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Observation of the Isovector Giant Monopole Resonance via the
28Si(19Be,!"B*[1.74 MeV]) Reaction at 100 AMeV
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The (°Be, '°B*[1.74 MeV]) charge-exchange reaction at 100 AMeV is presented as a new probe for
isolating the isovector (AT = 1) nonspin-transfer (AS = 0) response of nuclei, with 28Si being the first
nucleus studied. By using a secondary '°Be beam produced by fast fragmentation of 8O nuclei at the
NSCL Coupled Cyclotron Facility, applying the dispersion-matching technique with the S800 magnetic
spectrometer to determine the excitation energy in 2 Al, and performing high-resolution y-ray tracking with
the Gamma-Ray Energy Tracking In-beam Nuclear Array (GRETINA) to identify the 1022-keV y ray
associated with the decay from the 1.74-MeV T = 1 isobaric analog state in '°B, a AS = 0 excitation-
energy spectrum in 28Al was extracted. Monopole and dipole contributions were determined through a
multipole-decomposition analysis, and the isovector giant dipole resonance and isovector giant monopole
resonance (IVGMR) were identified. The results show that this probe is a powerful tool for studying the
elusive IVGMR, which is of interest for performing stringent tests of modern density functional theories at
high excitation energies and for constraining the bulk properties of nuclei and nuclear matter. The extracted
distributions were compared with theoretical calculations based on the normal-modes formalism and the
proton-neutron relativistic time-blocking approximation. Calculated cross sections based on these strengths
underestimate the data by about a factor of 2, which likely indicates deficiencies in the reaction calculations

based on the distorted wave Born approximation.
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The isovector giant monopole resonance (IVGMR) is
of interest as a collective phenomenon in nuclei at high
excitation energies. It can be described as a breathing mode
in which the proton and neutron density distributions
oscillate out of phase [1]. Consequently, similar to its
isoscalar partner, the isoscalar giant monopole resonance
(ISGMR) [2-4], the IVGMR can be used to gain a better
understanding of the bulk properties of nuclei and nuclear
matter if high-quality data were available [5,6]. The
excitation energy of the IVGMR is sensitive to the surface
and volume symmetry energy coefficients [7] and a
systematic study over a wide target mass range provides
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an additional method to constrain these quantities, which
are key for understanding the properties of asymmetric
nuclear matter, including neutron stars [8]. Furthermore,
the nonenergy-weighted sum rule for the IVGMR depends
sensitively on the differences between radii of the neutron
and proton distributions in nuclei [5]. Hence, detailed
information about the strength distribution of the
IVGMR provides a tool to better understand the properties
of neutron skins, from which the density dependence of
the symmetry energy for asymmetric nuclear matter can
be constrained [9,10]. In a microscopic description, the
IVGMR is an excitation of the nucleus that is a coherent
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superposition of one-particle one-hole (1p-1h) excitations
across a major oscillator shell (27®), characterized by no
change in the orbital angular momentum (AL = 0), no
change of spin AS = 0, and a change in isospin of one unit
(AT = 1) [1,5]. It has been postulated to mediate isospin-
symmetry breaking and isospin mixing [6,11-13]. More
generally, measurements of the properties of the IVGMR
serve as a stringent test of microscopic models of nuclei at
high excitation energies [14].

Because the excitation of the spin-transfer partner of
the IVGMR, the isovector spin giant monopole resonance
(IVSGMR), is much stronger at intermediate beam energies
(E > 50 AMeV) [15-22], evidence for the IVGMR has
only been found by using charge-exchange (CE) reactions
that are selective of AS =0 excitations. In pion CE
reactions [23-25], excess strength at forward scattering
angles was associated with the excitation energy of the
IVGMR. However, the large width of the IVGMR (10—
15 MeV) and the contribution of a strong nonresonant
continuum component in the spectrum at high excitation
energies significantly hampered the analysis. Evidence for
the IVGMR was also reported in a study of the
ONi(7Li, "Be +y) [26] reaction at 65 AMeV, in which
the coincidence with the y decay from the excited 430-keV
state in "Be allows for the isolation of the excitation-energy
spectrum associated with AS = 1 transitions. The spectrum
for AS =0 is then generated by subtracting the AS =1
spectrum from the total spectrum. In addition to the
uncertainties related to this subtraction procedure, the
results also relied strongly on the description of the
continuum. Nevertheless, since the transition densities of
the isovector monopole resonances have a node near the
nuclear surface, a heavy-ion CE probe could be advanta-
geous for studying the IVGMR. Heavy-ion probes are
strongly absorbed near the nuclear surface and a cancela-
tion of amplitudes from the nuclear interior and surface
portions of the transition density is avoided [27,28].

