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https://fair-center.eu/

C S lC FAIR - The Universe in the Laboratory

COMNSEND SUPERICR DE INVESTIGACIONES CIENTIFICAS

Youtubemovies

FAIR- TheUniverse inthe Laboratory

https://www.youtube.com/watch?v=kbvK5AGqg8oM

https://www.youtube.com/watch?v=wTCkZdeql8I

NUSTAR https:/fair -center.eu/user/experiments/nustar/documents/technicdkesigrreports



https://www.youtube.com/watch?v=zy4b0ZQnsck
https://www.youtube.com/watch?v=zy4b0ZQnsck
https://www.youtube.com/watch?v=kbvK5AGg8oM
https://www.youtube.com/watch?v=wTCkZdeqI8I
https://fair-center.eu/user/experiments/nustar/documents/technical-design-reports

C S lC Radioactive Beam Production

CIOMSF IO SUPFRICR NE IMvFETIEACIONFS CDIFNTIFICAS B

z Haz FAIR 2 GeV
" (2028)
S Vproduc
Thin production *N GS 1 Gev
target Radioactive ion beam
Haz . :
. + . _,. High energy, large variety o_f species,
heavy ion : Short half-lives (rs), cocktail beam
GANIL 50 MeV
ISOL O Isotope Separation On Line
Zy
Ion source Blanco
Transfer tube 4 _ Taotope fiseh ,‘( SPIRAL
! separator 10 MeV
— HIE 0o
Thick, hot targe ISOLDE
Production beam o Z\ Blanco
Blanco p
O
°+ . spallation
.
ISOLDE
®+ . . fission

Variable energy, high intensity,
Radioactive jon beam J00d beam qualities

p/n

O. Tengblad: TEAFN2025



Design parameters U238+

Sisi8 SIS100
F ~ I R Energy 200 MeV/u 1.5 GeV/u
lons per cycle 1.5 x 10 5x10M

Repetition rate 2.7 Hz 03Hz g
Linear accelerator Ring accelerator Ring accelerator
UNILAC SIS18 SIS100

Production of
new atomic nuclei

Cave d / Production of
f\ / antiprotons
100 metres ;"/\/\R?’B

2028
Experimental and B EX|St|ng

storage rings

B Not-too -far future

B Experiment facilities

O. Tengblad: TEAFN2025 5
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C S l C NUSTAR FA'R

Thescientific user community of FAi$brganisedn experimental
collaborationswhichare groupedin 4 scientificpillars:

1. APPA Atomic, Plasma Physics and Applications
A BIOMAT- Biologyand Material Science
A  HED@FAIRHigh EnergyDensityScienceat FAIR
A SPARESored ParticlesAtomic ResearchCollaboration

2. CBM- Compressed Baryonic Matter

3. NUSTARNuclear Structure, Astrophysics and Reactions

‘ A HighEenergyBranch R3B 2028
A Low Energy BranchISPEC/DESPEC, MATS, LASPEC 2032
A Ring BranchLIMA,ELISeEXL 20xx

4. PANDA Physics with High Energy Antiprotons

- 1. Antiprotonsproducedby a primaryproton beamA High -
Energy Storage Ring (HEARI)'xedtargetinsidePAN e

O. Tengblad: TEAFN2025


https://fair-center.eu/user
https://fair-center.eu/user/experiments/appa
https://www.gsi.de/work/forschung/appamml/materialforschung/biomat.htm
https://www.gsi.de/work/forschung/appamml/plasmaphysikphelix/hed_at_fair
https://www.gsi.de/sparc
https://www.cbm.gsi.de/
https://fair-center.eu/user/experiments/nustar
https://panda.gsi.de/

NUSTAR:
NUclear Structure, Astrophysicsand Reactions

What are the limits for existence of nuclei?
Where are the proton and neutron drip lines situated?

Where does the nuclear chart end?
How does the nuclear force depend on varying proton-to-neutron ratios?
What is the isospin dependence of the spin-orbit force?
How does shell structure change far away from stability?
How to explain collective phenomena from individual motion?

What are the phases, relevant degrees of freedom, and symmetries of the nuclear
many-body system?

How are complex nuclei built from their basic constituents?
What is the effective nucleon-nucleon interaction?
How does QCD constrain its parameters?

Which are the nuclei relevant for astrophysical processes and their properties?
What is the origin of the heavy elements?



