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Outline
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Halo nuclei

Experiment S393 at cave C

Experimental setup (LAND/R3B)

Motivation:

Reaction formalism for QFS on a proton target 

Results on particle-exclusive and particle-inclusive  
neutron knock-out on a proton target



Daniel Galaviz Redondo      Knock-out reactions on exotic nuclei at realtivistic energies

Halo nuclei
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11Be

Cluster structure + halo particle(s)
Extended mass distribution

Low separation energy (< 1 MeV)
Low angular momentum state (s-wave)
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Reaction theory
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Target=p

A

A+1 many body problem

Projectile 
Projectile = Core(Heavy Fragment) + N

Three body problem

C N

Target=p

A

Space Truncation

Projectile well described as C + N

Core assumed to be inert during the collision process 
(possible to account on core excitation admixtures on the wave function)

Excited states above threshold generally  
not included

H = Ha    ⨁   Hb
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Each particle is treated on an equal footing to the others

Reaction theory: Faddeev/AGS

5

Non-relativistic

Truncated Hilbert space

C N Target=p

Projectile = C + n

Takes into account all open channels simultaneously

Formulated in terms of the transition amplitude for each 
interacting pair

1
00 )0( −−+= HiEG

Free propagatorPair transition operators

Tool for investigating:

Single particle properties

Spectroscopic factors
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Reaction theory: Faddeev/AGS
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Reaction theory
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Faddeev/AGS suited!



Daniel Galaviz Redondo      Knock-out reactions on exotic nuclei at realtivistic energies

Halo nuclei: 11Be & 15C
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Sn (MeV) g.s.  
(Jπ) g.s. conf.

11Be 0.5 1/2+ α[10Be(0+) ⨂ 1ν (2s1/2)] ⊕ 
β[10Be(2+) ⨂ 1ν (1d5/2)]

15C 1.2 1/2+ 14C(0+) ⨂ 1ν (2s1/2)

Suitable cases for the verification of the reaction mechanism 
studying its break-up on a proton target at relativistic energies

11Be

U. Datta Pramanik et al., Phys. Lett. B 551, 63 (2003)

15C
J. A. Tostevin et al., Phys. Rev. C 66, 024607 (2002)

T. Nakamura et al., Phys. Rev. C 79, 035805 (2009)

T. Aumann et al., Phys. Rev. Lett. 84, 35(2000)

J. A. Tostevin et al., Phys. Rev. C 66, 024607 (2002)

N. Fukuda et al., Phys. Rev. C 70, 054606 (2003)
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Nucleon knock-out contributions
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Motivation S393 experiment at GSI Analysis Results Conclusions

Study of the 1-n halo nucleus 11Be

11Be(p,pn)10Be
Study the knockout of valence and inner shell

neutrons.
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projectile 

Proton target 

11Be 

Fragments 

10Be 
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Halo 
projectile 

Proton target 

11Be 

Core 

Valence  
knock-out

Inner shell 
knock-out
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Experiment S393 at Cave C
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S393 experiment at LAND/R3B
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GSI Experiment S393
“Neutron-rich Nuclei at and Beyond 

the Dripline in the Range Z=4 to Z=10 
Studied in Kinematically Complete 

Measurements of Direct Reactions at 
Relativistic Energies”

Neutrons)
Pr
ot
on

s)

- Primary beam: 40Ar (600 MeV/u) 

- Primary target: Be: 4 g/cm2 

- Secondary cocktail beam @ (500 MeV/u) 
6 different settings: 

 4 < Z < 10  
1,5 < A/Z < 3

- Several secondary targets for different  
  reactions:  

* Pb target (coulomb excitation) 
* CH2  
* C
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LAND/R3B setup
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Incoming Beam Identification
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LAND/R3B setup
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Target detectors

15

Crystal- 
Ball

Crystal- 
Ball
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Target detectors

16

Crystal- 
Ball

Crystal- 
Ball

DSSSDs 
Trackers
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LAND/R3B setup
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Heavy Fragment branch
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GFIs
ALADIN TFW
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Heavy fragment identification
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LAND / R3B Setup
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Motivation S393 Experiment @ GSI Reaction Tagging Outlook

LAND/R3B Setup

Reaction with Relativistic Radioactive Beams

Experiments in inverse kinematics
Characterization of all particles involved

(projectile and reaction products)

AX(p,pn)A-1XReaction:

A-1X

p

nAX
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LAND / R3B Setup
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Motivation S393 Experiment @ GSI Reaction Tagging Outlook

LAND/R3B Setup

Reaction with Relativistic Radioactive Beams

Experiments in inverse kinematics
Characterization of all particles involved

(projectile and reaction products)

Particle Inclusive  knock-out reaction

A-1XAX

Only heavy fragment  
detection
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LAND / R3B Setup
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Motivation S393 Experiment @ GSI Reaction Tagging Outlook

LAND/R3B Setup

Reaction with Relativistic Radioactive Beams

Experiments in inverse kinematics
Characterization of all particles involved

(projectile and reaction products)

A-1X

p

nAX
φ1 

(deg)

φ2 (deg)

θ1+θ2 (deg)

Particle Exclusive  knock-out reaction

Heavy fragment + p + n 
detection



Daniel Galaviz Redondo      Knock-out reactions on exotic nuclei at realtivistic energies

Momentum distributions
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Chapter 6. Results and Discussion 80

Cross Section (mb)

Target Exclusive
Proton 37± 15
Carbon 92± 37

Table 6.3: Reaction cross sections of the 11Be exclusive one neutron knockout,
(11Be(p,pn)10Be), on a proton and carbon targets.
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Figure 6.6: Di↵erential momentum cross section of the 11Be(p,pn)10Be reaction. The
integral value of the distribution is 37± 15.