In this Letter, we show that the ('’Be, '’B*[1.74 MeV])
CE reaction at E('°Be) = 100 AMeV is a new tool for
isolating AS =0 strength and studying the IVGMR.
As described below, by selecting the ejected '°B in
coincidence with the 1.022-MeV y ray from the transition
of the superallowed Fermi transition '"Be(0%,g.s.) —
UB(0,%,1.74 MeV, T = 1) to the '°B(1,*, 0.718 MeV)
level, a AS = 0, AT = 1 filter is obtained.

Since '°Be was produced as a secondary low-intensity,
beam from in-flight fragmentation, a light target nucleus
(8Si) was chosen for this first investigation since the cross
sections decrease rapidly with increasing target mass. At
an energy of 100 AMeV, the reaction mechanism is well
described as a single-step direct process [29], and it is
possible to perform a multipole-decomposition analysis
(MDA) to separate excitations associated with different
multipolarities. The present experiment was inspired by
an earlier study that used the ('°C, B + y) reaction [30],

which is the AT, = —1 mirror of the ('°Be,!'B +y)
reaction. The earlier experiment was hampered by the
relatively poor resolution of the y energy after Doppler
reconstruction, which resulted in a poor signal-to-
noise ratio for the 1.022-MeV peak. By using the HPGe
GRETINA array [31,32] in the present experiment, the
signal-to-noise ratio is greatly improved.

A 150-pnA, 120 AMeV beam of 80 from the NSCL
coupled-cyclotron facility (CCF) [33] struck a 1000-mg/cm?
thick Be target at the entrance of the A1900 fragment
separator [34]. The beam line to the S800 target was operated
in dispersion-matched ion optics [35]. A '°Be beam (98%
pure) with a rate of ~7 x 10° particles per second and an
average energy of 100 AMeV (with a momentum spread of
+0.25%) was transported to a 150-ym thick "™Si wafer
(92.22% ?8Si) placed at the target of the S800 spectrometer
[36]. Besides "Si, data were also taken on a ™'C target
(98.88% '2C) to test the effectiveness of the (°Be, '°B + y)
probe for removing AS = 1 contributions from the excita-
tion-energy spectra.

198 reaction products were momentum analyzed in the
S800 spectrograph [36], and detected in the focal plane
by two cathode-readout drift chambers (CRDCs), an
ionization chamber, and a plastic scintillator [37].
Particle identification was performed by measuring the
time of flight to the scintillator relative to the CCF
rf signal, and the energy loss signal in the ionization
chamber. From the positions measured in the CRDCs, the
angles and momenta of the '°B tracks were reconstructed.
Excitation energies of the residual ® Al ions were obtained
in a missing-mass calculation with a resolution of
2.2 MeV (FWHM). Scattering angles were measured for
0 < 0y, < 5° with a resolution of 0.5° (FWHM).

The y rays from the deexcitation of the !B reaction
product are emitted in-flight. Doppler reconstruction is
required to determine the y energy in the rest frame of '°B,
which benefits strongly from the accurate measurement of
the angle and energy of the y rays in GRETINA [31,32].
The detection efficiency and reconstructed energy resolu-
tion for the 1.022-MeV y ray in '°B were 5.06 4= 0.05% and
20 keV, respectively.

