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y decay to the ground state from the excitations above the neutron threshold
in the 2®Pb(p, p’y) reaction at 85 MeV
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A new measurement of y decay from the states above the neutron threshold in 2®*Pb has been performed at
Cyclotron Centre Bronowice in Krakéw, Poland. The main goal of the experiment was to observe the y decay
to the ground state from the isoscalar giant quadrupole resonance (ISGQR). To this day, the only published
observation of this phenomenon dates back to the late 1980s, where y decay to the ground state branching ratio
was reported. At variance with the existing measurement using inelastic scattering of '’Q, here proton inelastic
scattering is employed. In particular, data were obtained for 22Pb(p, p'y) at 85 MeV beam energy, where y rays
were measured for proton scattering angles 8.9°, 10.7°, 12.5°, and 14.3°. By applying a similar analysis method
as in the previous experiment, the branching ratio of ISGQR gamma decay to the ground state was extracted

from the data.
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I. INTRODUCTION

Collective modes of excitation in the atomic nucleus have
been extensively investigated for many years, giving an exclu-
sive look into the bulk properties of this system. Especially,
the measurement of the y decay of the isovector giant dipole
resonance (IVGDR) has proved to be a powerful tool to ac-
cess information about the shape of the excited nucleus [1].
Moreover, it has been shown recently (see, e.g., Ref. [2]), that
direct y decay to low-lying states is a unique probe of the
resonance wave function, and a testing ground for nuclear
structure models. Although there were predictions showing
that y decay of the isoscalar giant quadrupole resonance
(ISGQR) should also be sensitive to the deformation [3], so
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far only one measurement of such a decay has been reported
[4].

The reason for the lack of the experimental data is the
difficulty of the measurement: the y decay above the neutron
threshold (in the case of 2%*Pb S, = 7.368 MeV) is hindered
by the competing channel of neutron emission. It is estimated
that for the IVGDR decay the probability of y emission (i.e.,
through decay to the ground state via E'1 transition) is of
the order of 1072 [5]. In the case of ISGQR, which decays
to the ground state (g.s.) via E2 transition, the probability is
expected to drop by two orders of magnitude.

In the only measurement of the ISGQR y decay, the heavy-
ion inelastic scattering reaction 2°®Pb('7Q, 1’0’ ) at the beam
energy of 381 MeV was used. The scattered projectiles were
detected by cooled Si telescopes, while emitted y rays were
measured by a 47 Nal:Tl spectrometer. The data were col-
lected in coincidence mode. With this setup, the obtained
branching ratio was 4 & 1 x 10~* for the ISGQR [4]. The goal

©2022 American Physical Society
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FIG. 1. Differential cross sections of ISGQR and IVGDR excita-
tions populated in the inelastic scattering of the 85 MeV proton beam
on 2%8Pb, calculated within the DWBA framework using the FRESCO
code [10]. The angle range of the KRATTA modules (dashed grey
area) is marked.

of the experiment reported here is to study the decay to the
ground state from states excited in the ISGQR region in >°Pb
using an alternative probe. In particular, we investigated pro-
ton inelastic scattering with an innovative setup implemented
at the Cyclotron Centre Bronowice (CCB) facility in Krakéow.

II. EXPERIMENTAL SETUP

The experiment was performed at Cyclotron Centre
Bronowice in Krakéw, Poland, a facility dedicated mainly
the proton radiotherapy. The set-up consisted of eight large-
volume BaF, y-ray detectors of the HECTOR (High Energy
deteCTOR) array [6], placed at 35 cm from the target, at ¥y =
127°, and 16 triple telescopes of the KRATTA (KRAkéw
Triple Telescope Array) array [7] for light charged particle
identification and energy measurement. Fast plastic scintilla-
tors were placed in front of the KRATTA detectors, ensuring
good time resolution. The prompt time peak between y rays
detected in BaF, and protons detected in the plastic scin-
tillators was estimated to have o = 1.5ns. The KRATTA
detectors were positioned 90 cm from the target, at four angles
9k = 8.9°,10.7°, 12.5°, 14.3°, with four detectors for each
angle, covering the location of the predicted second maxima
of the differential cross sections for IVGDR and ISGQR ex-
citations (see Fig. 1). As each detector had an opening of
AP = 1.8°, the solid angle covered by the particle detectors
was equal to 15 msr. The setup is described in more detail in
Ref. [8].

In the experiment, an enriched (99.98% of 2°Pb), 48 um
thick lead target was irradiated by an 85 MeV proton beam.
The measurement was run in coincidence mode in which the
data acquisition was triggered by a signal in at least one y-ray
detector and at least one fast plastic scintillator.