6.3 Faddeev/AGS calculations

Considering knockout reactions in inverse kinematics, the intrinsic momentum distribu-

tion of the knocked out nucleon is reflected in the momentum distribution of the reaction

heavy fragments. Moreover, the shape of the distribution is evidence of the nucleon or-

bital momentum. In the case of 11Be(p,pn)10Be reaction, the neutron is expected to be

removed from the valence shell (s shell) or from an inner shell (p shell, associated to the
10Be core) [94]. In Figure 6.7 it is shown a schematic representation of the contributions

of the neutron knockout of 11Be i.e., neutron removal from a valence shell or from the

core (10Be).

In this work we aim to compare the experimental results for the 10Be momentum

distributions and total cross sections with the theoretical results from the Faddeev/AGS

reaction framework [95] that has been applied for the study of neutron knockout of light

particles from the collision with a proton target [96–102]. Within this formalism it is

Particle Exclusive  knock-out reaction
11Be 15C
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Momentum distributions
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Motivation S393 experiment at GSI Analysis Results Conclusions

Neutron Knockout, Theoretical Approach

Faddeev/AGS calculations for single particle valence and inner
core neutrons, assuming all other channels are negligible.
It permitted the evaluation of the cross section in terms of the
valence and inner core neutron knockout contributions.
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The di↵erent weights are obtained
via minimization of the reduced �2

function.

Faddeev/AGS calculations for single 
particle valence and inner core neutrons  

Allows the evaluation of different knock-
out contributions

σtotal = a σvalence + b σinner 

The different weights are obtained via 
minimization of the reduced χ2 function. 
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Chapter 6. Theory Comparison 100

Figure 6.3: Comparison of Faddeev/AGS theoretical curve with the 0.56 and 1.31 reduction
factors at blue with the experimental plot for the 15C(p,pn)14C exclusive breakup reaction.

The obtained reduction factor was 0.56 for the s-wave and 1.31 for the p-wave.

6.3 Particle Inclusive Neutron Knockout Comparison

Figure 6.4 the theoretical curves which were scaled, added and adjusted to the experi-

mental so that their integral corresponds to the obtained in the experimental curve. The

experimental one shows the inclusive transverse momentum distribution of core in the 15C

(p,ppn)14C reaction with a signal in Cristal Ball but without any requirement of hadrons,

obtained as described in section 5.3.

Momentum distributions

26

Particle Exclusive  knock-out reaction
11Be 15C

Chapter 6. Results and Discussion 85
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Figure 6.9: Correlation of the a (S) and b (P) parameters and the reduced-�2 function.
The minimum value of a and b indicate the weight of the valence (S) and inner (P) core
knockout contributions.

These parameters were applied to valence and inner core distributions and the total

theoretical momentum di↵erential cross section distribution was obtained. Figure 6.10

presents the good agreement between experiment and theory for the parameters a and

b that resulted from the minimization of the �

2 function.
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Faddeev/AGS Calculation
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Figure 6.10: Theoretical interpretation of the exclusive neutron knockout cross
section. The total theoretical cross section, result of the sum of the valence and inner
core removal cross sections, describes the experimental data, revealing a not negligible
contribution from a inner core removal. The calculated curves are corrected by the
parameters extracted from the minimization procedure.

Faddeev/AGS Faddeev/AGS
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Chapter 5. Results and Discussion 83

Figure 5.1 shows the di↵erential transverse momentum for the y direction. The data has

been normalized and corrected by the subtraction of the background.

Figure 5.1: Inclusive transverse momentum distribution of 15C -> 14C breakup reaction.

The observed fluctuations in the distribution were caused by the moderate rate on the 15C

production of the considered reaction setting, combined with a large downscale factor applied

via software to the data acquisition system (explained in section 3.1.1). These facts make it

di�cult to draw accurate conclusions about the shape of the momentum distribution. In this

case the adjustment was not very accurate because of the lack of statistics derivable to the

Scale Factor Reduction of 64. The subtraction of the Carbon target contribution produces

fluctuations in the final curve making the analysis very di�cult.

Momentum distributions

27

Particle Inclusive  knock-out reaction
11Be 15C

Not p
ossi

ble

Chapter 6. Results and Discussion 86

Based on the results of the adjustment of the theoretical curves, removing a neutron

in a p state contributes to about 20% of the total cross section. Taking into account the

di↵erent components calculated and used in the minimization, the spectroscopic factors

for the particle exclusive knockout for the s, d and p components are ↵=(0.9±0.6),

�=(0.2±0.1) and �=(0.4±0.5), respectively.

