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High resolution spectra from fast proton radiative capture in 2®Pb are presented for three energies of the
incident protons: 14.8, 15.7, and 16.9 MeV. The collected spectra were analyzed with emphasis on the region
of capture to unbound states in order to search for possible structure and to study the competition between
two basically different phenomena: the statistical process versus the fluctuation effects in radiative capture to
unbound final states. In the energy region of incoming protons considered in our experiment, the statistical
processes modeled with a Hauser-Feshbach calculation dominate. The spectra of primary y rays, coincident
with the low energy one from the decay of the f;/, single-particle state, show a prominent structure which is
predominantly of gy, character. The calculations of continuum spectra based on the extended direct-semidirect
model and the Hauser-Feshbach statistical approach successfully reproduce the experimental data.
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I. INTRODUCTION

In our previous works [1,2], we studied proton radiative
capture in 2Pb using the high resolution Ge detectors of the
AFRODITE detector array at iThemba LABS. The collected
spectra show prominent, well-separated peaks corresponding
to proton capture into different single-particle states of the final
nucleus 2°’Bi. These high resolution spectra offer a possibility
to search for any structure in the unbound region as well.
Indeed, the capture to the p;, state shows a clearly observable
peak, although this state is slightly unbound. The spectra were
collected at three different incident proton energies in order
to uncover eventual structure in the unbound region. With
increasing proton energy, any such structure should appear at
a higher energy in the y-ray spectrum in the same manner
as the lines corresponding to capture to the bound states do.
Since the density of states rapidly increases in the unbound
region, the existence of well-isolated states is not expected.
The proton stripping experiments [3] indeed show fluctuating
spectra in the continuum region in sharp contrast with the
bound region, where the prominent peaks are easily identified
as single-particle states with high spectroscopic factors. Broad
structures in the region of excitation energies between 4
and 13 MeV were identified as iy, and ji5,> single-particle
orbitals. Due to the enhanced sensitivity of the chosen (o, T)
reaction to high angular momentum transfer, the go, strength
was obviously overlooked. Since our coincidence spectra
are not sensitive to iy, and jjs5,» orbitals, we offer here a
complementary view to the high spin proton outer subshells in
2095

In [4], the direct-semidirect (DSD) model, originating from
Ref. [5], was extended to treat the fast nucleon capture to
virtual single-particle unbound states, which spread into the
compound nucleus states after the capture. In the test case
of proton capture in ¥Y at the proton energy of 19.6 MeV,
the authors convincingly show that the experimental data
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are well reproduced by considering only statistical and
direct-semidirect processes without any need for additional
reaction mechanisms. The experiment was designed to clearly
show the need for DSD contribution to unbound states.
Namely, for the chosen target nucleus and selected proton
energy, the statistical cross section at excitation energies of the
final nucleus just above the bound region is two orders of mag-
nitude below the experimental one. In our case, the difference is
not as drastic, indicating a much smaller contribution from the
DSD process. The calculations with the extended DSD model
indeed show relatively small contribution of the DSD capture
mechanism compared to the statistical contribution. This is
mainly due to the distribution of single-particle strengths close
to the energy threshold separating the bound and unbound
single-particle states. Because of experimental limitations, we
were not able to extend the proton energy into the region
where a pure unbound DSD contribution would be dominant.
On the other hand, this is of no particular interest to us, since
from [4] the importance of the DSD contribution is evident and
so is the ability of the theory to correctly predict the magnitude
of the cross section. We were able to reproduce the distribution
of the 2g9/> single-proton strength using the extended DSD
model.

II. EXPERIMENT

The experiment was performed at iThemba LABS using
proton beams from the separated sector cyclotron [6]. The
measurement was performed at nine different beam energies,
but we report here only results for the highest three, namely,
16.9, 15.7, and 14.8 MeV. The target consisted of an enriched
208Pb foil with a thickness of 1 mg/cm? mounted on a
5 wg/em? thick carbon backing. The average beam intensity
was 40 nA, and about 30 h of beam time were used for each
beam energy. High energy y rays following proton capture
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FIG. 1. Elements of response function used
to analyze the spectrum at the proton energy of
16.9 MeV. Annotated features correspond to the

response function
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were detected with the AFRODITE germanium detector array
[71, which consisted of eight Ge clover detectors surrounded
by the bismuth germanate anti-Compton shields. Each clover
detector consists of four tapered Ge crystals packed in a
common cryostat [8]. For our experiment, four clover detectors
were placed at a 90° polar angle and four at a 135° angle with
respect to the beam axis. Standard pulse processing electronics
were used, and data were stored on magnetic tapes in LIST
mode. Events were accepted if at least one of the 32 Ge crystals
gave an energy signal higher than about 3.2 MeV. Signals from
all four crystals in a clover detector were added for each event
during the data analysis. The beam current was monitored with
a Faraday cup and integrated for each run.