The obtained data were processed according to the proce-
dure described in Ref. [9] and the analysis followed closely
the one used in Ref. [4]. The DWBA (distorted-wave Born
approximation) approach was employed using the FRESCO
code [10] to calculate the differential proton elastic scattering

TABLE I. The parameters used within the FRESCO code to calcu-
late the differential cross sections for the excitations in 2**Pb.

Energy B(EL 1) DEF(EI)
State Transition MeV) (e2fm?) (fm)
Z;r E2 4.1[14] 2870 [14] 0.38
ISGQR E2 10.6 [4] 5350 [4] 0.63
IVGDR E1 13.4[18] 60.9 [15] n.a.

on 2%Pb as well as the excitation cross section of the first
2+ level, IVGDR, and ISGQR in 2*®Pb. The statistical decay
of excited 2®®Pb to the ground state was calculated with the
use of the ONE-STEP code [11], which is based on the Hauser-
Feshbach formalism [12].

III. PARAMETRIZATION OF THE THEORETICAL
CALCULATIONS

In the DWBA calculations, the parameters of the opti-
cal potential are those of the empirical parametrization of
Ref. [13], which was derived from the measurements in a wide
range of nuclear masses and proton-beam energies. The used
potential had a Woods-Saxon shape, with real and imaginary
volume parts, and a spin-orbit part.

For the discrete 2% transition in 2°®Pb, the tabular values
of reduced transition probability and deformation parame-
ter [14] were used. In the case of the giant resonances,
the problem was simplified to the collective excitation of
the giant resonances at the corresponding centroid energies
of the previously well-determined resonance shapes. The
IVGDR energy-weighted sum rule (EWSR) was obtained
from the B(E 1) distribution measured in the (p, p’) reaction at
295 MeV [15]. The total B(E'1) value measured in this exper-
iment was 60.9 ¢2fm?, which corresponds to 111% EWSR for
the IVGDR. Based on previous investigations it was assumed
that the ISGQR exhausts 70% of the corresponding EWSR
[4].

The nuclear part of the transition potential of the ISGQR
was calculated following the formalism presented by Satchler
[16,17]. It was treated within the standard collective model,
where the excitation is described by the deformation of the op-
tical potential. The deformation parameter §; was calculated
according to the formula given in Ref. [16]:

hoo4w \17?
/3l=|:l(21+1)<2mR2m>:| . (1)

The deformation length [DEF(E!)] was calculated as
DEF(E!) = RpB; [10]. All used parameters are summarized in
Table I.

For the sake of consistency, the calculations for the IVGDR
were made with the FRESCO code, assuming Coulomb excita-
tion dominates. The calculations were cross-checked with a
modified version of the DWUCK4 code [19] to include IVGDR
excitation, proving that the nuclear interaction plays a negli-
gible role in the IVGDR excitation for the employed reaction.

The FRESCO calculations were tested using the literature
values of the differential cross sections for the first 27 ex-
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FIG. 2. Upper panel (a): comparison of the FRESCO calculated
differential cross section (blue line) and the experimental results
(black open circles) for 2] excitation in the **®Pb(p, p') reaction at
65 MeV [20]. Bottom panel (b): comparison of the calculated cross-
section (grey line) and the present measurement of 2/ excitation in
the 2%Pb(p, p') reaction at 85 MeV.

cited state of 2*® Pb obtained in the 2®*Pb(p, p') reaction at 65
MeV [20] [Fig. 2(a)]. Figure 2(b) shows the differential cross
section measured for the 2% state in the present experiment
and the DWBA calculations result for protons of 85 MeV
energy. The excellent agreement between calculated and mea-

sured values at the two bombarding energies proves adequacy
of the adopted calculation approach.

IV. EXTRACTION OF THE IVGDR AND ISGQR
PROPERTIES

For each coincidence event, the excitation energy, E*, of
the nucleus was derived from the measured energy of the
inelastically scattered proton. The events, in which only one
proton and at least one y ray were detected, were collected
in E, vs E* matrices. Depending on the measured time dif-
ference between a proton detection and the coincident y-ray
detection, the event was assigned either to the true coincidence
[Fig. 3(a)] or the random coincidence matrix [Fig. 3(b)].