Figure 1(a) shows the Doppler-reconstructed y-ray spec-
trum taken with the ™'C target and the inset shows the
relevant part of the level diagram in '°B. The peak at
1.022 MeV is from the decay of the 1.74 MeV 0" T = 1
state to the 0.718-MeV 17 state, and by gating on this peak,
a AS = 0 filter is created. Contributions from background
events under the 1.022 MeV peak were estimated and
subtracted by using a sideband at energies just above the
1.022-MeV peak. The signal-to-noise ratio for the peak
in gate I was 1.5 (for the case of the ?8Si target discussed
below, the signal-to-noise ratio was 1.1). The yield from the
sideband was scaled to match the estimated background
under the peak. The broad peak at ~0.7 MeV originates
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FIG. 1. (a) Doppler-reconstructed (f = 0.43) y-ray spectrum

from the '2C(!°Be, !B + y) reaction. The peak at 414 keV
corresponds to '°B(1,%,2.154 MeV) — '°B(0, ", 1.740 MeV).
The peak at 718 keV (gate II) corresponds to '“B(1,,
0.718 MeV) — 19B(3,*, g.s.). The peak at 1022 keV (gate I)
corresponds to '°B(0,*,1.740 MeV) — 'B(1,%,0.718 MeV).
(b) Sideband-subtracted double-differential cross sections gated
on Gate I (solid black) and Gate II (dashed red).

from the decay of the 0.718-MeV 1% state to the ground
state. It is broad because its half-life is 0.71 ns and the
decay occurs over an extended distance after the target,
thereby distorting the y-ray angle measurement and
Doppler reconstruction. By gating on this peak, AS =1
events (from reactions that directly populate this state) and
AS =0 events (from feeding through the 1.74-MeV 0"
state) are selected. A sideband background subtraction
procedure was also carried out by using events just above
this peak, but it has relatively large uncertainties because
the signal is broad. Finally, a smaller peak was observed at
0.41 MeV. It arises from the deexcitation of the 2.15-MeV
1" state, which has a 52% probability of feeding the
1.74-MeV 07 state [38]. As it contaminated the AS =0
filter, events gated on this transition were also analyzed by
using a sideband subtraction, so that its feeding of the 0"
state could be removed. After correcting for the difference
in the detection efficiencies for the two y rays, it was found
that about 8% of the events in the 1.022-MeV peak were
due to feeding from the 2.15-MeV state.

In Fig. 1(b), the reconstructed '’B excitation-energy
spectra are shown, gated on the 0.718-MeV y-ray peak
(dashed red), which contains a mixture of AS =0 and
AS =1 events, and on the 1.022-MeV py-ray peak (solid
black), which contains only AS = 0 events. In both cases,
backgrounds estimated in the sideband analysis are already
subtracted, and in the case of the AS = 0 spectrum, the
contribution from feeding by the 2.15-MeV 17 state was
also subtracted. The well-known strong Gamow-Teller
(AS = 1) transition '2C(0*, g.s.) — ?B(17, g.s.) is clearly

observed in the spectrum gated on the 0.718-MeV y ray.
It is absent when the 1.022-MeV y-ray gate is applied.
Remaining events below 2 MeV in the latter spectrum are
likely due to weak excitations of other low-lying states in
12B. The disappearance of the transition to the '’B ground
state in the solid black spectrum shows that the AS =0
filter is effective. The broad peak around E.('’B) =
9 MeV widens when gated on the 0.718-MeV peak. The
reason is that in this spectrum (non-)spin-transfer dipole
excitations to 0~, 17, and 2~ states contribute, whereas in
the spectrum gated on the 1.022-MeV peak, only nonspin-
transfer excitations to 17 states contribute.

In Figs. 2(a)-2(c), the measured double-differential cross
sections for the 28Si(!°Be, 1°B) reaction are shown at three
different center-of-mass (c.m.) scattering angles, gated on
the 1°B(0,*, 1.740 MeV) — '°B(1,7,0.718 MeV) transi-
tion. The analysis was performed in an identical manner as
for the '>C target. Background contributions estimated by
using the sideband and contribution from feeding through
the '°B(1,7,2.154 MeV) — 1°B(0,7,1.740 MeV) state
have been subtracted from these spectra. Systematic
uncertainties in the absolute normalization of the cross
section are dominated by the uncertainty in the '°Be beam
intensity (4%).

To isolate the monopole (AL = 0) contributions to the
28 Al excitation-energy spectrum, a MDA was performed

T
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FIG. 2. (a)-(c) Double-differential cross sections for the

288i(19Be, '9B*[1.74 MeV])28 Al reaction at three scattering an-
gles, as indicated. The error bars on the data represent the
statistical uncertainties. The colored histograms show the results
of the MDA. (d) and (e) Differential cross sections and MDA
analysis for the 6-12 MeV and 1824 MeV ranges in the 28 Al
spectrum, respectively.

