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Introduction

Halo Nuclei
Exotic nuclei found far from stability

Light, n-rich nuclei
Low S n or S 2n

Exhibit large matter radius :
neutrons tunnel far from the core and form a halo

One-neutron halo
11Be ≡ 10Be + n
15C ≡ 14C + n
Two-neutron halo
6He ≡ 4He + n + n
11Li ≡ 9Li + n + n

Noyau stable

Noyau riche en neutrons

Noyau riche en protons

Noyau halo d’un neutron

Noyau halo de deux neutrons

Noyau halo d’un proton-N

6Z

n

1H 2H 3H

3He 4He 6He 8He

6Li 7Li 8Li 9Li 11Li

7Be 9Be 10Be 11Be 12Be 14Be

8B 10B 11B 12B 13B 14B 15B 17B 19B

9C 10C 11C 12C 13C 14C 15C 16C 17C 18C 19C 20C 22C

12N 13N 14N 15N 16N 17N 18N 19N 20N 21N 22N 23N

13O 14O 15O 16O 17O 18O 19O 20O 21O 22O 23O 24O

Short lifetime [t1/2(11Be) = 13 s]⇒ studied mostly through reactions :
elastic scattering, breakup, transfer. . .

We propose a new reaction observable : the Ratio Method



The Ratio Method

How it all began. . .
With Mahir Hussein, study of angular distributions
for scattering and breakup of halo nuclei

11Be + Pb @ 69A MeV
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[PC, Hussein, Baye PLB 694, 448 (2010)]

Very similar features
for scattering and breakup :

oscillations at fwd angles
Coulomb rainbow (∼ 2◦)
oscillations at large angles
(N/F interferences)

⇒projectile scattered similarly
whether bound or broken up

Then I showed this to
Ron Johnson. . .

https://doi.org/10.1016/j.physletb.2010.08.072
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The Ratio Method

Recoil Excitation and Breakup
REB assumes [Johnson, Al-Khalili, Tostevin PRL 79, 2771 (1997)]

adiabatic approximation
UnT = 0

⇒excitation and breakup due to recoil of the core

Elastic scattering : dσel

dΩ
= |F00|

2
(

dσ
dΩ

)
pt

with F00 =
∫
|Φ0|

2eiQ · rdr Q ∝ (K − K′)
⇒ scattering of compound nucleus ≡

form factor × scattering of pointlike nucleus

Similarly for breakup : dσbu

dEdΩ
= |FE0|

2
(

dσ
dΩ

)
pt

with |FE0|
2 =

∑
l jm

∣∣∣∣∫ Φl jm(E)Φ0eiQ · rdr
∣∣∣∣2

⇒explains similarities in angular distributions
provides the idea for the Ratio Method. . .

https://doi.org/10.1103/PhysRevLett.79.2771
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The Ratio Method

The Ratio Idea [PC, Johnson, Nunes PLB 705, 112 (2011)]

dσbu/dσel = |FE0(Q)|2/|F00(Q)|2

independent of reaction mechanism
not affected by UPT ⇒ the same for all targets
probes only projectile structure
no need to normalise experimental cross sections

Alternative : [PC, Johnson, Nunes PRC 88, 044602 (2013)]

R∫
sum =

∫
dσbu
dEdΩ

dE
dσel
dΩ

+
dσinel

dΩ
+

∫
dσbu
dEdΩ

dE
REB
= 1 − |F00|

2

Test this experimentally @ TAMU

11Be+C→ 10,11Be+C @ 22.5A MeV

https://doi.org/10.1016/j.physletb.2011.09.105
https://doi.org/10.1103/PhysRevC.88.044602
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Experimental setup

Measurement @ TAMU : 11Be + C @ 22.5A MeV

Experimental test of the Ratio Method
@K500 TAMU Cyclotron
13C 30 MeV/u primary beam on Be
à 22.5 MeV/u 11Be on C target (17 mg/cm2)  104 pps

Secondary Beam:
- 85% 11Be
- 10% 8Li
- 5-10% p/d/t

Si 1 (DSSD) 
(qlab 5-10°)

Si 2 (DSSD) 
(qlab 10-20°)

Plastic Scintillator 
Phoswich
(EJ242+262)

Slit (2 cm)

12Be 11Be

10Be

13C 200 enA

11Be/10Be

Velocity filter

MARS 
dipole magnet

- Monitor 
beam rate

- PID

M/Q

Slit (2 cm)
Courtesy of 
B.T.Roeder

Si DSSD
Beam monitor
(0 deg)