To accurately analyze the spectra, the response function
of the spectrometer should be known in considerable detail.
This requires knowledge of not only the efficiency curve,
but also the entire shape of the response curve including the
Compton tail and the first and second escape peaks. Monte
Carlo simulations using the GEANT3 package [9] gave us some
indication of the shape of the response function. The high
energy part of the final spectra showing prominent peaks
due to capture to the bound states were reproduced using
Gaussian functions of different heights, widths, and positions,
representing the full energy peak and escape peaks, and a
linear function with a proper cutoff shape for the part of the
detector response due to Compton scattering (see Fig. 1). The
parameters of the curves were adjusted to fit the high energy
part of the spectrum. Figures showing the spectra with the
proper response function give an impression of the quality of
such a fit. The pronounced contaminant carbon lines in the case

of capture of 16.9 MeV protons indicate that the final spectra
are consistent with the adopted response function in a wide
energy region and that the parameters are not strongly energy
dependent. This is important when analyzing the continuum
part of the spectra with no clear and outstanding features.
Since the quality of the spectra varied from one proton energy
to another, the parameters of the response functions had to be
adjusted for each spectrum. The details of this part of the data
analysis are given in Ref. [2].

The continuous spectrum above the separation energy di-
viding the bound and unbound region shows an approximately
linear shape up to a well-defined excitation energy E, ¢. Above
this excitation energy or, equivalently, below the y-ray energy
given by

E,,=E,— E.p, 1

the spectrum rises abruptly as an exponential curve. The
spectrum exhibiting this feature is shown in Fig. 2. The
increasing part of the spectrum represents an intense
y-ray production from protons stopping in the target holder
and surrounding materials. We treat it as background that
exponentially increases with excitation energy and extrapolate
it to the region we analyze. For spectra obtained with 15.7
and 16.9 MeV protons, the effect of this extrapolation is
negligible. However, for the spectrum with the proton energy of
14.8 MeV, this contribution is already quite important. We
therefore did not include spectra measured at proton energies
below 14.8 MeV in our analysis since the contribution of the
background is essential there.
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FIG. 2. Low energy background of the
14.8 MeV spectrum, fitted with an exponential
curve.
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III. ANALYSIS OF THE SPECTRA AND DISCUSSION

Armed with sufficiently accurate response functions, we
can confront the statistical and DSD calculations with experi-
mental spectra. The details of the extended DSD formalism are
given in [4]; here we give only the expression for the main part
of the cross section, namely, the one corresponding to capture
to virtual single-particle unbound states, which subsequently
decay into the compound nucleus. The measure of the decay
spreading width can be deduced, according to the extended
DSD theory, from the imaginary part of the final state optical
potential. The expression in the notation of [4] is given by

2
d*o 12 E,

dE,dQ,  juch M/ Pr(=WE)(r|GTH, |y )%,
y y mc

where G™ is the outgoing wave Green’s function of the optical
model Hamiltonian with real and imaginary part

Hopl = H. +iW(r), (3)

appropriate for modeling the single-particle captured state of
the proton. [ ™) is the energy averaged initial state of the
system with a coherent mixture of the incoming proton with
energy E, in the complex initial potential (responsible for the
direct process) and the final nucleus in the giant resonance
state. This initial system decays by emitting the y ray via
one-body electromagnetic interaction, denoted by H,. The
energy of the outgoing photon is denoted by E,, and the density
of the initial proton flux by jiyc.

We would like to remind the reader that in direct reaction
models, it is assumed that in the first stage of the reaction
the incoming nucleon excites simple configurations of the
target nucleus. More complex configurations are excited in
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FIG. 3. Extended DSD calculation with the
reduced imaginary potential used to generate
Green'’s function G*. Real potential depth was
set at 60.87 MeV to reproduce well-defined
bound single-particle states in **Bi.
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FIG. 4. Extended DSD calculation with sta-
tistical cross section obtained with the standard
Hauser-Feshbach calculation using the GNASH-
FKK code.
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later stages of the process. Here, we are explicitly interested
in the first stage of the reaction, which involves excitation of
the target nucleus to the giant dipole resonance. In Feshbach’s
[10,11] projection-operator formalism, the exact initial state
| ) is therefore divided into the elastic channel state P, the
doorway state D, and the rest of the states Q, such that

ly*)y =@+ D+ Qly™T). “

The projection operators P, D, and Q satisfy the relations
P+D+Q=1and P2=P,D>=D, and Q?> = Q. The
role of the doorway state D is played in the DSD model by the
giant dipole resonance. Although the Q states are eliminated
explicitly from the formalism, they have an indirect role in
generating the damping width of the giant resonance and the
complex nature of the coupling form factor [12,13]. The details

18

of the procedure leading to the final form of the transition
amplitude and cross section can be found in [14].