The main interest in this experiment was for the mea-
surement of the y-ray energy spectrum corresponding to the
y decay to the ground state. The spectrum was produced
by setting on the matrices the condition |E, + 0.5 — E*| <
1 [MeV], represented by red lines in Fig. 3. In Fig. 4(a),
y-ray spectra corresponding to the g.s. gated decays for the
true coincidence events (green triangles) and random coinci-
dence events (blue dots) are presented. Figure 4(b) presents
excitation energy spectra measured with the same conditions
showing good correspondence to y-ray spectra. In the analy-
sis, an additional background originating from reactions on
the Mylar foil covering the exit window of the scattering
chamber was also taken into account (orange squares). It
contains the events from the excitation and decay of '*C,
necessary to be considered because of its high-energy part
originating from 15.1 MeV excited states decay. The '>C
background spectra were obtained using proton inelastic scat-
tering on '2C target, and after normalization to the number of
reactions at Mylar foil, employed as an experimental back-
ground. The resulting “true” experimental spectra, in which
both random coincidences and other background sources were
subtracted, are presented in Fig. 4 as open squares. In the
y-ray spectrum [Fig. 4(a)], the peaks recognized as transitions
from the 37 (2.6 MeV) and 2f (4.1 MeV) excited states of

208ph to the g.s. are evident. In the high-energy part of the
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FIG. 3. The coincidence matrices of the 2®Pb(p, p'y ) reaction at 85 MeV; true coincidence events (a) and random coincidence events (b).
The gate applied to select those events which decay to the g.s. by emission of a single y ray (having E,, = E*) is marked by red lines.
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FIG. 4. Four y-ray energy (a) and excitation energy (b) spectra: the spectrum corresponding to the “true + random” events of y decay to
the g.s. in 2®Pb measured by HECTOR array (green triangles); the spectrum corresponding to “random” events (blue dots); the spectrum due
to '2C background (orange squares); and finally the spectrum after subtraction of the “random” events and '>C background (open squares).
The experimental background subtracted spectra show bumps corresponding to ISGQR (10-12 MeV) and to IVGDR (around 14 MeV). The

increase in the 2C background spectra comes from 15.1 MeV state.

spectrum, structures in the regions of the expected y decays
to the g.s. (between 9 and 15 MeV) of the ISGQR and IVGDR
are distinct. In the excitation energy spectrum [Fig. 4(b)]
the high energy structures corresponding to giant resonances
are visible, while 37 and 2" excitations are less pronounced
because of the KRATTA energy resolution. The IVGDR and
ISGQR features were obtained by analyzing the background
subtracted y-ray spectrum.

A. Analysis of the y decay from the IVGDR to the ground state

To study the decay of the ISGQR it was necessary to
subtract the events due to the IVGDR y decay to the ground
state. To describe them, the multistep compound GR decay
model (MSC) in the two-step approximation was adopted. In
this approach, the cross section for the y decay to the ground
state can be described as [4]

Op.pyo(E)

I, TV
=opp(E;B(El) = l)bEl(E)[T + ?BCN(E):|, @

where

o, (E;B(El)=1) is the energy-dependent excitation

cross section for a unit reduced transition probability;

bgi(E) is the energy-dependent reduced transition

probability for a given resonance;

'y is the direct y decay width of the GR, calculated from

the principle of detailed balance;

't is the spreading width of the GR;

I' is the total width of the GR;

Beny(E) is the energy-dependent compound nucleus

branching ratio.

This equation provides a sum of two cross sections: the
direct y decay to the g.s. (op), and the compound nucleus

y decay to the g.s. (ocy). These two contributions to the
total (measured) cross section were determined separately as
described below.

The unit cross section o, y(E; B(E1) = 1) was calculated
with the use of the FRESCO code with the angular range
covered in the experiment taken into account. The energy-
dependent reduced transition probability [bg;(E)] for an
IVGDR was obtained from the strength distribution measured
in proton inelastic scattering at 295 MeV [15]. The compound
nucleus branching ratio Bey (E) was computed with the ONE-
STEP program, a modified version of the CASCADE code [11].
The total width of the IVGDR was assumed as I' = 3.9 MeV
[18], and the compound nucleus ratio as Fi/F =1[21]. Ty
was calculated following the formula [22]

B(EL,0 — n) [MeV],
3

where I and I’ are spins of the ground state and the resonance,
respectively.

