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Abstract. Physical studies of electric dipole excitations in atomic nuclei e.g. the structure of pygmy dipole
resonances and isovector giant dipole resonances are attracting much attention recently. In this article, we
describe a technical development in the coincidence measurement of the excitation processes with the Grand
Raiden high-resolution magnetic spectrometer and the γ-decay processes by the CAGRA and SCγLLA
efficient γ-detector arrays at the Research Center for Nuclear Physics at Osaka University. Specifically,
we describe how we developed a new beamline (GRAF), for γ detection at the target position by placing
the spectrometer at an angle of 4.5–19.0◦ and by transporting the primary beam to a well-shielded beam
dump. Experimental conditions and representative data are shown for each of the two γ-detector arrays.

1 Introduction

Electric dipole (E1) excitation is one of the fundamental
excitation modes in atomic nuclei [1]. The IsoVector Gi-
ant Dipole Resonance (IVGDR), commonly observed in
all nuclei which consist of protons and neutrons, is mi-
croscopically described as a collective, out-of-phase dipole
oscillation of protons and neutrons. The IVGDR accounts
for a major part of the energy weighted sum-rule (Thomas-
Reiche-Kuhn (TRK) sum-rule) of the E1 reduced transi-
tion strength [2]. While the main strength is located at
higher energies than the neutron separation energy (Sn),
another concentration of the strength has been found in
the vicinity of Sn. This low-energy dipole strength is often
called the Pygmy Dipole Resonance (PDR), which seems
to commonly exist also in neutron-rich nuclei with a mass
number greater than A ∼ 90. The PDR accounts for only
a few percent of the TRK sum-rule in stable nuclei. The
dependence of this sum-rule fraction on the neutron excess
has been predicted by several theoretical models [3] but

� Contribution to the Topical Issue “Giant, Pygmy, Pairing
Resonances and Related Topics” edited by Nicolas Alamanos,
Ricardo A. Broglia, Enrico Vigezzi.

a e-mail: kobayash@rcnp.osaka-u.ac.jp

has not been clearly confirmed yet [4]. The properties of
the E1 excitation mode, especially the origin of the PDR,
is one of the main motivations for the present research on
this issue.

The E1 response of nuclei has been widely studied by
real-photon beam measurements [5]. However, in most of
the measurements only the deexcitation γ rays were de-
tected without tagging of the excitation energy. Conse-
quently, the observed γ rays which were creating a photo-
peak were analyzed as if they were single γ transitions
from the initial excited state to the ground state (g.s.).
The analysis implicitly assumed a 100% branching ratio
of the g.s. γ-decay channel. Although it is often the domi-
nant decay channel below Sn, this assumption is in general
invalid. In fact, monochromatic real-photon experiments
and statistical-decay models showed g.s. γ-decay branch-
ing ratios of 80 to 50% [4] depending on the excitation
energy, and in some cases, much smaller than that [6].
The observation unavoidably depends on the experimen-
tal sensitivity to the weak transitions and to the high level
density, and thus the attained values should be carefully
treated. For a full understanding of this fundamental ex-
citation mode, it is important to measure both excitation
and decay processes simultaneously.



Page 2 of 13 Eur. Phys. J. A (2019) 55: 231

An experimental technique has been developed [7,8]
based on proton-scattering measurements at relativistic
energy and at extremely forward angles using the Grand
Raiden (GR) [9] high-resolution spectrometer at the cy-
clotron facility of the Research Center for Nuclear Physics
(RCNP) at Osaka University. The E1 response as well
as the spin-M1 response of stable nuclei has been ex-
tracted, fully covering the PDR and GDR excitation en-
ergies in the vicinity of Sn with high resolution, good sta-
tistical accuracy, and a high sensitivity to weak excita-
tions. The experimental method utilizes the dominance of
the Coulomb excitation in the cross section of the proton
scattering at very forward angles. The excitation process is
probed without any dependence on the active decay chan-
nel. Quite a few significant results on nuclear structure
achieved using this method are summarized in a recent
review paper [8]. The purpose of this article is to describe
an extension of this experimental approach to γ-decay co-
incidence measurements.

Amongst the decay channels, γ decay has the simplest
dynamics since the mediating electromagnetic interaction
is known precisely and its transition rate gives nuclear-
structure information for the same nuclide. In contrast,
particle-decay processes are affected by the penetrability
of the particle through the potential barrier or the distor-
tion of the wave function in the nucleus. The transition
is relevant to the coupling between the parent and the
daughter, which makes the theoretical interpretation more
complex. Thus, we focus on the γ decays in this paper.

Coincidence measurements between the excitation and
γ-decay processes provide a lot of additional information
on the nuclear excited states. First, with the coincidence
measurement, the branching ratio of the populated excited
state to the detected decay channel is directly observable.
The branching ratio is defined as the ratio of the tran-
sition rate of the specified decay channel (partial decay
width) to the sum of the transition rates of all the de-
cay channels (total decay width). The latter also includes
the spreading rate of the initially populated component
(doorway) of the excited state into more complex compo-
nents. The branching ratios are obtained either for each
excited state (provided that the state is well-separated
from the other states compared to the experimental res-
olution), or for many states contained in each excitation
energy bin, as an averaged value. For the ground-state γ
decay especially, the decay-transition rate is equivalent to
the Coulomb excitation transition rate with a trivial spin
factor, by the detailed balance principle [2]. This provides
us with a unique way to study the total decay width of the
excited states including collective giant resonances. Sec-
ond, the branching ratios among different γ-decay chan-
nels provide the relative strength due to the coupling of
the excited state to each daughter state populated by the
initial γ decay. Further insights into the internal structure
of the excited state can be obtained from the information
on relative strengths [10]. Third, the spatial distribution
of the emitted γ-rays, or more precisely, the angular corre-
lation between the γ-ray and the scattered particle, has a
specific intensity distribution depending on the spin-parity
of the parent excited state and the daughter state. This

information is useful for the spin-parity assignments of iso-
lated states and for the multipole decomposition of mixed
multiple states. Fourth, experimentally, the use of γ-ray
detectors often allows for the precise measurement of the
γ-ray energies. Using this data, better resolution can be
achieved in determining the excitation energy of the indi-
vidual state than is possible with a momentum analysis of
the scattered particle alone. Also, since the E1 transition
dominates in the γ-decay process, the γ-coincidence itself
enhances the detection of the corresponding spin-parity of
the excited states.