Particle Inclusive Knockout Reaction

The previous procedure was also applied to study the inclusive knockout reaction.

The results are shown in Figure 6.11.
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Figure 6.11: Theoretical interpretation of the inclusive neutron knockout cross sec-
tion. The total theoretical cross section, result of the sum of the valence and inner core
removal cross sections, describes the experimental data, revealing a strong contribution
from a inner core removal.

For the inclusive knockout, however, removing a neutron from a p-state corresponds

to 42% of the total cross section. Therefore, in addition to the discrepancy in the cross

section value, the analysis of the heavy fragment momentum distribution of the inclusive

neutron removal reaction (11Be(p,X)10Be) revealed a larger contribution of the removal

of an inner core neutron.

The spectroscopic factors were also extracted for the particle exclusive knockout,

↵=(1.0±0.6), �=(0.2±0.2) and �=(1.5±0.6). Between particle exclusive and inclusive

knockout only the inner core contribution (�) is a↵ected significantly, reinforcing the

considerable contribution of the removal of an inner core neutron.

A comparison of spectroscopic factors for |10 Be(0+) ⇥ ⌫2s1/2 > can be found in

Table 6.7 for di↵erent reactions.

Faddeev/AGS
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Knock-out cross sections

28

Particle Inclusive Particle Exclusive

11Be 15C 11Be 15C

Total Exp 52 ± 5 mb 72 ± 19 mb 37 ± 15 mb 35 ± 14 mb

Total Theo 55 mb 70 mb 36 mb 35 mb

a σvalence 32 mb — 29 mb 17 mb

b σinner 23 mb — 7 mb 18 mb

Motivation S393 experiment at GSI Analysis Results Conclusions

Study of the 1-n halo nucleus 11Be

11Be(p,pn)10Be
Study the knockout of valence and inner shell

neutrons.
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Motivation S393 experiment at GSI Analysis Results Conclusions

p.Exclusive �-ray Spectrum of 10Be
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Motivation S393 experiment at GSI Analysis Results Conclusions

p.Inclusive �-ray Spectrum of 10Be

The di↵erent contributions from the excited states of 10Be were
evaluated.
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Photon spectrum with X-Ball

30

Particle Exclusive

Chapter 5. Results and Discussion 94

code without any gamma. In order to obtain the relative population of the excited states

to the ground state simulated spectra for 808.8 KeV, 6092.4 keV and 6726.5 keV were ob-

tained. The simulates spectra for the background and both states have been fitted to the

experimental one.

Figure 5.9: Gammas for Protons target.

5.3.3 Momentum Distribution Widths

In order to study the momentum width the experimental transverse momentum in the Y

direction was adjusted by a fit to a Gaussian distribution. The adjustment was made to fit

well in the top of the experimental momentum distribution. For the reaction with a protons

target it was obtained a full width at half maximum (FWHM) of 72.84 MeV/c.

Table 8.3.2 shows the results for the transverse momentum distribution width in the Y

direction for proton, Carbon and CH2 targets.

Particle Inclusive
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2- 7.34
8.18Sn
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Additional R3B analysis
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M. Holl (TU-Darmstadt): Knock-out studies of 
neutron-deficient Carbon isotopes

L. Atar (TU-Darmstadt): Knock-out studies of 
neutron-rich Oxygen isotopes

P. Díaz (USC): Knock-out studies of neutron-
rich N=14 and N=15 nuclei

J.M. Boillos (USC): Knock-out studies of 
neutron-deficient nuclei
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People @ Lisbon
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Start Backup Slides
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Towards Phase-0
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Reactions with Relativistic Radioactive Beams

R3B Start Version 2018

R3B Start Version 2018
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CALIFA Benchmark @ Lisbon
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More Information under  
http://www.ctn.tecnico.ulisboa.pt

http://www.ctn.tecnico.ulisboa.pt
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CALIFA Benchmark @ Lisbon
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128 CsI(Tl) crystals +  
Electronics / DAQ
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CALIFA Benchmark @ Lisbon
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Individual Crystal response

60Co Source
27Al(p,p’)27Al

27Al(p,α)24Mg40K (bgd)

19F(p,α)16O
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CALIFA Benchmark @ Lisbon
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Populating the 14199 & 14208 keV 
resonances of 28Si 
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CALIFA Benchmark @ Lisbon
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Populating the 14199 & 14208 keV 
resonances of 28Si 
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CALIFA Benchmark @ Lisbon
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Populating the 14199 & 14208 keV 
resonances of 28Si 



Daniel Galaviz Redondo      Knock-out reactions on exotic nuclei at realtivistic energies

Summary

41

Use of Faddeev/AGS formalism to study 
knock-out reactions

Application to halo nuclei: 11Be & 15C

Extraction of exclusive and inclusive  
knock-out cross sections

Benchmark of CALIFA prototypes with  
high-energy photons