172501-3



PRL 118, 172501 (2017)

PHYSICAL REVIEW LETTERS

week ending
28 APRIL 2017

[39,40]. In the MDA, each 2-MeV wide bin in E, (*8Al)
was fitted with a linear combination of calculated angular
distributions associated with AL =0, 1, and 2. The
calculated angular distributions were smeared to account
for the experimental angular resolution prior to the fitting.
Inclusion of angular distributions with AL > 2, which peak
atd.,, > 2° did not improve the quality of the fits and did
not alter the extracted contributions associated with the
AL =0 and AL = 1 excitations beyond statistical uncer-
tainties. As an illustration of the MDA procedure, the
differential cross sections and the MDA for the strong
peak between 6 < E,(*Al) < 12 MeV and the range 18 <
E.(*®Al) <24 MeV are shown in Figs. 2(d) and 2(e),
respectively. Strong monopole and dipole contributions are
present in Fig. 2(d). Figure 2(e) also indicates a strong
monopole contribution. The results from the MDA for the
full excitation-energy range are shown in Figs. 2(a)-2(c).

The angular distributions were calculated in the distorted-
wave Born approximation (DWBA) by using the code
package FOLD/DWHI [41]. One-body transition densities
(OBTDs) were calculated for the 'Be-'"B system using
NUSHELLX @MSU [42], and OBTDs for the 28Si-28 Al system
were obtained in the normal-modes (NM) formalism by
using the code NORMOD [43]. In this formalism, 100% of
the nonenergy-weighted sum rule (NEWSR) associated with
single-particle multipole operators is exhausted. The Love-
Franey effective nucleon-nucleon (NN) interaction at
100 MeV [22] was used in the folding procedure.

The complex optical model potentials (OMPs) used to
compute the '’Be-?8Si entrance-channel and '"B-28Al exit-
channel distorted waves were calculated by using the
methods used routinely in the analysis of fast nucleon-
removal reactions [44]. These employ the double-folding
model [45], assuming *®Si and 28 Al densities calculated from
spherical Hartree-Fock (HF) calculations using the SkX
parametrization of the Skyrme interaction [46], Gaussian
10Be and !B densities with root-mean-squared (rms) radii of
2.30 fm [47], and a Gaussian nucleon-nucleon NN effective
interaction [48] with a range of 0.5 fm. Interaction strengths
were taken from the tabulation of Ray [49].

The extracted monopole distribution at 0.25° from the
MDA is shown in Fig. 3(a). It is attributed primarily to the
excitation of the 2A®w IVGMR since there is no 0hw
excitation of the isobaric analog state for N = Z nuclei.
Two concentrations of strength are observed at ~9 and
~21 MeV. Monopole strengths observed above 35 MeV
were consistent with 0, within uncertainties.

The extracted dipole distribution at 0.75° is shown in
Fig. 3(b). It peaks at ~9 MeV and has a high-energy tail.
This distribution is consistent with previous observations of
the isovector giant dipole resonance (IVGDR) in charge-
exchange reactions with (n, p) [50] and ('Li, "Be) [51]
probes and with observations of the analog transition in
28Si through y absorption [52] and proton scattering [53].
The good agreement of the IVGDR distribution with

5
45F@ @® AL-0MDA
4o - --IVGMR (NM) /3
35F ~~._| T—IVGMR (pn-RTBA) x2
3
< 25
2
= 15}
N
% 05F
S ok
E 45} @® AlL-1MDA
o 4F - --IVGDR (NM) /3
2 35f —IVGDR (pn-RTBA) x2
S 3r
25f
2r
15F
1r
05f
0

FY
0 5 10 15 20 25 30 35
E, (*®Al) (MeV)

FIG. 3. (a) Differential cross sections extracted for monopole
contributions to the 28Al excitation-energy spectrum at 0.25°
(black dots) are compared with NM calculations, i.e., for 100% of
the NEWSR at each excitation energy (blue dashed line), and
DWBA results based on pn-RTBA calculations (solid red line);
see text for more details. Please note the scaling factors of 1/3
and 2 applied for the latter two, respectively. (b) Idem, but for the
dipole cross sections at 0.75°.

previous data gives confidence in the reliability of the
MDA shown in Fig. 2.