Be
(213 mg/cm2)

Use K500 TAMU Cyclotron
Primary beam of 13C @ 30A MeV on Be target
Produces a secondary beam of 11Be @ 22.5A MeV
104 pps with 85% 11Be on secondary target [Cnat (17 mg/cm2)]
Products 10,11Be detected with BlueSTEAl



Experimental setup

Blue-STEAl
Blue aluminum chamber of Silicon TElescope Arrays for light nuclei
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Fig. 2. CAD (Computer Aided Design) design and photographs of the BlueSTEAl detectors. (a) Illustration of the BlueSTEAl chamber. A beam is directed from right to left, 1 Si
annular (Micron S2) detectors attached to the position-adjustable detector holders, 2 Si surface barrier detectors, 3 target ladder, 4 target actuator, 5 15.24 cm × 30.48 cm flange
(with one blank and one with a feedthrough KF40 port), 6 𝛼 source stand, 7 the external web camera to monitor the beam spot, (b) the BlueSTEAl chamber with preamps mounted
(used for the four Si S2), (c) inside the chamber (beam upstream view), (d) Si surface barrier detectors (𝛥𝐸 − 𝐸) in the detector holder (to be placed in the marked position
in (c)), (e) inside the chamber (downstream view), (f) two target ladders set from the top and the side directions, (g) target ladder with targets mounted, (h) Si surface barrier
detectors angled toward the target position.

used to fix detectors and 𝛼-source holders inside the chamber, par-
ticularly on the bottom 30.48 cm × 30.48 cm flange. Fig. 2 shows
our typical configuration of BlueSTEAl using these flanges. The figures
demonstrate the accessibility to the inner side of the chamber. Because
each flange is easily removable with no interference with other flanges,
the accessibility from every direction allows one to easily plug and
unplug cables as well as mount and unmount detectors. Fig. 3 shows
a map of the screw hole array on the 30.48 cm × 30.48 cm flange.
Each Si detector is attached to two of the holes via the detector holder.
Thus, we usually set the detectors somewhere between 2.54 cm and
17.78 cm (farthest) downstream from the target. The PCBs attached to
the side flanges shown in Fig. 4 are also designed for sealing a vacuum
(≲ 10−6 torr) inside the chamber with a viton o-ring (size 161). The
o-ring grooves are cut on the 30.48 cm × 15.24 cm flange (air side)
(see Fig. 4). Since the PCB designs are easily modifiable, the design of
feedthroughs for the Si or other detectors placed inside the chamber is
also modifiable. In the current setup, we read 23 rings (the neighboring
two rings are paired) from the two Si detectors, and 16 sectors from
each of the four Si detectors. Thus the total number of readout channels
from the four Si detectors is currently 110 (23 × 2+16 × 4). On the
PCB, the Si output signals from the detector’s connector (NFP-64A-
0314BF, Yamaichi Electronics) are converted to Dsub-25 connector
outputs which are an input format for the following Mesytec preamps.
The sector (ring) signals are fed to Mesytec MPR-16 (32) preamps
with adjustable gains (sensitivity) from 5 MeV to 1500 MeV (4.3
mV/MeV) directly attached to the PCB on the outside of the chamber
(see Fig. 2(b)).

The target ladders attached to a manual actuator (15.24 cm or
10.16 cm length Manual Linear Motion Feedthrough (L2212-6-SF and
L2111-4-SF), Huntington Vacuum Products), vacuum gauges, Lemo,
BNC, and SHV feedthroughs, and glass windows (to monitor the inside
of the chamber from outside) were all attached to the chamber through
one of the KF-40 ports. We used two target ladders (7.62 mm thickness)
each of which can accommodate up to three targets (a target’s frame
size: 3.048 cm × 2.286 cm ×(0.084 cm ×2; sandwiched by two alu-
minum frames) with a 𝜙 = 17 mm hole where a beam hits at the center).
While the large spot size of radioactive ion beams could result in some
beam being blocked with a resulting loss in intensity due to the hole
size, there are benefits to limiting the size of the beam incident on the
target, such as better angular resolution (see Section 3 and 4). Usually,
a sheet of phosphor or Zinc Cadmium Sulfide pasted on a thin (25.4 μm)
aluminum foil to monitor the beam position with the external camera
accounts for one of the target positions (Fig. 5). One target ladder is
operated from the top of the chamber (along 𝑦-direction) and the other
is from the left or right side of the chamber (along 𝑥-direction). With the
linear actuator, the target position in the direction of the operation (𝑥
or 𝑦) is adjustable with sub-millimeter accuracy. Usually, the target’s (𝑥,
𝑦) position is set aligned with the detectors along the predefined beam
optics line (𝑧-direction) within the accuracy of ±0.5 mm with a transit
level prior to the experiment. The phosphor foil on one target ladder is
used as a reference point to the other ladder when one needs to replace
the targets during the experiment and no proper re-alignment process is
possible. An external web camera (ELP USB with CMOS Camera 2.1 mm
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Fig. 3. Screw hole mapping in the 30.48 cm × 30.48 cm floor flange of the BlueSTEAl
chamber (view from the top of the chamber). Si detectors are attached via the detector
holder with two screw holes. Because the holes are threaded every 2.54 cm (1′′)
interval, the Si detectors are typically distanced downstream from the target by one of
2.54, 5.08, 7.62, 10.16, 12.70, 15.24, and 17.78 cm distances.