Primary beam ‘\“ T !!W‘\
from SI1S100 '

Kinetic Energy [MeV/u]

] NUclear STructure & Astrophysis Research

E MATS

z"' P \/‘F =
V&Y // =

e
g ‘////\\\/ "“\ /

--

Super-FRS EC
FAIR/Super-FRS 4%:’
<t Production of
‘T More than 4000
nuclear species
104 TRIUMF/ISAC2  HIE-ISOLDE, SPIRAL2
Fusion barrier with U

20 40 60 80
Atomic number Z

Olof TENGBLAD MASTER TEAFN 8



C S l C R3B: Reactions witiRelativisticRadioactiveBeams
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CAD drawing of the new installation in High Energy Cave

E

NeuLAND .311
3

3

W 2;
ToF

© GSI/FAIR, Zeitrausch



How does it work

FAl R (Facility  for

antiproton
research )

and ion

p-LINAC

1.Accelerated

beamimpacton

S1$1001300 ProductionTarget

Do 2. Productsare

X £ uction t N T

“w Peton e A separateith SFRS

Super-FRS
I 100 m I
Plasma Physics

Antiproton

Production Target
Atomic Physics

3. Separated
e isotopedirected
@ exs facili H
e to experiment
— QO expenments
— 4. |sotopeof
3
R°B Mo\ 00 acceptance messurement interestimpacton
— T\ w— ReactiorTarget
Super FRS Ll ¢ A =
Y@ ] - |
N / L — 5. Reactionfragments
sy Tor .@i—" D e - , and gammas are
: # detected
Calorimeter: R3 B
CALIFA

O. Tengblad: TEAFN2025
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c S l c R3B: Reactions with Relativistic Radioactive Beams

COMNSEND SUPERICR DE INVESTIGACIONES CIENTIFICAS

target region with Magnet il ARES
CALIFA (v,p,n)and superconducting (de Te?ﬁon o
Si-Tracker (p) dipole magnet GLAD

fast neutrons)

tracking detectors
(incoming ID)

—_—_—

BEAM A Neutrons A

beam from
SIS18/FRS
100-1200 AMeV

(light charged particles ID)

MAAMAAL A4
Wq

= tracking detectors
(heavy fragment ID)

Kinematically complete measurement of reactions with high-energy secondary beams

+ Nuclear Astrophysics fixed-target experiment for complete inverse-kinematics
) . reactions with relativistic RIBs ~100 MeV/u - 1.5 GeV/u
» Structure of exotic nuclei
*Experiments with most exotic and short-lived nuclei -
ron-rich matter exploring the isospin frontier at and beyond the drip-lines

0. Tengblad: TEAFN2025



c S l C Key instrumentation R3B

S5 feom >20 meters
Super-FRS\\ -

LH target NeuLAND
Heavy
fragments
Protons
CALIFA D e s

O. Tengblad: TEAFN2025




O. Tengblad: TEAFN2025

LH, targetwith Skdetector

oSt

The target cell made of Mylar

Targetcelldiameter 42 mm
Threetargetlength 15, 50 and 156nm.

The cryogenic system operates in a closed loop.

The target is connected to a storage tank.

The tank is filled with 800 | of hydrogen at room temp.

After liguefaction the target hydrogen is at 20.3 K and 1041 mbar.

oSt

oI LT

91

weeq

ZH17 ww G| yym ssew Buissiw : (Ma)A doy) L# uoeanbiyuod SWY

91
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Reaction chamber: , p-tracker , g spec- calori -

Identify and track recoils emmitted
at large angles

A High angular resolutior{better than

1 mrad) A very high segmentation
level A detection of MIP

A Multi-layer sensor$0-100mm for 1st
layer A minimize multiplescattering
or shadowgrays

A Low threshold 25 KeV

A Multi-hit capability

Further:
around the
extended targeA 4p vertex
reconstruction
against ionising
particles hit
A Operate in the proximity of
fields and vacuum

Dedicated electronics

O. Tengblad: TEAFN2025



|+D para ptrackerA flexible pixelated Stboards

\ Optional future upgrade
Barrel geometry | : ; ‘
; Modular conical arrangement based on ALPIDE modules | C_yl'nfjer with fully ﬂe).(lble,
| using ALPIDE modules optimised for thickness | ultra thin pixel sensors for inner layer
,  (recently designed by AMBER (ongoing R&D by AMBER and | (current R&D phase by ALICE
: collaboration at CERN) NUSTAR collaboration) [ collaboration)
I Inner barrel/outer barrel I
I I Inner tube/outer tube
I |
I I
: I
I 1
I |
| | ' |
I resent ' ' : ' .
ot 2024/25 2026/27 : 2028/30
\ Immediate goal intermediate goal final goal i
.~ i o st 7 1snee llExible boards