The blue-dashed curves in Figs. 3(a) and 3(b) indicate
the differential cross sections associated with 100%
exhaustion of the normal-modes NEWSR for the
IVGMR (28.6 fm*) and IVGDR (15.2 fm?), respectively.
The differential cross sections associated with full strength
exhaustion drop with increasing excitation energies
because of the increase in linear momentum transfer g.
The red-solid curves represent the results based on the
calculations in the proton-neutron relativistic time-blocking
approximation (pn-RTBA) framework of Refs. [54,55].
The pn-RTBA is an extension of time-dependent covariant
density functional theory that includes particle-vibration
coupling in the charge-exchange channel. Consequently, an
improved description of the fragmentation of the strength is
achieved [56] compared to earlier Hartree-Fock random-
phase approximation calculations [5] for the IVGMR. The
integrated strengths for the [IVGMR (25.8 fm*) and IVGDR
(17.0 fm?) in the pn-RTBA calculations are close to NM
values. To convert the pn-RTBA strength distribution to the
differential cross sections shown in Fig. 3(a) and 3(b), a
proportional relationship between strength and the peak
differential cross section was assumed, based on the
DWBA calculations using the NM OBTDs. Finally, the
curves based on the pn-RTBA calculations were smeared
with the experimental excitation-energy resolution.

The pn-RTBA calculations describe reasonably well the
shape of the experimental distribution observed for the
IVGDR, as shown in Fig. 3(b). However, the calculated
cross sections are too low by about a factor of 2: the
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measured cross sections represent 190(30)% the NEWSR
for the IVGDR. Like the data, the pn-RTBA calculations
for the IVGMR also display significant fragmentation.
However, the detailed features of the experimental distri-
bution are not as well reproduced as for the case of the
IVGDR. This could be due to the fact that configurations
beyond the 2p-2h are presently not included in the
pn-RTBA calculations. In addition, the calculations do
not consider the considerable deformation of 28Si [57]. As
in the case of the IVGDR, the experimental cross section
for the IVGMR is double the estimated cross section based
on the pn-RTBA calculations: the measured cross sections
represent 200(40)% of the NEWSR for the IVGMR. The
discrepancy between the experimental and theoretical cross
sections could be due to, or a combination of, deficiencies
in the input of the DWBA calculations, such as the
approximate treatment of the exchange contributions in
the FOLD calculations [58], uncertainties in the strength
of the = component of the effective NN interaction, and
uncertainties in the optical potential parameters. In addi-
tion, since heavy-ion CE reactions probe the nuclear
surface and the 7 component of the effective NN interaction
is of very short range, the isovector nonspin-transfer cross
sections are particularly sensitive to detailed features
and variations of the transition densities near the surface.
Hence, the assumed simple proportional relationship
between transition strength and cross section, which has
been well established for the 0w AL = 0 transitions
[1,59,60], could have large uncertainties for transitions
with AL > 0 and 2Aw excitations that have a node in the
transition density near the surface.

We conclude that the (°Be,!°B + y[1022 keV]) CE
reaction at E('°Be) = 100 AMeV is a good tool for isolat-
ing isovector AS = 0 excitations and a viable probe for
studying the IVGMR, as evidenced by the successful
extraction of IVGMR and IVGDR cross sections from
reactions on 28Si. The method will benefit from having
10Be beams that are 2 or 3 orders of magnitude more intense
so that heavier nuclei, in which the IVGMR excitation is
more collective, can be studied in great detail. This can be
achieved by performing experiments at one of the next-
generation rare-isotope beam facilities or by producing a
primary medium-energy 'Be beam (its half-life is
1.51 x 10° yr). In addition, by combining the results with
data obtained with the (1°C,!°B + y[1022 keV]) reaction
based on the same principle, it will be possible to evaluate
the sum rule for the IVGMR. Improved beam intensities will
also be very helpful for the development of more accurate
reaction calculations for this new probe. It provides the
prospect that calculations based on modern density-func-
tional theories can be tested in more detail by comparing, in
absolute terms, the exhaustion of transition strength.
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