Lens 1080P HD) is attached to the chamber to monitor inside the
chamber through the borosilicate glass disc window (with the 5.08 cm
diameter (𝜙) and 4.76 mm thickness, McMaster-Carr) (Fig. 2(a)). A
vacuum gauge (PKR251 with a TPG361 controller, Pheiffer Vacuum) is
attached to one of the KF-40 ports with a small manual venting valve
from which the dry nitrogen flows into when breaking the vacuum.
One KF-40 flange attached to the chamber accommodates four Lemo
feedthroughs to read out the signals from beam monitoring detectors
(see below) and to bias the target ladder (made of aluminum) to collect
the 𝛿-rays expelled from the target by the impinging beam (typically
biased by 100–300 V). KF-40 flanges with BNC and SHV feedthroughs
are optionally used to host detectors which need high voltage such as
small scintillators (e.g., p-terphenyl [43]). One 30.48 cm × 15.24 cm
flange which accommodates a CF 4.5′′ (11.43 cm) feedthrough with
two Dsub-25 connectors is also used to read out the diamond 𝛥𝐸 − 𝐸
detector signals as described below.

2.2. Annular silicon detectors

Detectors placed inside the BlueSTEAl chamber include the four
Micron S2 annular Si detectors (𝜙 = 70 mm active area with 𝜙 = 20 mm
inner hole for the beam to pass through) (Fig. 2(e)). The detectors are
used to measure light ion energies to deduce the excited levels of heavy
recoil nuclei populated by binary reactions in the inverse kinematics
experiments. They are also used to measure energy and angular dis-
tributions of elastic+ inelastic/breakup recoils from experiments using
radioactive ion beams. The high energy- and angular-resolutions are
therefore important to fulfill the experiments’ requirements. Each of our
S2 detectors has 16 segments (sectors) in the 𝜙 direction (Ohmic side),
and 45 segments (rings) in the 𝜃 direction (Junction side). The detectors
originally have 48 rings each but the first 3 rings are not electrically
read out (primarily to avoid detecting the beam scattering at very
forward angles). The first active ring (4th ring) is read as a single strip,
and the following 44 rings are paired with the neighboring two rings
in the PCB, forming 23 ring channels in total (in the active area of 𝜙

Fig. 4. (a) A PCB board for Si preamps (to accommodate two MPR-16s and a MPR-
32) attached to a 30.48 cm × 15.24 cm flange. The o-ring groove is cut on the air
side (the photograph enclosed by purple line). In the actual setting, as shown in the
photograph (enclosed by red line), the board is covered with an aluminum frame
(4.77 mm thickness) to reduce the electrical noise by completing the Faraday Cage.
(b) the vacuum side of the same PCB.

Fig. 5. (left panel) Target ladder monitored from the external web camera. The target
set on the beam line is marked by a green circle. (right) The experimental cave’s light
was turned off so that the camera can observe the illuminated light by the 21Ne 40
MeV/u beam. The beam spot size was estimated to be 𝜙 = 3–4 mm, hence the rms <
1 mm (observed with an attenuated (by a factor of 1/100–1/1000) beam).