O.Tengblad TEAFN2025



~CSsIC

COMNSENY SUPERIOR DE INVESTIGACICNES CIENTIFICAS L

! Hybrid g/p spectrometer/calorimeter
e

Ll

GE

Grupos

.-'P IF IC Grupo de Fisica

Univ. Santiago de Compostela Nuclear Experimental

TUDa TUM¢ Lund

O. Tengblad: TEAFN2025




From the talks yesterday we learned

6" MINIBALL

-

Ge array (b)

6-fold segmented
Ge crystal

..... s T PN CESN

0 20 40 60

80 100 120 140 160 180

laboratory detection angle 6 (deg)

Semiconductor

80Co source
T=77K

Designconstrins
A.Jungclaus

RBb > 80% c

the intrinsic resolution not so important.
A we can go for scintillator

Doppler broadenindg\ high segmentation

B.Olaizola

Scintillators are fastGsl420ns) but some are
faster (LaBy18ns!)

A Forward endcap LaBto avoid the pileup

Scintillator
0-.._,“,\ M‘:
\ /,/f/—ww
|
9 200 4
\“ //./
% -400 4 \ /J
1/
2 600 ‘~‘ // =
Vi
-800 ~ "—
10 ns
-1000

T T T T T T
10 20 30 40 50 60
Time (ns)

T T
70 80 90
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c S l c ¥I Hybrid g'p spectrometer/calorimeter
C

Detect y (50 keV — 25 MeV) with energy resolution <
5%)

Barrel: Region from ~40° up to 130° in polar angles

Forward endcap: From ~ 7° up to ~40°

Lorenz boost
0.5¢ 1.5

45%

ek W

Lorenz boost
1.52.5

RITTTETEER:

Incoming bean@ 85% of ¢
—— A Reaction very much forward
3 A gemitted in flightA Lorenz

150, bOOStA at small anglesy
boosted up to 3x
A Highly segmented

BARREL

¥ M W e 10 T 1 1 B

B ean= 700 MeV/u Lorenzboost

> @
b>0.80 ’

I
1. Alvarez Pol — R*B Calorimeter CALIFA design NuSTAR CalWG Meeting - GSI, 15 October. 20

O. Tengblad: TEAFN2025




CSIC 1+D para CALIFA

COMNSEND SUPERICR DE INVESTIGACIONES CIENTIFICAS

I+D de un centellador con dos cristales distintos con una Unica salida
electrénico = Phoswich de LaBrs(Ce) + LaClz(Ce)

=

.
J ; ] -
< o —

Intensity {arb. units)

4

EiERaY LIGHT 150 200 290 00 390 400 450 400
RESOLUTION YIELD DECAY “}ch‘"é' b (nm;
MATERIALS (AT 662 (PHOTONS/  TIME (NS) Aemsion
KEV) (%)  kevy) Segundo cristal
transparente para la luz del
LABR, 2.9 63 16 380 NM pr‘imer‘o

LACL, 3.8 49 28 350 NM



T ONSEID SUPERICR DE [NVESTIGACIGNES CIENTIFICAS Grupo de Fisil_:a
Huclear Experimental

c S l c gammas in Phoswich i% iﬂﬂ

CSiC IEM
Question to be answered:
A Depth of first interaction
A Depth @ 90% photopeak efficiency
A Howmanyneighbouringerystalsare beinghit?
Simulation codes
A SRIM --- GEANT4-- MCNPX Monte Carlo-RarticleeXtendedcode
First hit Photopeak efficiency vs crystal length
100% EpE s — e
) 80
80 -
. -
——1 MeV 50 ,/ il —-i
] MeV / /t #
50 —esMev | / .-/./, ,./"‘/f I?:::v u
10 MeV | | {//1( ~ ::m: |
4 —— | 0 MeV
10 [T
0 5 10 15 cm