γ-decay measurement is often limited to excitation en-
ergies below Sn because the neutron decay becomes domi-
nant once its decay channel is open. Nevertheless, γ-decay
measurements at energies above Sn are becoming much
more feasible after pioneering work [11] in the IVGDR
region. Such measurements will certainly provide unique
information on the decay mechanism of giant resonances
which has never been accessible using other methods.

For the excitation part of the measurement, a combi-
nation of the beam and the detected scattered particles is
selected for the relevant excitation mode in each study. For
example, proton inelastic scattering has selectivity for E1
and spin-M1 excitations at very forward angles [8]. Alpha-
particle inelastic scattering is useful for probing isoscalar
excitations [12] as well as for studying the isospin nature
of the PDR [4,5]. The charge-exchange (3He, t) reaction
is excellent for the study of Gamow-Teller excitations at
very forward angles [13–16]. In this article, we will deal
with proton and alpha inelastic scatterings.

For the realization of the γ-decay coincidence mea-
surement, it is essential to stop the primary beam in a
well-shielded beam dump that is located sufficiently far
from the target position since the γ-detectors surround-
ing the target are usually sensitive to background radia-
tion from the beam stopper. At the RCNP cyclotron fa-
cility, a 0◦ inelastic-scattering setup in the transmission
mode provides one feasible method. In this case, the GR
spectrometer is placed at 0◦ and the beam that passes
through the target is transported inside the spectrometer
and is stopped at a beam-dump downstream of the fo-
cal plane. Further details on this experimental technique
are described in refs. [7,8]. For accommodating forward-
mode particle scattering at angles larger than 4.5◦, a
new beamline, named the Grand RAiden Forward mode
(GRAF) beamline, has been newly constructed. The un-
reacted beam after the target is deflected and separated
from a central orbit of the GR spectrometer, and is trans-
ported to a beam dump located in a shield wall about 25m
downstream. More details about the GRAF beamline are
described in sect. 2 of this article. The GRAF beamline
was constructed for this kind of coincidence measurement
as well as for particle scattering measurements with highly
intense beams.

After a few pioneering measurements of γ-decay coin-
cidence with the GR spectrometer using NaI detectors [17,
18], a series of experiments were performed using the
Clover Array Gamma-ray spectrometer at RCNP/RIBF
for Advanced research (CAGRA) [19]. In addition to the
twelve CAGRA detectors, four large volume LaBr3:Ce
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scintillators were installed at the target position of the
GR spectrometer. Proton, alpha, and 6Li scattering ex-
periments were carried out using either the 0◦ inelastic-
scattering mode or the GRAF mode. While the germa-
nium detectors have excellent energy resolution for γ rays,
their detection efficiency is low at energies above a few
MeV. Additionally, they are susceptible to neutron ra-
diation damage. Following the CAGRA experiments, a
pilot experiment was performed to measure the coinci-
dence of γ decay of giant resonances to the g.s. This
experiment utilized a newly constructed SCγLLA (Sup-
porting Construction for γ-ray-detecting Large LaBr3 Ar-
ray) consisting of large volume LaBr3:Ce scintillators [20].
LaBr3:Ce detectors have much higher detection efficiency,
timing resolution, and rate capability as compared to ger-
manium detectors and they have better energy resolution
than NaI(Tl) scintillators, which provides a great oppor-
tunity to study rare γ decays at excitation energies up to
a few 10MeV. In this article, we present a few examples
from the γ-coincidence experiments where CAGRA and
SCγLLA were coupled with the GR spectrometer.

This manuscript is organized as follows: In sect. 2, the
GRAF beamline and the GRAF mode are described as
well as the other three modes of the beamline and the
spectrometer. The technical information, the ion optics,
and the commissioning results of the GRAF beamline are
reported. Section 3 explains the campaign experiments
performed using the CAGRA, GR spectrometer, and the
GRAF beamline. Section 4 discusses a pilot γ-coincidence
measurement with SCγLLA coupled with the GR spec-
trometer. Finally, the summary and outlook are given in
sect. 5.

2 GRAF beamline

The GRAF beamline, constructed in 2014 at the West Ex-
perimental Hall of the RING Cyclotron Facility at RCNP,
transports the unreacted beam from the target to a well-
shielded wall beam dump located 25-meters downstream
from the target. The purposes of the GRAF beamline were
a) to couple several types of detectors surrounding the tar-
get to the GR spectrometer, and b) to measure angular
distributions at forward angles using the GR spectrome-
ter with an intense beam of up to 1μA. An example of
a), using plastic detectors for the detection of protons,
is published in ref. [21]. An example of b) is reported in
ref. [22].

The GRAF beamline was added to the existing three
modes of the beam transport: the 0◦ inelastic-scattering
mode, the 0◦ charge-exchange- or transfer-reaction mode,
and the WS-Long mode. Table 1 summarizes the four
modes. In the following section, the GRAF beamline is de-
scribed in detail, after briefly introducing the other three
modes.

The 0◦ inelastic-scattering mode is used in inelastic-
scattering measurements at forward angles of 0–3◦ within
the vertical angular acceptance of the GR spectrome-

ter. The GR spectrometer has an angular acceptance of
±20mrad in the horizontal direction and ±50mrad in
the vertical direction. The GR spectrometer is centred at
0◦. The unreacted beam is transported through the GR
spectrometer together with the scattered particles and is
stopped by a Faraday cup at a 0◦ dump [7,8]. The maxi-
mum beam intensity is limited by radiation safety require-
ment and is ∼ 10 nA, depending on the beam particle and
energy.

The 0◦ charge-exchange- or transfer-reaction mode is
used to measure reactions where the particle to be de-
tected is different than that of the beam. The GR spec-
trometer is also centred at 0◦ in this mode. The unre-
acted beam is stopped by a Faraday cup at the first
dipole magnet of the GR spectrometer (GR-D1). The
maximum beam intensity is 10–100 nA, depending on the
beam particle and energy. The Large Acceptance Spec-
trometer (LAS) [23] can be placed between 61◦ and 120◦

in both 0◦ inelastic-scattering and 0◦ charge-exchange- or
transfer-reaction modes.