= 26.0–70.0 mm). Note that the ring configuration is easily switched
to the original (45 ring) setting by modifying the PCB. Three of these
detectors have a 1.5 mm thickness and the other one has a 0.5 mm
thickness, respectively. Each of the two Si detectors is attached to either
side of a detector holder (4.77 mm thickness) made of aluminum, with
height adjustability (see Fig. 2(e) and Fig. 3). Unshielded high-density
cables (64 pins; Flat Cables 30AWG .025′′, 3M) were plugged between
the detectors and the PCBs inside the chamber. The cable length was
kept minimum (<10 cm) to reduce electrical noise. The output cables
are fed to the preamps directly attached to the outside (air side) of the
chamber through the PCBs (see Fig. 4). Depending on the experimental
needs, the two sets of the Si detector pairs are stacked to form a thick
(5 mm) 𝛥𝐸 − 𝐸 detector, or placed separately so that each set of the
Si detector pair can cover the near-side (e.g., 5.08 cm away) and far-
side (17.78 cm away) angles from the target position, respectively. In
the latter setup, the detectors cover the large angular range of 5–35◦

with negligible overlap between the two sets of 𝛥𝐸 − 𝐸 detectors (see
Section 3).

The typical energy resolution of the Si detectors in this setup tested
with a commercially available multi-nuclide (244Cm, 241Am, and 239Pu)

[Ota et al. NIM A 1059, 168946 (2024)]

Scattering chamber to study direct reactions in inverse kin.
4 Si stripped detectors can be used as ∆E-E telescope arrays
Different possible configurations to measure

I forward θ & 4◦
I up to large angles θ . 30◦

https://doi.org/10.1016/j.nima.2023.168946
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Well reproduced with accurate reaction calculations
with optical potentials from double folding of χEFT VNN of cutoff

I R0 = 1.2 fm excellent agreement with data
I R0 = 1.6 fm too soft⇒ too large cross sections

Ratio R∫
sum has smooth angular dependence

I both cutoffs in agreement with data
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Data 11Be + Pb @ 19A MeV

11Be + Pb @ 19A MeV
Similar data on Pb from Lanzhou [Duan et al. PRC 105, 034602 (2022)]
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R∫
sum/5

dσscatt/dσR

dσbu/dΩ (b/sr)

θLab (deg)
151413121110987

10

1

0.1

10−2

Calculations in excellent agreement with data
[Ota, PC et al. arXiv:2407.15535]

Little influence of optical potentials (Coulomb dominated)
Ratio

I removes the angular dependence
I reproduced by theory

https://arxiv.org/abs/2407.15535


Summary

Summary and outlook

The ratio method is new reaction observable
to study halo nuclei, predicted to be

I independent of reaction process (and optical potentials)
I very sensitive to structure observables

[PC, Johnson, Nunes PLB 705, 112 (2011)]

Confirmed this with first measurement @ TAMU
11Be+C @ 22.5A MeV [Ota, PC et al. arXiv:2407.15535]
(and re-analysis of Lanzhou data 11Be+Pb @ 19A MeV)
but inclusive breakup⇒ limited accuracy
We need to measure the ratio

I with exclusive breakup (n in coincidence)
I at higher beam energy

will enable a direct comparison to form factor |FE0|
2

Plan to do that @ FRIB for 19C. . .

https://doi.org/10.1016/j.physletb.2011.09.105
https://arxiv.org/abs/2407.15535


Summary
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Future

Future @ FRIB (MoNA) : breakup and scattering of 19C

at larger beam energy
viz. 100A MeV

C and/or Pb targets
use MoNA
to detect n in coincidence

⇒ kill two birds with one stone
Test the full ratio method
Study accurately 19C :

I S n
I ANC
I Resonance structure



Future

Configurations 1 & 2
We used two configurations of the Si detectors
used in pairs for ∆E-E PID

1 Config. 1 :
I 2 “near” @ 5 cm

(θlab = 17◦– 31◦)
I 2 “far” @ 18 cm

(θlab = 5◦– 10◦)

2 Config. 2 :
I 2 detectors at 10 cm

(θlab = 8◦– 18◦)



Future

PID

Very clear PID
by ∆E-E in the Si telescopes
Test with empty target (inset)
confirms 11Be and 10Be come
from reaction with target

I 11Be : scattering (el. & inel.)
I 10Be : 1-n removal (incl. bu)

Clear PID in phoswich
plastic scintillator
placed 30 cm downstream
to measure beam rate



Future

Comparison to REB form factor
11Be + C @ 22.5A MeV 11Be + Pb @ 19A MeV

Config. 2

Config. 1

DEA (R0 = 1.6 fm)

DEA (R0 = 1.2 fm)

REB

UnT = 0

θ (deg)

R
∫ su

m

3530252015105

1

0.8

0.6

0.4

0.2

0

DEA (R0 = 1.2 fm)

DEA (R0 = 1.6 fm)

Exp.