0 5 10 15 cm |

@7 cm 70 % of incident beastdetected >15 cm has NO influence efficiency

EISLLUI IUT NE3L O ysLdl 1engan




C S l c PROTONS in Phoswich: DE+E

COMNSENY SUPERIOR DE INVESTIGACICNES CIENTIFICAS

LaBr+ LaCl
AE _ 271 (1 2mec? B2y Timax e
de ~~~ AB?2|2 ? 12
E=f(DE,) +9(DE,)
Ep=200MeV A 20 mm LaBr A DE =31 %1 MeV
- Brillance-380 20mm
3 — paak
S200- e Y 200 £10MeV - Protons: twoDE
5 (SE/E=5%) detectors one can
100 determine the full
30 B 8 60 proton energy with a
resolution of <5%.
300—| —— Brillance-380(30)
250f |~ Brilance.380(90) . | :
— 3,-:":222.3&)(120) S 2 < < - Gammas: Second
200+ . ;-.:aL o 4
2 el detector placed to solve
X1 the ambiguity on the
q .
signal

Incident Energy (MeV)


http://pdg.lbl.gov/2004/reviews/passagerpp.pdf

PROTONS in Phoswich: DE vs DE+ E

DE(1 St bIOCk) VS E(tOtal) https://www.sciencedirect.com/science/article/pii/S0168900212014416

https://www.sciencedirect.com/science/article/pii/S0168583X19302228

3
2 140
(1]
S 120
O
a

100

)
-

120 MeV 1

100 MeV \ g

A I

\ 1 140MeV . _ N

LT eomev

A N
60 ST
oo |
- _ |
40
240 MeV
280-320 MeV 260 MeV
20
0 | | | | | | | | | | | | | | | | | | | | |
0 50 100 150 200 250 300
E (MeV)

DE + E

( : s l ( : O. Tengblad : TEAFN2025
Instituto de Estructura de la Materia
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https://www.sciencedirect.com/science/article/pii/S0168583X19302228
https://www.sciencedirect.com/science/article/pii/S0168900212014416

As explained by Bruno
long funny shaped crystals

A nonlinear response
This is inCsl mitigated by LAPPING
InLaBrnot easyé

Endcap still in R&D!

§ High energy photon (e.g. y ray)
«.%'{ s
—Z || (1) scintillation
A
(2) Light
transport
< - Light
Photodetector collection

CSIC o,lsghla TEARN0RS

COMSEJD SUPERICR DE INVESTIGACIONES CIENTIFICAS




CALIFA: Highlysegmented

p https://iopscience.iop.org/article/10.1088/1748596/1667/1/012006

; Thickdetectionvolume
C“'Lr’&* Innerradius50cm
CALIFA barrel and forward endcap Barrel  Crystalength15-20 cm
(gamma/particle calorimeter) 1952crystals = 2 Ton
Barrel EndCap680crystals= 1 Ton
Back Barrel _ _ Front Barrel p oy |\ X d

Beam energy: 700A MeV

441 mm
1130 mm



https://iopscience.iop.org/article/10.1088/1742-6596/1667/1/012006

| Parameters to conTrolI

1962 crystals:
-> APD Bias Voltage
- > Dynamic range
- > Errors in the channel

125 32ch Preamp modules:
Temperature compensation
- > temperature.
- > leakage current

|Assemb|y Requiremenfsl
Access to individual crystals

computer

LT CSIC SLOW-CONTROL of CALIFA
B i e o s s ® 4.

Acquisition network @

@

Elect
ronic
rack

Jﬂ:

Messel S|de (left)

Elect
ronic
rack

%

Wixhausen side (righ

Temperature log
g«:)ess to crystal groups Current monitoring
€ougging Experi Voltage control
xperiment Y
;. Voltage vanatlon globally b Changes between global settings
ot Requirements
ounting interface interface
—— — _..7
Remote access B
BB amaowconma e ¢ 4 / EEE
DIEINR it i sogAs ramping of voltage e
IEIDICID OIS SO DD O iy oy - | JOTL ra —————
BEEEEEssne B
DETEDETETELET | "o i ExEmw
R | e User Options
Pream I T BT EET ETEE s —
P | EEEXETEDETEREIEE EIET o
status L] i sad as] s s il aed i - wtom
IEXDIETY (DR DR IR T ol ey ) | O
\-gmmnumum =
[EXC 70 [ETD YD IEYD YD T T ‘ S m‘/
ETET EXTIER B ED fOX ETT DT w 4l 710 NN
D D G D G D7 0 T -
[ETT IR [T R I EX ETEX [
JEETE T 6D T 0 ETE | = -
mmmmm%ﬁ\mmm e ——
/ \ W-5-10
E voltage : we o w iop -
[ ] i -
. ol w
-