The WS-Long mode is used to measure inelastic scat-
tering at large angles. The GR spectrometer can be set at
25.5–70.0◦ in this mode, and owing to the horizontal an-
gular acceptance of the GR spectrometer, the scattering
angle range from 24.5◦ to 71.0◦ can be covered. The unre-
acted beam is guided to the wall beam dump by the WS-
Long beamline. This beamline follows a straight line at an
angle of 0◦, and features a quadrupole doublet QM11U/D
and a quadrupole triplet QM12U/M/D. These magnets
are also used in the GRAF beamline, as shown in fig. 1,
wherein the position of the QM11U/D doublet is changed.
The maximum beam intensity of the WS-Long mode is
around 1μA. The angular spread of 99% of the beam on
the target should be smaller than the angular acceptance
at the entrance of part QM11U/D, i.e., about 13 mrad, for
good transmission of the beam from the target position to
the wall beam dump. The LAS can be oriented from 25.5◦
to 120◦. This mode has been used to perform coincidence
measurements with the GR and the LAS [24].

The GRAF mode is a newly-developed mode in which
the GRAF beamline is used. A topview of the beam-
line is shown in fig. 1. The GR spectrometer can be ori-
ented from 4.5◦ to 19.0◦ with the exception of angles from
11.5◦ and 12.5◦ as the unreacted beam would hit a sup-
port bar in the vacuum chamber shown in the inset of
fig. 1. Owing to the horizontal angular acceptance of the
GR spectrometer, a scattering angle range from 3.5◦ to
20.0◦ can be covered. The ion optics of the GRAF beam-
line are optimized depending on the ratio of magnetic
rigidity of the GR spectrometer (BρGR) to that of the
beam (BρBeam), RBρ = BρGR/BρBeam. For instance, for
inelastic-scattering and the (3He, t) reaction, these ratios
are well suited for RBρ = 1 and RBρ = 2, respectively. For
reactions with RBρ below 1 or above 2, the most-forward
angle is larger than 4.5◦. In addition, the angular spread
of the beam on the target should be smaller than approxi-
mately 5mrad for 99% of the beam, to achieve good beam
transmission. The LAS can be oriented from 61◦ to 120◦.



Page 4 of 13 Eur. Phys. J. A (2019) 55: 231

Table 1. Summary of the modes of beam transportation.

Mode Beam stopper Max. beam GR angle LAS angle

intensity (Coverage) (Coverage)

0◦ inelastic- 0◦ dump ∼ 10 nA 0◦ 61–120◦

scattering (0– ∼ 3◦) (58–123◦)

0◦ charge-exchange- Faraday cup 10–100 nA 0 61–120◦

or transfer-reaction in GR-D1 (0– ∼ 3◦) (58–123◦)

GRAF Wall beam dump ∼ 1 μA 4.5–11.5◦ and 12.5–19.0◦ 61–120◦

(3.5– ∼ 20.0◦) (58–123◦)

WS-Long Wall beam dump ∼ 1 μA 25.5–70.0◦ 25.5–120◦

(24.5– ∼ 71.0◦) (22.5–123◦)

Fig. 1. The top view of the GRAF beamline, the GR spectrometer, and the LAS are shown. The inset represents a zoomed
view of the GRAF beamline around the target. The GR angle is set to 4.5◦, and the LAS angle is set to 61◦. Also, the directions
of the laboratory coordinate system (Xlab, Ylab, Zlab) are shown.

In the construction of the GRAF beamline, a scatter-
ing chamber called the GRAF scattering chamber, a colli-
mator system, the GR-Q1 chamber, the iron vacuum duct
between GR-Q1 and GR-Q2, the fan-shaped chamber,
dipole magnets (BM1, BM2, BM3, and BM4), beam view-
ers (BV1, BV2, and BV3), and vertical steerers (STV1 and
STV2) were manufactured. The GRAF scattering cham-
ber was designed to fit to the GRAF mode. On the other
hand, if the GRAF beamline is removed, the chamber will
cover angles of the GR spectrometer from −1◦ to 70◦. The
structure of the sliding membrane is the same as that of
the former scattering chamber. In a reference measure-
ment, a collimator is placed downstream of the target in
order to define the angular acceptance of the GR spec-
trometer. The collimator system was developed to allow
for the remote selection of one of the pre-installed colli-

mators without breaking the vacuum. Figure 2 shows a)
the top view of the system, b) the side view of the colli-
mator box, and c) the side view of the system. The sys-
tem has four slots to insert different collimators. These
collimators can be changed using the stepping motor via
the PLC controller. The GR-Q1 chamber was designed
so that both the scattered particles and the beam can
pass through the chamber at the GR angle (θs) of 4.5 to
19◦. The vertical and horizontal gaps of the chamber are
160mm and ∼ 130mm, respectively, in the region of the
scattered particles, while the vertical gap is 28mm in the
region of the beam. The iron duct between the GR-Q1 and
GR-Q2 replaces the GR-SX and the GR-Q1 Faraday cup
(Q1-FC) when the GRAF mode is in operation. The duct
is made of iron to shield the fringing magnetic field of the
BM1 from the scattered particles which pass through the
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Fig. 2. (a) A top view of the collimator system, (b) a side
view of the collimator box, and (c) a side view of the system
are shown. The collimators are pre-installed at the slot nos. 1–
4, respectively. The position of the collimator is defined by the
dowel pin with an accuracy of ∼ 0.1 mm. The distance between
the target and the centre of the collimator was designed to be
585 mm.

GR spectrometer. The design of the beam viewers BV1,
BV2, and BV3 are the same as the viewers used in other
beamlines at RCNP. The fan-shaped chamber has a verti-
cal gap of 52mm at the BM1 and 70mm at the exit of the
chamber. The chamber has a sliding membrane between
the BM1 and BV1 as indicated in fig. 1. Hence, the GR
spectrometer can be rotated to any angle between 4.5◦
and 19.0◦ without venting the beamline. The specifica-
tions of the dipole magnets and the quadrupole magnets
are summarized in tables 2 and 3, respectively. The BM1
magnet is placed on linear guides, because the position of
the BM1 needs to be adjusted depending on θs and RBρ.
A stepping motor can horizontally drive the BM1 along
its vertical symmetry plane. The actual positions of the
BM1 for each set of θs and RBρ are listed in table 4. The
BM1 position used in the case of θs = 4.5◦ and RBρ = 1
is defined as the origin. The positive value of the position
corresponds to the insertion facing towards the GR spec-
trometer. The steerers STV1 and STV2 are used if the
central orbit of the beam needs to be tuned in the verti-
cal direction. If all the components are perfectly aligned,
these steerers are not necessary.