The calculations were folded with the HECTOR response
matrix, as well as the response of KRATTA detectors, and
normalized to the detected number of counts for the decays
from the 2% state measured in coincidence. This state decays
by almost 100% via y decay to the ground state; therefore,
we assumed that the cross-sections for the 2%Pb(p, p') and
208pb(p, p'y) reactions are equal. The normalization factor
can be described by the following equation:

_ 8x(+1) [E M 2a+1
IR+ DN? | Ae 21 + 1

No+
or+€(Er+) ’

Erv = “
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FIG. 5. The experimental energy spectrum presented in Fig. 4
with the calculated y-ray energy spectra of the IVGDR y-ray decay
(orange solid line) and its components: direct decay (dash-dotted
grey line) and compound decay (dashed blue line); y-ray decay of
the 7-10 MeV states (dotted green line). A sum spectrum of the
IVGDR and discrete states in the 7-10 MeV region is also presented
as a red line. Inset: The experimental y-ray energy spectrum and the
calculated one for the y-ray decay to the g.s. of the 2®Pb from the
first 2 state (light blue line).

where

N»+ is the number of detected y decays from the ZT state

to the g.s. in the experiment;

€ (E»+) is the detection efficiency of the HECTOR array for

the 27 transition;

o,+ 18 the calculated cross section for the excitation of the

2+ state in the 2Pb(p, p/) reaction at 85 MeV.

In the inset of Fig. 5, the calculated y-ray spectrum for the
decay of first 2* state in 2°Pb (light blue line) and the ex-
perimental data points after the aforementioned normalisation
procedure are shown. Good agreement between experiment
and theory is observed. In the calculated spectrum of the direct
decay to the ground state the contributions of a few discrete
states close to the neutron separation energy were taken into
account. The two spin-flip excitations with spin 1~ at 6.26 and
8.37 MeV were considered [23], along with three strong 2+
states at 7.36, 8.86, and 9.34 MeV [24]. For each transition,
an excitation cross section and the following y-ray decay
spectrum folded with the detector responses were calculated
based on the given EWSR values [23,24]. The sum of decay
of all considered transitions is presented in Fig. 5 as a green
dotted line.

The resulting curves of the theoretical y-ray energy spectra
from the direct (dash-dotted grey line) and compound nucleus
(dashed blue line) IVGDR decay to the g.s. are overlaid on
the measured spectrum in Fig. 5. Their sum (orange line),
as well as the curve with the added contributions coming
from discrete states between 7 and 10 MeV (red line) cannot
describe the excess of counts in the energy region between 10
and 12 MeV, where ISGQR y decay is expected to be seen. It
is discussed in the next section.

Using quantities described above, characterizing the
IVGDR excitation and decay, we deduced the branching ratio

10° W exp.
0 —— GDR + disc. trans.

— — GQR direct —-—- GQRCN
——GQR CN + direct
= GDR + disc. trans. + GQR

8 10 12 14 16 18
Ey [MeV]

FIG. 6. Experimental energy spectrum presented in Fig. 4 with
the calculated y-ray energy spectra of the y decay of the IVGDR
together with 7-10 MeV states (red line); the ISGQR (calculated
assuming 70% of ISGQR EWSR) y-ray decay of the direct (dashed
olive line) and compound (dash-dotted pink line) components; the
sum of the y-ray decay of the IVGDR, states between 7-10 MeV,
and the ISGQR (dark green line). In the energy region of the ISGDR
the calculations do not describe well the experimental data.

for the y-ray decay to the ground state as

Ox,x'yy (E)

oxx(E) ' ©)

(Tyy/Tapr = )
E
The obtained branching ratio (I'y,/I")gpr = 1.7 x 1072 +
0.5 x 1072 (0.3 x 1035 and +0.4 x 1033) is in perfect
agreement with the literature value [5] of 1.7 x 1072 £ 0.2 x
1072,

B. Analysis of the ISGQR y-ray decay to the ground state

The computed y-decay to the g.s. spectrum of the IVGDR
and the discrete transitions (red line) along with calculations

H  exp. - GDR - disc. trans.
sl GQR
1.0x10 — — GQR direct ---- GQRCN
g
b 0.0 —=—
-
6L, . \ ,
-1.0x1077g 10 12 14 16
Ey [MeV]

FIG. 7. Experimentally measured y-ray energy spectrum ful-
filling the ground-state decay condition after subtraction of the
contribution from discrete states and from the IVGDR (black
squares). The fitted direct (dashed olive line) and compound (dash-
dotted pink line) components of the ISGQR y-ray decay to the
g.s. calculated spectra are presented as well. The summed energy
spectrum for the ISGQR y-ray decay to the g.s. (blue line) is also
shown with uncertainty stemming from the normalization error.
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FIG. 8. The high energy part of the experimental y-ray energy
spectrum presented in Fig. 4 with the calculated theoretical y-ray en-
ergy spectrum of the IVGDR y-ray decay (orange line), the discrete
states in the 7-10 MeV range (dashed green line), and the ISGQR
(calculated assuming 112% of ISGQR EWSR) y-ray decay (blue
line). The calculated sum spectrum comprising the aforementioned
transitions (green line) with the uncertainties stemming from the
normalisation procedure (green shadow area) is also presented.

for the ISGQR direct (dashed olive line) and compound (dash-
dotted pink line) y-ray decays are presented in Fig. 6. In the
calculations, the ISGQR width was assumed to be FWHM =
2.0MeV [4] and 70% of the ISGQR EWSR was used. The
resulting theoretical spectrum could not describe the observed
excess of counts in the energy region of ISGQR in the experi-
mental data (Fig. 6).

