lines represent the contribu-
tions from the partial wave transitions to the ds,, final state
from the incident channels f5,,, fs5,, and p;,,, respectively.
The dashed line gives the calculated results of Weller ez al. [7].

gy. We did not compare the data for angular distribution
of the cross sections and analyzing power, which are in-
sensitive to the reaction mechanism [7].

IV. CONCLUSIONS AND BRIEF DISCUSSIONS

This paper investigated the direct capture transition to
continuum states. Based upon a unified description of
the initial state and final state wave functions [Egs. (3)
and (5)], the formalism calculating the direct capture
cross sections populating unbound states is presented,
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which contains three terms corresponding to the
potential-scattering to potential-scattering transition,
potential-scattering to resonance-scattering transition,
and their interference, respectively [Egs. (10) and (12)].

Equation (15) is the energy-averaged direct capture
cross section over the final state energy. All quantities in
this equation may be calculated with the optical model.
In contrast to Eq. (12), Eq. (15) contains no interference
term. As the nucleon energy with regard to the final state
is relatively close to the nucleon binding energy, the am-
plitude of the relevant compound elastic scattering wave
in the external region is comparable to that of the shape
elastic scattering wave, then the contributions from the
two terms in Eq. (15) are of the same order of magni-
tudes.

The calculation results of the 'B(p,y,,) reaction indi-
cate that the direct capture model is able to account for
the major feature of the measured data in the present
case. More calculations and comparisons on various ex-
amples are needed to examine the capability of the direct
capture model before we may draw any definite con-
clusion about the necessity of including the semidirect
capture mechanism in the capture transitions to continu-
um states. However, at least, the results of the “B(p,ylg)
reaction demonstrate that there exists a difference be-
tween the direct capture transition to unbound states and
that to bound states. The former may account for a con-
siderable part of the total capture cross sections, whereas
the latter is normally far below the contribution from the
semidirect capture near the GDR energy region.
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