Table 2. Specifications of the dipole magnets BM1, BM2,
BM3, and BM4 are shown. The positive sign of the bending
angle corresponds to right-hand side deflection, and that of the
edge angle corresponds to horizontal defocusing.

Specification BM1 BM2 BM3 BM4

Magnet gap, g (mm) 70 120 70 70

Bending Radius (mm) 2,500 4,587 2,500 2,500

Bending angle 13◦ −2.5◦ −23.5◦ 13◦

Edge angle at entrance 30◦ 2.5◦ 0◦ 0◦

Edge angle at exit 30◦ 0◦ 0◦ 0◦

Max. field strength (T) 1.3 0.7 1.3 1.3

Number of turns, N 280 400 512 512

Max. current (A) 316 181.5 158.2 156.3

In addition to manufacturing new devices, modifica-
tions were made to the sextupole magnet of the GR spec-
trometer (GR-SX), along with GR-Q1, Q1-FC, and GR-
Q2. GR-SX and Q1-FC would inhibit the BM1 and the
fan-shaped chamber of the GRAF beamline and thus these
are placed on linear guides and removed from the beam-
line when in GRAF mode operation. A larger chamber for
Q1-FC was fabricated so that it fits with the new GR-Q1
chamber and covers the angles θs = 4.5 to 19◦. The side
return yoke of GR-Q1 was cut so that the beam could
pass through the gap between the poles of GR-Q1. The
position of the GR-Q2 was moved downstream by 149mm
and the side return yoke of GR-Q2 was cut off to avoid
encroaching on the fan-shaped chamber.

2.1 Ion optics

The ion optics of the GRAF beamline allow the unre-
acted beam to be transported to the beam dump when
the GR spectrometer is oriented at θs = 4.5–19.0◦. The
main idea of the ion-optical design is to utilize the bending
power of the GR-Q1 magnet and BM1 to remove the unre-
acted beam from the central orbit of the GR spectrometer.
The unreacted beam is guided by BM1 and BM2 so that
its orbit is centred on the axis of the QM11U/D mag-
nets. The beam is doubly focused at BV3 and BV13 by
the QM11U/D and QM12U/M/D magnets, and eventu-
ally stopped by the Faraday cup in the wall beam dump.

Two coordinate systems are used in this section for
the description of the ion optics of the GRAF beamline.
The laboratory coordinate system (Xlab, Ylab, Zlab) shown
in fig. 1 is used to describe the trajectory of the beam in
the West Experimental Hall, and the origin is fixed at the
target position. The Ylab direction is vertically up with
respect to ground. The Zlab direction is the direction of
the central orbit of the beam towards the target. The Xlab

axis is defined by the Ylab and Zlab axes in accordance
with the left-handed coordinates that were used in the ion-
optical design. It is noted that the right-handed coordinate
is usually adopted in the standard analysis of experimental
data used at RCNP. The beam-centre coordinate system
(x, y, z) is to show the spatial shape of the beam, and
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Table 3. Specifications of the quadrupole magnets QM11U/D and QM12U/M/D are shown.

Specification QM11U/D QM12U/D QM12M

Product type large aperture A L2 S3

Aperture (mm) 115 106 106

Pole length (mm) 400 250 500

Number of turns per pole 318 160 160

Maximum current (A) 75 92 92

Maximum field gradient (T/m) 13 11 11

Table 4. The beam position (Xlab) and angle (tan−1(dXlab/dZlab)) at Zlab = 1.5 m are shown for each set of θs and RBρ as
well as the transfer matrix elements between the target and the position at Zlab = 1.5 m. These results are obtained from the
beam trajectories calculated using Opera-3D TOSCA. The position of BM1 is shown for each parameter set.

RBρ = 1 RBρ = 2

GR angle θs > 19.0◦ 4.5◦ 7.0◦ 10.0◦ 4.5◦ 7.0◦ 10.0◦

Xlab (mm) 0.0 40.2 31.1 11.3 77.0 58.0 21.9

tan−1(dXlab/dZlab) (deg.) 0.0 5.7 3.6 1.2 10.2 6.5 2.3

Position of BM1 (mm) 100.0 0.0 35.0 100.0 −20.3 14.2 68.0

Transfer matrices

(x|x) 1.000 1.194 0.533 0.743 1.186 0.157 0.528

(x|θ) (m/rad) 1.500 1.641 1.025 1.267 1.577 0.650 1.062

(x|δ) (m) 0.000 −0.038 −0.029 −0.011 −0.069 −0.050 −0.020

(θ|x) (rad/m) 0.000 −0.076 −1.012 −0.472 −0.580 −1.713 −0.862

(θ|θ) 1.000 0.699 −0.100 0.522 0.054 −0.833 0.133

(θ|δ) (rad) 0.000 −0.089 −0.055 −0.020 −0.137 −0.088 −0.036

(y|y) 1.000 0.778 1.507 1.260 0.672 1.990 1.517

(y|ϕ) (m/rad) 1.500 1.334 1.991 1.722 1.310 2.456 1.960

(ϕ|y) (rad/m) 0.000 −0.111 1.197 0.525 −0.071 2.265 1.029

(ϕ|ϕ) 1.000 1.094 2.238 1.501 1.374 3.304 1.985

the origin is located at a point at the central orbit of the
beam. The z direction is defined as the beam direction.
The directions of x and y are defined in the same way as
in the (Xlab, Ylab, Zlab) coordinate system.