The (T'y, /T")ggr branching ratio in the ISGQR energy re-
gion was obtained by fitting the experimental spectrum—after
subtraction from the IVGDR component and the contribution
from discrete states—in the region expected to be popu-
lated by the ISGQR (9.4-11.8 MeV). The result is displayed
in Fig. 7. The y-ray energy spectrum calculated using
fitted ISGQR strength shows good agreement with the ex-
perimental data (see Fig. 8). The obtained, fitted ISGQR
strength corresponds to 112 & 32% (£25%star. and £20%y:.)
of the ISGQR EWSR. The resulted branching ratio for the
y-ray decay in the ISGQR energy region to the ground
state (I"y, /TDgor =3 x 107* £ 1 x 107* (£0.6 x 104 and
£0.7 x 10;;;_) is consistent within uncertainties with the
value 4 x 10~ £ 1 x 10~* measured using the '’Q inelastic
scattering reaction [4]. The obtained branching ratio values
for y decay of giant resonances in 2°Pb are summarized in
Table II. Please note that the relatively large systematic errors
of the y decay branching ratio for both IVGDR and ISGQR
come from uncertainties of the normalization of the calculated
spectrum to the experimental 2% state.

V. SUMMARY AND OUTLOOK

The y decay of the ISGQR in 2%Pb was studied with an
innovative setup implemented at the CCB facility in Krakéw,
Poland. The data show, in line with the expectations, that
giant resonances (ISGQR and IVGDR) were excited in the

TABLE II. Branching ratios for the y-ray decay to the g.s. for
the 2°°Pb IVGDR and ISGQR excitations.

Ty /Tar
IVGDR 1.7 x 1072 £ 0.5 x 1072 (this work)
1.7 x 10724+ 0.2 x 1072 [5]
ISGQR 3 x 107* £ 1 x 10~ (this work)

4x 1074+ 1 x 1074 [4]

208pb(p, p') reaction at the beam energy 85 MeV and the
decay to the ground state of both the ISGQR and the IVGDR
was observed. Moreover, with use of a different probe (proton
beam instead of '7Q ions) and reaction energy, our extracted
y-ray decay branchings to the ground state for both ISGQR
and IVGDR are in agreement with the previously published
values [4,5]. In particular, the latter is in line with results of
analysis by Beene et al. [25], showing a probability of ISGQR
decay through the compound nucleus that is comparable to
that by direct channel. The obtained result shows that 2Pb
ISGQR y-ray decay through the compound nucleus is of
the same or even greater importance as direct decay. These
features make testing the theoretical models [2] difficult with
the studied case, but the obtained results show the feasibility
for similar investigations in other nuclei. Testing the existing
value of the y decay branching ratio with another reaction
would provide a solid base for future work using the same
setup, addressing other nuclei where the direct component
could become more important. To test the theory in the direct
y decay observable is experimentally very challenging, but it
is very important to try to get as much detail as possible on
the resonance wave functions.

To provide more details on the ISGQR y-ray decay, a
subsequent experiment with an improved setup is planned.
The energy resolution of the inelastically scattered protons
measurement will be enhanced by placing the detectors
inside a vacuum chamber. The number of measured pro-
ton scattering angles will be increased, enabling the MDA
(multipole-decomposition analysis) technique [15,26]. The
y-ray detectors will be replaced with new-generation scin-
tillators, such as the PARIS clusters [27] or large LaBr;:Ce
detectors [28], improving the energy resolution of the y-ray
energy spectra. Additionally, the y-ray detectors will be po-
sitioned at the angles ¥ = 45°, 90°, and 135°, facilitating the
discrimination between E'1 and E2 transitions.

The present finding, in line with the existing work based
on the use of another excitation reaction, provides support
for carrying out in the future other studies of y-ray decay
from giant resonances in several nuclei and using improved
experimental conditions. Such results are expected to test
predictions in a detailed way.
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