REB

R∫
sum/5

dσscatt/dσR

dσbu/dΩ (b/sr)

θLab (deg)
151413121110987

10

1

0.1

10−2

REB form factor disagrees with data
On C : UnT not negligible
On Pb : adiabatic approximation not fully valid

⇒need to measure
n in coincidence
consider low 10Be-n energies



Future

DEA calculation of the ratio @ 70A MeV

θ (deg)

(dσ/dEdΩ)bu

(dσ/dΩ)sum
(dσ/dΩ)R

Rsum

(a) 11Be + 12C
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14121086420
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0.1

10−2

10−3

10−4

θ (deg)

(dσ/dEdΩ)bu

(dσ/dΩ)sum
(dσ/dΩ)R

Rsum

(b) 11Be + 208Pb

10.50
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10−4

10−5

1086420
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10

1

0.1

10−2

10−3

10−4

10−5

[PC, Johnson, Nunes PLB 705, 112 (2011), PRC 88, 044602 (2013)]
Dynamical calculations confirm the idea :

Same pattern for scattering and breakup
Ratio is smooth⇒ removes sensitivity to reaction mechanism
In excellent agreement with REB form factor |FE0|

2

Small influence of
I UnT (shift of breakup)
I Dynamics (on Pb at fwd angles)

Independent of the target



Future

DEA calculation of the ratio @ 70A MeV

11Be+C @ 67AMeV

11Be+Pb @ 69AMeV
|FE,0|2

Q (fm−1)(d
2
σ
b
u
/d
E
d
Ω
)/
(d
σ
su
m
/d
Ω
)
(M

eV
−
1
)

0.30.250.20.150.10.050

0.1

10−2

10−3

10−4

[PC, Johnson, Nunes PLB 705, 112 (2011), PRC 88, 044602 (2013)]

Dynamical calculations confirm the idea :
Same pattern for scattering and breakup
Ratio is smooth⇒ removes sensitivity to reaction mechanism
In excellent agreement with REB form factor |FE0|

2

Small influence of
I UnT (shift of breakup)
I Dynamics (on Pb at fwd angles)

Independent of the target



Future

Sensitivity to the projectile structure
Because insensitive to UPT and reaction dynamics
very sensitive to projectile structure
Angular dependence and magnitude of form factor FE0 change with

0d5/2

0p1/2
E0s1/2 =





−50 keV

−0.5 MeV

−5 MeV

θ (deg)

|F
E
,0
|2
(M

eV
−
1
)

1086420

1

0.1

10−2

10−3

10−4

10−5

neutron binding energy E0

orbital angular momentum `

[PC, Johnson, Nunes
PLB 705, 112 (2011)

PRC 88, 044602 (2013)]

Ratio idea extended to
low beam energy (20A MeV) [Colomer et al. PRC 93, 054621 (2016)]
proton halos [Yun, Colomer et al. JPG 46, 105111 (2019)]

Short review : [PC, Johnson, Nunes EPJA 56, 300 (2020)]



Future

Sensitivity to the projectile structure
Because insensitive to UPT and reaction dynamics
very sensitive to projectile structure
Angular dependence and magnitude of form factor FE0 change with

0d5/2

0p1/2
E0s1/2 =
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E
,0
|2
(M

eV
−
1
)

1086420

1

0.1

10−2
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10−4

10−5

neutron binding energy E0

orbital angular momentum `

[PC, Johnson, Nunes
PLB 705, 112 (2011)

PRC 88, 044602 (2013)]

Ratio idea extended to
low beam energy (20A MeV) [Colomer et al. PRC 93, 054621 (2016)]
proton halos [Yun, Colomer et al. JPG 46, 105111 (2019)]

Short review : [PC, Johnson, Nunes EPJA 56, 300 (2020)]



Future

Framework
Projectile (P) modelled as a two-body system :
core (c)+loosely bound neutron (n) described by

H0 = Tr + Vcn(r)

Vcn adjusted to reproduce
P spectrum

Target T seen as
structureless particle

c

n
P

T

R

r

P-T interaction simulated by optical potentials

⇒breakup reduces to three-body scattering problem :

[TR + H0 + UcT + UnT ] Ψ(r, R) = ET Ψ(r, R)

with initial condition Ψ(r, R) −→
Z→−∞

eiKZ+··· φ0(r)
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