The unreacted beam passes through the gap between
the poles of the GR-Q1 when the angle of the GR spec-
trometer is smaller than ∼ 14◦. In this case, the beam is
deflected to the right-hand side, and is focused in the x
direction and defocused in the y direction, respectively,
near the smallest gap of the poles of GR-Q1. The ratio
between focusing and defocusing effects depends on θs

and the strength of the magnetic field of GR-Q1, thus the
beam transport after GR-Q1 should be re-tuned for each
set of θs and RBρ. The beam trajectories for the GR-Q1
magnet were calculated numerically via the finite element
method using Opera-3D TOSCA. The position Xlab and
angle tan−1(dXlab/dZlab) of the beam at Zlab = 1.5m are
shown in table 4 for θs = 4.5◦, 7.0◦, 10.0◦, and 19.0◦ and
for each variant of RBρ = 1 and 2. The trajectories at the
GR-Q1 magnet were calculated for different initial condi-
tions and for each set of θs and RBρ, determining transfer
matrices at Zlab = 1.5m as shown in table 4.

The beam transport from the target to the wall beam
dump was designed by using the ORBIT program and
the results are shown in table 4. The important point in
the optimization of the ion-optical design is to reduce the
beam size after the BM1 magnet to achieve good trans-

mission. Therefore, if the beam size is large in the x di-
rection at the entrance of the BM2 magnet, the beam
needs to be focused horizontally by QM11U and needs to
be vertically defocused by QM11D. The excitation cur-
rents for QM11U/D should be adjusted by measuring
the beam spot size at the BV3 viewer to achieve dou-
ble focusing in the x and y directions. After the BV3
viewer, the QM12U/M/D is tuned to achieve double fo-
cusing at the BV13 viewer. If the beam is doubly focused
independently of θs and RBρ, the excitation configura-
tion of the quadrupole triplet QM12U/M/D has two op-
tions, the horizontally focusing-defocusing-focusing con-
figuration and the defocusing-focusing-focusing configura-
tion for the U-M-D magnets. The configuration is selected
using the transport calculations to reduce the beam size
in the QM12U/M/D magnets. The optimal excitation cur-
rents of the magnets are summarized in table 5.

The envelope of the beam is calculated for the initial
conditions, x0 = y0 = ±0.5mm, θ0 = ϕ0 = ±5mrad, and
a 2.5π-mm · mrad upright emittance ellipse in the x and
y directions. Figure 3 shows the envelope for θs = 19◦.
In this case, the beam is not affected by GR-Q1, because
the beam passes outside of GR-Q1. The beam is horizon-
tally defocused due to the edge angle of BM1, and thus the
beam size becomes large in the x direction at the entrance
of BM2. Therefore, QM11U/D is operated in the horizon-
tal focusing-defocusing configuration for the U-D magnets.
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Table 5. The optimized excitation value of each magnet is shown for each set of θs and RBρ. The actual magnetic field of
the dipole magnets or the magnetic gradient of the quadrupole magnets is the product of BρBeam and the listed values in the
table. The positive sign corresponds to right-hand side deflection in a dipole magnet and horizontal defocusing in a quadrupole
magnet, respectively.

RBρ = 1 RBρ = 2

GR angle θs > 19.0◦ 4.5◦ 7.0◦ 10.0◦ 4.5◦ 7.0◦ 10.0◦

1/ρ of BM1 (m−1) 0.400 0.148 0.237 0.334 −0.063 0.097 0.291

1/ρ of BM2 (m−1) −0.218 0.013 −0.058 −0.163 0.205 0.073 −0.113

kQ/BρBeam of QM11U (m−2) 2.121 2.017 −1.949 2.085 −1.998 −2.192 −1.898

kQ/BρBeam of QM11D (m−2) −1.886 −1.971 1.677 −1.953 1.625 2.072 1.782

1/ρ of BM3 (m−1) −0.400 −0.400 −0.400 −0.400 −0.400 −0.400 −0.400

1/ρ of BM4 (m−1) 0.400 0.400 0.400 0.400 0.400 0.400 0.400

kQ/BρBeam of QM12U (m−2) 2.417 −2.519 −2.519 −2.519 −2.519 −2.519 2.417

kQ/BρBeam of QM12M (m−2) −2.445 2.453 2.453 2.453 2.453 2.453 −2.445

kQ/BρBeam of QM12D (m−2) 2.417 −2.519 −2.519 −2.519 −2.519 −2.519 2.417

Fig. 3. The envelopes of the beam in the horizontal (x) and in
the vertical (y) direction are shown for a GR angle of 19◦. The
red lines show the vertical aperture of the vacuum chamber.
See the text for the initial conditions.

Figure 4 shows the envelopes for RBρ = 1 for angles
of θs = 4.5◦, 7.0◦, and 10.0◦. In the case of 7.0◦, the ver-
tical defocusing effect of GR-Q1 is the most prominent,
and the beam becomes almost parallel in the x direction
and is defocused in the y direction. For other angles, the
beam is defocused in the x and y directions. Therefore,
the QM11U/D doublet should be operated in the horizon-
tal defocusing-focusing configuration. In the other cases,
the opposite configuration, i.e., the horizontal focusing-
defocusing configuration, is selected, which is the same as
for θs = 19◦. It is noted that, if the horizontal defocusing-
focusing configuration is selected for angles other than
7.0◦, the excitation configuration of QM12U/M/D may
be changed in order to reduce the beam width. At other
angles than 4.5◦, 7.0◦, and 10.0◦, the excitation configu-
ration of the QM11U/D and QM12U/M/D can be chosen
by looking at the viewer BV1. If the beam width in the y
direction is larger than in the x direction, then the exci-
tation configuration of 7.0◦ is chosen.

Figure 5 shows the envelopes for RBρ = 2 and θs =
4.5◦, 7.0◦, and 10.0◦. In this case, the effect of GR-Q1 is
stronger than for RBρ = 1, and the vertical beam size be-
comes large at the entrance of BM2. Therefore, QM11U/D
should be operated in the horizontal defocusing-focusing

configuration, which is opposite to the case for θs = 19◦.
The beam is focused in the x direction and strongly defo-
cused in the y direction at θs = 7.0◦. The vertical beam
size is rather large at BM1 for θs = 7.0◦. At θs = 4.5◦, the
beam becomes almost parallel in the x direction and is de-
focused in the y direction. As a result, tuning to get good
transport of the beam for this angle is difficult. The excita-
tion configuration of QM12U/M/D is selected to balance
the beam widths in the x and y directions.

2.2 Commissioning of the GRAF beamline

The commissioning of the GRAF beamline was performed
in July 2014. The goals of the commissioning were a) to
verify that all the components of the GRAF beamline were
working within the design specifications, b) to establish
proper operation of the ion optics, and c) to adjust the
beam transport to minimize transmission losses, thereby
optimizing the experimental conditions.