EEEEEEEEEEEE

BHENgE

A

TV AN VIV VIV

landgw01l

Application console

preamps _|
virtuales

CALIFA objects

On-line Graphics

menus server
Refresh
process

:]—I_:

off spill

Network

EPICS interface

|

interface

] Acquisition network

Python language
Object-oriented

Dynamic range
Online analysis
Input for calibration
Detector Test

Use the parameter control system,
Detector calibration by varying physical parameters

Bias-scan

60C o

1.33, 1.17 MeV
dv=-4,-2,0,+2

o curvm b o 1 fub O, hared T

<

FYETY

e
/./:nm/

4:;@\,7':

peakPos=A+BV+CV’

o=

Reading between pulses
Voltage Ramps
Intermediate memories

“ " Peak adjustment

W e T




GLAD - Large-Acceptance superconductingDipole magnet

https:// www.gsi.de/ work/ forschung / nustarenna/ nustarenna_divisions / kernreaktionen /r3b_project_group/ glad

Magnet parameters:  Weight: 50 t
» Large vertical gap + 80 mrad
* High integrated field of 4.8 Tm

» Fringe field at the target position less
than 20 mT

» Operational temperature 4.6 K

» The overall size of the conical cryostat:

3.5 m long, 3.8 m high and 7 m wide.

O. Tengblad: TEAFN2025

GLAD Cooldown November / December 2021

300,00

250.00 C. Mayri, H.S. T. Hackler et al.
This is now reduced
to a few days

&
S
o
=1

Temperature TT AV
=]
o
=3

Nominal Cool down (room temperature — 15K)

. about 1 month, following intervention 10/2021.

15 K=¥
0.00

9.11.2021 12:00 14.11.2021 1200 19.11.2021 1200 24.11.2021 12:00 29.11.2021 1200
04.11.2021 - 5 04.12.2021
ate 26



NeuLAND Highresolutionneutron ToFspectrometer

https://www.gsi.de/work/forschung/nustarenna/nustarenna_divisions/kernreaktionen/r3b project group/neuland

NeuLAND submodule
250(270 incl. light guides)x5x5 cm3

NeuLANDletector parameters:
A full active detector using RP/BC408 b

e

A face size 2.50x2.50%m x100 =one

double-plane

A active depth 3m(30 doubleplanes)
A 3000 scintillator bars
A 6000 PM / readout channels (both ends)

A 32 tons
2024: 17 Dinstalled

NeuLANDRIesign goals:
A >90% efficiency for 0-:2.0GeVneutrons
A Multi-hit capability for up to 5n
A invariantmass resolution:
NeuLANDo target distance 35 m
k9 £ wn 1S+ |G onn

https://www.sciencedirect.com/science/article/pii/S016890022100
6860?via%3Dihub

O. Tengblad: TEAFN2025 27


https://www.gsi.de/work/forschung/nustarenna/nustarenna_divisions/kernreaktionen/r3b_project_group/neuland
https://www.sciencedirect.com/science/article/pii/S0168900221006860?via%3Dihub

For full kinematic reconstruction & reaction channel ID we need to know

A Energy loss A Nuclear charge Z

A Time of Flight A Mass identification
A Trajectory A Momentum

&Quieres instalar las actualizaciones ahor  Instalar

for incoming and outgoing fragments, beam, gammas

C Vacuum chamber
ROLU
CALIFA

lon beaml/ \. “.
| 1] &l
Target

Fiber detectors
ToF

ToFD
Fiber detectors

SEETRAM Beam stop

Scintillator/ /
lonisation chamber

R3B tracking system

O. Tengblad: TEAFN2025 28



Square fibers 0.2x0.2 mm?

.. . . i _ 4 f
SCIntIIIatlng Flber TraCker C. Caesar and D. Savran Number Of flbers 10 flbers
4d Tracking at High Rate with High Dynamic Range A 60 nm resolution

New infrastructure for
sorting fibres into a mask

Upgraded winding machine ™
speed/tension control

M““-&““uh&wg .ﬂu_&.da‘u.uuﬁ_.r e e Gl Gl S i) (il et i “'\_¢h~a.- md“m‘--w‘“u‘cﬁ«““‘“ &&um

CEE P
Double layer 1&;@ cm2
Small fiber detector for S494 3 mm hole in the middle

29



R3B Many detectorsbig distance eachwith individual

electronicsand DAQ A But shouldwork synchronized

SRulsefrrcl,:Rs\.\ 7 | N
NeuLAND

,

\

Heavy
fragments

Protons

R®B-Si-TRACKER

CALIFA

> R3B-GLAD

O. Tengblad: TEAFN2025 30



Sl : :
:%*’*‘ ‘ : S l‘ : General outline of electronics and DAQ

COMNSENY SUPERIOR DE INVESTIGACICNES CIENTIFICAS

1 detector
1 channel Amplif.