With the expression given in Eq. (2), one treats the DSD
process in much the same way as the capture to a bound
final state. The spreading of the single-particle strength of the
particular bound final state in the DSD calculation is taken
into account through spectroscopic factors. In the expression
above, the spreading is continuous and dictated by the final
state optical potential. In the limit W — 0, the cross sections
integrated over the energy obtained from Eq. (2) indeed
coincide with the usual DSD expressions. Proper treatment of
the DSD process requires complex correction factors for direct
and semidirect terms, resulting from the use of different sets of
potential parameters in the initial and final single-particle wave
functions. Those factors remedy the violation of charge con-
servation implied by such a treatment. In [14], the correction
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FIG. 5. Fit (solid line) to the y-ray spectrum
(dots), using the cross section very close to that
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in Fig. 3 and folded with the response function.
Fit sensitivity is illustrated by plotting the curve
with the cross section set to zero (dashed line).
Proton energy was 14.8 MeV.
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factors were introduced. Subsequently, it was demonstrated
that by their usage a consistent description of the available
data with DSD theory can be achieved throughout the nuclear
chart (see [15] and references therein). We, therefore, included
our factors in Eq. (2) when treating (P + D + Q)| ") and did
not use the approach suggested in [4], which adds an empirical
imaginary part to the symmetry potential. The real form factor
is based on the Steinwedel-Jensen hydrodynamic model of
the giant dipole state with a symmetry potential strength
of Vi =135 MeV, which proves to be universally valid for
the entire mass range of measured data and is adequate for
both neutron and proton capture. Recalculation of the results
presented in [4] for the 19.6 MeV proton capture, however,
shows an almost identical result from both approaches in this
specific case. On the other hand, our approach is much more
consistent when treating capture to the bound states in 2% Bi.

In particular, for the high spin state 1i;3,,, the discrepancy
between the theory and the experiment has been removed [1].

The extended DSD calculations are presented in Fig. 3 with
the reduced imaginary potential generating Green’s function
in order to show the sequence and relative population of the
single-particle strengths. The depth of the real potential was set
at 60.87 MeV in order to reproduce the bound single-particle
states in 2%° Bi. It is evident that the 2y /2, 11112, and high spin
1152 strengths are coincident.

The results of the extended DSD calculation with proper
values of the optical potential are given in Fig. 4 together
with the statistical cross section obtained with the standard
Hauser-Feshbach calculation using our own code STAT and
GNASH-FKK [16]. The contribution from the extended DSD
mechanism is almost the same for all of the proton energies.
The statistical contribution tends to increase in the region of the
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giant dipole resonance with increasing proton energy. The E 1y
transmission coefficients of Kopecky and Uhl [17] were used
here. They give results which are almost identical to the ones
based on the Brink-Axel hypothesis [18]. The optical model
parameters were taken from a recent study [19] and taken to be
the same for representing the initial state and the final Green’s
function calculation. The DSD contribution is dominant only
close to the separation line dividing the bound and unbound
proton states in 2*?Bi. Even so, the high resolution spectra are
quite sensitive to any, even continuous, contributions close to
the separation line in the unbound region. Figures 5—7 show the
fits to the spectra due to the cross section given in Fig. 4 folded
with the corresponding response functions. The sensitivity of
the fit is illustrated by plotting curves with no contribution
to the cross section from unbound states. It is evident that

25

the summed statistical and the DSD contribution to the cross
section in the unbound region is reasonably well supported by
the measured spectra. This is true for all the spectra obtained
with different proton energies. However, while the spectrum at
the proton energy of 16.9 MeV is almost perfectly reproduced
above £, = 13MeV, the spectraat £, = 15.7MeVand E |, =
14.8 MeV show some additional yield in the region of y-ray
energies between 12 and 14 MeV.