The ion optics was investigated for each parameter set
of RBρ = 1 and 2 and θs = 4.5◦, 7.0◦, and 19.0◦. A
proton beam at 65MeV was used and scattered protons
and deuterons were measured for RBρ = 1 and 2, respec-
tively. Two targets, one of 197Au with an areal density of
1.68mg/cm2 and one of 208Pb with an areal density of
5.2mg/cm2 along with a blank target were used to mea-
sure the transmission. The angular spread of the beam
caused by Coulomb multiple scattering at the target was
calculated as 4.95mrad for the 197Au target and 9.57mrad
for the 208Pb target for 3σ.

The excitation current of each magnet was optimized
with the blank target to maximize the beam transmission
through the GRAF beamline by monitoring the beam size
with the beam viewers. Table 6 compares the excitation
currents predicted by ion-optical calculations (Cal.) and
those optimized experimentally (Exp.). The magnetic field
B of the dipole magnet is calculated by assuming the sim-
ple linear equation

B � μ0

g
NI, (1)
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Table 6. The optimal excitation current of each magnet is shown for each set of θs and RBρ. The positive sign of each value
results in right-hand side deflection for the dipole magnet and horizontal defocusing for the quadrupole magnet, respectively.

RBρ = 1 RBρ = 2

GR angle θs 19.0◦ 4.5◦ 7.0◦ 4.5◦ 7.0◦

cal. exp. cal. exp. cal. exp. cal. exp. cal. exp.

Current (A)

BM1 −94.30 −97.96 −35.00 −33.11 −55.88 −56.45 14.73 16.23 −22.85 −21.80

BM2 −61.67 −55.15 4.04 5.06 −16.42 −11.86 58.00 59.41 20.79 21.77

QM11U 10.49 10.37 9.98 9.07 −9.65 −9.37 −9.89 −8.59 −10.84 −10.70

QM11D −9.34 −8.54 −9.76 −9.22 8.31 8.21 8.05 5.67 10.26 10.16

BM3 51.57 49.50 51.57 50.52 51.57 50.83 51.57 51.46 51.57 51.55

BM4 51.57 49.53 51.57 50.76 51.57 50.37 51.57 50.76 51.57 50.50

QM12U 20.45 20.12 −21.33 20.12 −21.33 −20.24 −21.33 −19.60 −21.33 −19.93

QM12M −20.69 −20.76 20.76 −20.76 20.76 19.31 20.76 19.08 20.76 19.51

QM12D 20.45 20.12 −21.33 20.12 −21.33 −20.24 −21.33 −19.60 −21.33 −19.93

Table 7. Transmission of the GRAF beamline is shown for each setting and target.

RBρ = 1 RBρ = 2

GR angle θs 19.0◦ 4.5◦ 7.0◦ 7.0◦

Target blank 197Au blank 197Au blank 208Pb blank 208Pb

BS3 (nA) 4.3 5.0 3.2 4.7 12.0 12.7 12.6 12.0

Wall dump (nA) 4.0 4.5 2.9 4.3 11.5 11.0 11.7 9.8

Transmission 93% 90% 91% 92% 96% 87% 93% 82%

where μ0, g, N , and I represent the permeability of free
space, the gap size, the number of turns of the coil, and
the current input to the coil, respectively [25]. The values
of g and N were taken from table 2. For quadrupole mag-
nets, the relationship between the magnetic-field gradient
kQ and the excitation current I was based on the mea-
surements shown in fig. 6. The data points are fitted with
the septic function

I(kQ) = C1kQ + C3k
3
Q + C5k

5
Q + C7k

7
Q, (2)

where the parameters for QM11U/D are C1 =
41.886A/(kG/cm), C3 = −20.176A/(kG/cm)3, C5 =
0.3988A/(kG/cm)5, and C7 = 3.4532A/(kG/cm)7, and
those for QM12U/M/D are C1 = 70.619A/(kG/cm),
C3 = 12.794A/(kG/cm)3, C5 = −44.376A/(kG/cm)5,
and C7 = 40.244A/(kG/cm)7. The overall behavior of
experimental excitation currents is well described by the
calculations. It is noted that the experimental configura-
tion of QM12U/M/D was opposite to that of the calcu-
lations for the combination of RBρ = 1 and θs = 4.5◦,
since it was designed so that either configuration would
be viable. Most of the experimental currents for dipole
and quadrupole magnets are consistent with the calcula-
tions with a few exceptions. For the dipole magnets, the
discrepancy was due to the over-simplified estimation of
the excitation function of the current, where the fring-
ing field and the saturation of the dipole magnet was not
taken into account.

After tuning the currents of all the magnets with the
blank target, the 197Au or 208Pb target was inserted to

view the beam spot with the beam viewers and evalu-
ate the transmission. Table 7 lists the transmission for
each setting. It is noted that all the transmissions were
less than 97%, while the designed transmission was larger
than 99% with the blank targets. This transmission loss
was considered to be spurious due to a negative offset of
the current readout of the wall beam dump. In fact, when
the beam current was increased, the transmission was im-
proved. Therefore, the absolute value of the transmissions
in table 7 may contain some uncertainties especially for
the low beam intensities, while the relative values with
the same intensity should be reasonable. In addition, the
readings from the Faraday cup (BS3) at the entrance of
the West Experimental Hall had value fluctuations of no
more than 0.3 nA, giving an additional uncertainty to the
transmission.

3 CAGRA+GR campaign

The CAGRA+GR campaign experiments were performed
from October–December 2016 at RCNP. The motivation
of this campaign was to study a) the nature of the pygmy
dipole resonances, b) isovector spin-flip responses of nuclei
for astrophysical neutral-current neutrino-nucleus scatter-
ing, c) γ-transitions in the super-deformed band-head, and
d) excitation of high-spin states via light-ion reactions.

Figure 7 shows the experimental setup with the CA-
GRA and GRAF beamline. The target was surrounded by
an array consisting of twelve clovers and four LaBr3:Ce de-
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Fig. 4. As in fig. 3, the envelopes of the beam in the horizontal
and the vertical directions for RBρ = 1 are shown. The top,
middle, and bottom panels correspond to a θs of (a) 4.5◦, (b)
7.0◦, and (c) 10.0◦, respectively.