. Preamp. H

Trigger
logic

several detectors
Many channels

Preamp. Amplif.
Preamp. Amplif. |- /
Preamp. Amplif. /

mE=<

(mylsl]

= OoOwVWwnwMmMmNnO~T

',E.: 0-»4

O. Tengblad: TEAFN2025




C s l c Synchronization and Coincidences to build event by
event data A . GSI-FAIR wide Time reference:

COMNSEND SUPERICR DE INVESTIGACIONES CIENTIFICAS

The R3B experiment is composed by several separatedetr components that arspatially
extended running independent DA stitch together in MAINDAQ

For thecoincidence timingat R3B we have to be in tirerrelation with all thedetector-
systems with FRSand with theMachine timingof GSIFAIR

Bunch Timing System (BuTiS) distribute high precision clock train (100 kHz ident pulse, 10 MHz

sine).

generated PPS

generated T0' (100 kHz)

Input: - 10 MHz refclock
- PPS not shown
‘ generated 125 MHz WR clock

TO (100 kHz)

(orange: forbidden for TO rising edge)

Yellowbox:t, £ 1ns "

(Forbidden region for BuTiS ‘

TO O-crossing required for - X

FPGA) : c2 (200 MHZ)

The distributed data acquisition system run
in a time-synchronized distributed
environment based on BuTiS and White
Rabbit with timestamps of pico-second
precision and 100 ps/km accuracy.

White Rabbitis a fully deterministic Ethernet
based network for general purpose data
transfer and synchronization. It can
synchronize over 1000 nodes wihb-ns
accuracyover fiber lengths ofup to 10 km.

Individual detector triggers are stitched
together event by event in the MAIN DAQ
before storage


https://www-acc.gsi.de/wiki/HF/BuTiS
https://www-acc.gsi.de/wiki/Timing/TimingSystemButisInterface
http://www.ohwr.org/projects/white-rabbit

R3BSummary
Schedule anfirst experiments@ GSI in Cave C

2020 50%NeuLANDand 50% CALIFA &Biacker + tracklng detector prototypes
Liquid Hydrogen target (L} = :

201925 Physics runs at GSI (Cave C) (phase 0)« |
2026- 2027 Move to HECave @FAIR

2028 F'R3BNUSTAR experiment @FAIR

Experiments will make use of uniqueness of R
- Reactions at high beam energies up tG&Vu
- Tracking and identification capability for the heaviest ions
- Multi-neutron tracking capability, higéfficiency calorimeter

Experiments possible for the first time:

- 4 neutron decays beyond the drime and for heavier mich isotopes

- Kinematically complete measurements of qufiiee nucleon knockout reactions

- Electric dipole and quadrupole response of Sn nuclei beyond N=82, and of naalré&
isotopes (polarizability, symmetry energy)

- Fission barriers from (p,2p) reaction®y( r-process)

O. Tengblad: TEAFN2025 33



Anexample S393experiment

Studyof light neutron-rich nucleiusingkinematicallycomplete
measurementsn inversekinematics@ GSI

guastfree scattering 1“B(p,2p}°Be

I
E
M

= o Grupo de Fisica Nuclear Experimental

16 B 18 B
Unbound Unbound

Study the precursorto the
borromeannucleil‘Be

P

z, proton number

Unbound

N, heutron number

https://fnexp.iem.csic.es/reports/PhD Theses/PRD Ribeire2015.pdf



https://fnexp.iem.csic.es/reports/PhD_Theses/PhD-G_Ribeiro-2015.pdf

Quasi-Free Scattering : Knockout reaction

A DirectReaction
guickanddirect
from initial to final
stateswithout
iIntermediate
compoundstate.

A If both outgoing
particleshavethe
samemassesinthe
lab system

P_ P é

(P.2p), 0,np)

O. Tengblad: TEAFN2025

[ 14B(p ’2p)13Be }

16 B
Unbound

18 B
Unbound

I
| Target (CH,)
| @99\ Proton

p/n
Beam
® e
p e ¥ N
A
Projectile Free target ‘
proton P

35