A prominent peak can be seen at £, = 12.5 MeV at all
three proton energies. This peak is most likely a doublet of the
12703 and 12 435 keV y rays produced in the '>C(p, p'y) and
180(p, p'y) reactions, respectively [20]. Although the carbon
target backing was only 5 p/cm? thick and the targets were
freshly made and kept in vacuum when not used, the ground
state transitions in both '>C (4438 keV) and '°O (6129 keV)
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produced the highest peaks in our spectra, because of the
trigger condition that required high energy y rays. In addition,
the proton beam hitting the Al target frame led to the presence
of y rays from the 2’ Al(p, p’y) and >’ Al(p, y)*Si reactions in
the low energy part of the spectra. In the latter reaction, many
narrow resonances are known at low proton energies [21]. They
lead to excited states of 28Si in the excitation energy range
between 10 and 15 MeV. Some of these resonances decay by
y-ray emission to the ground state and could possibly cause
the increase of the continuous background between 12 and
14 MeV in Figs. 5-7. Apart from this contamination, the
energy dependence of the continuous part of the spectra
obtained at different proton energies is not prominent and
follows the predicted shape quite well. No attempt was made to

adjust any of the parameters of the models. The initial and final
optical model parameters were taken to be the same since very
little information exists about the optical model parameters in
the unbound region close to £, = 0. The numerous parameters
of the Hauser-Feshbach approach were taken unchanged as
compiled in the GNASH-FKK code.

Coincidence spectra for the three proton energies are given
in Figs. 8-10. They ensure that in the continuum region one
really observes the final nucleus 2*Bi. In this spectrum, the
primary y-ray is in coincidence with the 896 keV energy
photon from the decay of the 2f;/, single-proton state in
209Bi. The continuum states, populated in the capture process,
decay by y-ray emission to lower-lying states. The high
spin states decay predominantly to the 1hg;, ground state.

FIG. 11. Relative contribution to the
cross section from different angular momen-
tum components as predicted by the extended
DSD model. For clarity, only the components
which are predominantly unbound are shown.

5
N Ep = 15.7 MeV
unbound region :
4 4 :
s bound region
o 3 :
b=
o
=
L
T 2-
b
°
1 -
j15/2
0 T T T T T T T T
9 10 11 12 13 14 15 16 17 18 19
Ey [MeV]

044609-7



A.LIKAR et al.

The dipole decay of states with the 2gq,» single-particle
strength to the 2 f;/, state is strongly enhanced by favorable
angular momentum and spin factors [22] compared to the
decay to the ground state. The coincidence spectra close to
the separation line, therefore, reflect the extended DSD con-
tribution from 2gg > strength and all of the contributions from
the lower-1 states in the unbound region. The former cannot
decay to the high spin ground state of the final nucleus. At the
excitation energy where the neutron decay channel is opened,
the coincidence cross section decreases rapidly. This is evident
from the measured spectra which reveal broad peaks caused
by a sudden drop in the yield above the excitation energy of
7.46 MeV, which corresponds to the neutron separation energy
of the final nucleus. The curves obtained using the cross
sections from the extended DSD and statistical processes,
given in Fig. 4, are in fair agreement with the experimental
data. We made no attempt to reduce and so adjust the absolute
values of the cross sections to the experimental spectra. The
curves shown are significantly above the experimental points,
indicating that the branching ratio for decay to the 2 f7, state is
roughly 70% in the 4 MeV wide interval above the separation
line. This is in agreement with the extended DSD calculations
in which the transitions to the high spin states h9/2 112, i11/2,
and ji3/2,152 and partly the states fs; 7,2, which directly
decay to the ground state, were omitted. The contributions to
the cross section from different single-particle configurations
concentrated in the unbound region are shown in Fig. 11.
The extended DSD approach could be tested thoroughly
using higher proton energies to avoid significant statistical

PHYSICAL REVIEW C 73, 044609 (2006)

contribution to the cross section. However, the calculation at
higher proton energy, say at 20 MeV, indicates that the cross
section for populating the states close to the separation line is
indeed predominantly of the DSD character, but rather small
and difficult to measure. The medium-mass nuclei are better
suited for such a test, as pointed out in [4].

IV. CONCLUSION

High resolution spectra from fast proton capture in 2°Pb
were collected and analyzed in the region of radiative capture
to unbound states. The ungated y-ray spectra were adequately
reproduced by a combination of the statistical and the extended
DSD contribution. The latter dominates only in the region close
to the separation line dividing the bound and unbound states
in 2°Bi. The coincidence spectra reveal a broad structure,
which is consistent with a prediction that combined extended
DSD and statistical contributions. At high enough excitation
energies of the final nucleus, the coincidence spectrum shows
no yield. The nucleus then decays through the open neutron
channel so the coincidence signal from decay of the 2 f7,, state
is lost. No other discrete features in the unbound region were
found, despite the pronounced electrostatic potential barrier
preventing the proton and a-particle decay. The only exception
is the discrete 3p;,, fragment just above the separation line.
The distribution of high spin 1iy;, and 15/, strengths can be
deduced from the extended DSD model and are in qualitative
agreement with the distributions observed and interpreted in
stripping reactions.
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