Fig. 5. As in fig. 4, but for RBρ = 2.

tectors. Eight clovers brought from Argonne National Lab-
oratory (ANL) were located at 90◦, two clovers from US
Army Research Laboratory (ARL) and two clovers from
the Institute of Modern Physics (IMP) were positioned

 (A)I
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Fig. 6. The data points show the relation between the mag-
netic gradient kQ and the excitation current I for the coils of
the quadrupole magnets QM11U/D and QM12U/M/D. The
curves represent the fit results with the inverse function I(kQ)
described by eq. (2).

Fig. 7. The experimental setup of the CAGRA+GR campaign
with the GRAF beamline is shown. The GR and LAS angles
are set to 4.5◦ and 90◦, respectively, in this figure.

at 135◦. The distance between the target and the front
surface of the housing of the clovers was 205mm for the
ANL and ARL clovers and 160mm for the IMP clovers.
BGO Compton-suppression shields from ANL were used
for the ANL and ARL clovers. The LaBr3:Ce detectors
were brought from INFN sezione di Milano and installed
at 45◦. The target was tilted by 22.5◦ from the direction
perpendicular to the beam in order to minimize the ma-
terial between the target and detectors.

The beam intensity of each measurement was limited
by the count rates of the clover crystals. The energy res-
olution of the clovers deteriorated for higher count rates,
and thus the count rates of the individual clover crys-
tals were limited to less than ∼ 20 kHz for the ANL and
ARL clovers and ∼ 40 kHz for the IMP clovers through-
out the campaign. The typical count rates for the indi-
vidual clover crystals are listed in table 8. The 80MeV
proton, 130MeV α, and 600MeV 6Li beams impinged on
the named targets in the GRAF mode, and the 295MeV
proton and 600MeV 6Li beams hit the named targets in
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Table 8. Typical count rates of each single crystal used in the CAGRA+GR campaign are shown for each clover, target, beam
particle and energy. θclover represents the angle of the clover with respect to the direction of the beam. The count rate for the
0◦ inel. mode is shown and the GRAF mode for comparison. Only the RBρ = 1 setting was used in this campaign. The trigger
rate and live time of the GR DAQ are also shown.

Mode Beam particle Target Beam Count rate (kHz) θs GR DAQ

and energy intensity θclover 90◦ 135◦ 135◦ trigger live

(enA) type ANL ARL IMP rate (kHz) time

GRAF Proton 80 MeV 90Zr 1.95mg/cm2 7.5 12 10 21 6.6◦ 0.53 99%
94Zr 4.0 mg/cm2 3.7 12 10 21 6.6◦ 0.52 99%
124Sn 4.0 mg/cm2 3.9 12 10 21 6.6◦ 0.62 98%
206Pb 1.3 mg/cm2 13 14 12 23 6.6◦ 1.1 97%
208Pb 2.03 mg/cm2 15 18 16 29 4.5◦ 4.0 93%

α 130MeV natSi 11mg/cm2 2.6 19 15 33 9.1◦ 1.2 96%
64Ni 3.55mg/cm2 9.2 22 17 37 4.5◦ 0.51 99%
90Zr 1.95mg/cm2 10 18 14 31 4.5◦ 0.50 99%
94Zr 4.0 mg/cm2 5.8 20 16 34 4.5◦ 2.9 94%
120Sn 2.7 mg/cm2 4.8 17 14 30 4.5◦ 3.0 93%
206Pb 1.3 mg/cm2 14 16 12 27 4.5◦ 2.9 93%

6Li 130 MeV 40Ca 1.6 mg/cm2 8.0 7.2 6.5 14 11.2◦ 0.52 99%
100Mo 2.0 mg/cm2 8.8 16 15 29 11.2◦ 0.60 99%

6Li 600 MeV 40Ca 1.6 mg/cm2 10 11 7.3 16 11.2◦ 0.65 95%
100Mo 2.0 mg/cm2 10 21 16 31 11.2◦ 0.46 95%

0◦ inel. Proton 295 MeV blank 2.5 6.9 8.3 10 0.0◦ 0.54 97%
64Ni 3.55mg/cm2 2.4 12 12 18 0.0◦ 2.8 95%

6Li 600 MeV 24Mg 9.8 mg/cm2 0.31 3.8 2.7 5.7 0.0◦ 6.1 89%
56Fe 9.47 mg/cm2 1.1 10 8.1 16 0.0◦ 7.8 87%
93Nb 10.9 mg/cm2 1.1 13 12 22 0.0◦ 6.8 89%

the 0◦ inelastic-scattering mode as shown in table 8. While
the crystals of the ANL and ARL clovers had the same vol-
ume, those of the IMP clovers had a larger volume than
the ANL and ARL clovers, which allowed for the higher
count rates of the IMP clovers.

Figure 8 shows an example of the coincidence ma-
trix between the excitation energy Ex obtained by the
GR spectrometer and the deexcitation γ-ray energy
Eγ detected by the CAGRA clovers for the reaction
208Pb(p, p′γ) at Ep = 80MeV and θs = 11.2◦. The di-
agonal line corresponding to direct decay to the g.s. is
clearly seen with the single and double escape peaks up to
the neutron threshold Sn = 7.36787(5)MeV [26]. Another
line situated 2.6MeV below the diagonal line corresponds
to the γ decay through the first 3− state of 208Pb. By
using the GRAF and 0◦ inelastic-scattering modes, it be-
came possible to perform measurements with high beam
intensities resulting in higher statistical certainties.

The first results of this campaign were published by
Sullivan et al. [27]. The physical aim of this study was
to provide inelastic neutrino-nucleus scattering cross sec-
tions for the understanding of core-collapse supernovae
and of the detection processes of emitted neutrinos from
such events in earth-based detectors. Furthermore, this
study aimed to develop indirect techniques using the
(6Li, 6Li∗[T = 1, Tz = 0, 0+, 3.65MeV]) reaction at
100MeV/u as a probe for isolating the isovector spin-
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Fig. 8. The coincidence matrix between the excitation energy
Ex of 208Pb and deexcitation γ-ray energy Eγ detected by
clover detectors is shown. Random coincidences have not been
subtracted in this figure.

transfer excitations in the inelastic channel (ΔS = 1,
ΔT = 1, ΔTz = 0). From the excitation cross sections, the
Gamow-Teller transition strengths relevant to the inelastic
neutrino-nucleus scattering cross sections were extracted.
In the experimental setup, the clover detectors were uti-
lized to select events involving the 3.56MeV γ ray from
the decay of the 6Li∗[3.56MeV] state.
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Fig. 9. Double-differential cross sections at (a) 0.5◦, (b)
1.75◦, and (c) 2.75◦ for the 12C(6Li,6 Li∗[3.65 MeV]) reaction
are shown. Examples of the multipole-decomposition analy-
sis (MDA) in the differential cross sections for excitation-
energy ranges of (d) 13.1–17.1 MeV and (e) 17.1–22.1 MeV are
presented. The theoretical calculations for ΔL = 0, 1, and
2 were performed in the distorted-wave Born approximation
(DWBA). The figure was taken from ref. [27].

For the 12C(6Li,6 Li∗[3.65MeV]) reaction, the isovec-
tor spin-transfer excitation-energy spectrum in the inelas-
tic channel was successfully measured as shown in fig. 9.
Thus it was demonstrated that the (6Li,6 Li∗[3.65MeV])
reaction can be used to isolate the inelastic isovector spin-
transfer response. In the cases of 24Mg and 93Nb, the
3.56MeV γ-ray peak could not be isolated from the strong
background in the γ spectrum due to the decay of the
isoscalar excitations. It is suggested that applications in-
volving nuclei with mass numbers of about 25 or more
will require a more efficient γ-ray detector array with a
better tracking capability. The data analysis for other ex-
periments of the CAGRA+GR campaign is ongoing.

4 GR+SCγLLA experiment

The scintillation γ-ray detector array, SCγLLA, was con-
structed from the large volume LaBr3:Ce detectors [20]
and a pilot experiment for a coincidence measurement of
the γ decay of giant resonances to the g.s. was performed
in July 2018. SCγLLA consists of four detectors at 90◦
and four detectors at 135◦. The side view of the experi-
mental setup is shown in fig. 10. The distance from the
target to the surface of the detector was adjustable and
set to 137mm at 90◦ and 135mm at 135◦. The target in-
side the chamber was tilted by 22.5◦ from the direction

Fig. 10. The sideview of the γ-ray detector array SCγLLA is
shown.
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Fig. 11. The count rate of SCγLLA is shown for each target,
beam intensity, and GR angle θs. The detector of slot #1 at
90◦ is selected to show the rate in this figure. Count rates of
other detectors indicate a similar tendency. The proton beam
at 392 MeV was stopped in the 0◦ beam dump for the mea-
surement at 0◦ and was stopped by the Q1-FC without using
the GRAF beamline for the measurement at 9.1◦.

perpendicular to the beam. The solid angle coverage of
the array was around 20% of 4π. In order to eliminate
the background events due to charged particles, four veto
plastic scintillators with a thickness of 2mm were placed
in front of the 90◦ detectors. Lead absorbers with thick-
nesses of 2mm and copper absorbers with thicknesses of
4mm were inserted in front of the veto scintillators at 90◦
and in front of the LaBr3 detectors at 135◦ to reduce the
atomic background level from the target.

The maximum beam intensity of each measurement
was limited by the detector count rates similarly to in the
CAGRA+GR campaign. The detectors here, however, had
a better rate-capability. Figure 11 shows the count rate of
a detector at 90◦ as a function of the proton beam inten-
sity at 392MeV for each target. Each data point corre-
sponds to each run taken in the experiment. The data
points with open symbols represent the measurements
where the GR angle θs was set to 9.1◦ and the beam was
stopped in the Faraday cup, Q1-FC, located downstream
from the GR-Q1, without using the GRAF beamline. The
other data points represent the count rates for the 0◦
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Fig. 12. The coincidence matrix of Ex vs. Eγ for the
90Zr(p, p′γ) reaction at Ep = 392 MeV is shown. The direct
decay to the ground state is clearly seen in the diagonal line.

inelastic-scattering mode. The count rates largely depend
on the distance between the detectors and the beam stop
position, where intense radiation is produced. Even in the
0◦ inelastic scattering setup with the blank target, the
neutron radiation from the 0◦ beam dump caused large
random coincidence events in the count rates of the de-
tectors. The location of the Q1-FC in the 9.1◦ setup is
much closer to the detectors than the 0◦ beam dump, and
thus the radiation from the Q1-FC increased the count
rates.

The experimental data were properly taken by the
standard DAQ of GR. Figure 12 shows the coincidence
matrix of the excitation energy Ex and the deexcitation γ-
ray energy Eγ for the 90Zr(p, p′γ) reaction. The direct de-
cay to the g.s. is seen in the diagonal line below and above
the Sn = 11.968(3)MeV. The analysis of the branching
ratio of the particle decay to the γ decay is ongoing.

5 Summary and outlook

Electric dipole excitation is one of the fundamental exci-
tation modes in atomic nuclei. Extensive studies on the
pygmy dipole resonances and isovector giant dipole reso-
nances have been performed in recent years. In this arti-
cle, we discussed the importance of the coincidence mea-
surements between the excitation and γ-decay processes,
while in most cases, γ decays have been measured with-
out tagging the excitation process (see e.g. real photon
measurements in [4,5]) or only the excitation process was
detected [8]. We presented two experimental setups: the
0◦ inelastic-scattering mode and the GRAF mode. The
GRAF beamline has been newly constructed at RCNP
and has significantly improved the experimental feasibil-
ity of coincidence measurements by placing the GR spec-
trometer at forward angles with relatively intense primary
beams. Details of the technical design of the GRAF beam-
line as well as its commissioning process were described.

We presented two example cases of γ-decay coincidence
measurements. They were performed with a clover ger-

manium detector array (CAGRA) at finite angles and a
LaBr3 scintillation detector array (SCγLLA) at 0◦. Exper-
imental conditions and coincidence matrices are presented
in this article, and the data analysis will be finalized in the
near future. These successful technical developments will
drive future experimental studies on the structure of the
excitation modes in atomic nuclei. We note that an experi-
mental campaign using the GR+SCγLLA setup is planned
at RCNP and beam-time proposals for the campaign are
being collected.
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