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a setup for kinematical complete measurements;
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7’\1:0 NUSTAR - a facility for R?)B

NUclear STructure & Astrophysis Research

R3B
Low-Energy

Branch Research with Relativistic
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.o R3B:Reactions with Relativistic Radioactive BeamsR3B

coLife

Calorimeter e

Target-recoil
detector

Target

7-ra)‘S Large_a[[eptan[e ngh—reSOthOﬁ spectrometer
Neutrons| | dipole

Protons High-resolution mode \%

- NeuLAND
S — — — B — — — H
Neutrons
\ / Large- NeuLAND
| = acceptance

12,2 m |

20 m

Neutrons

Tracking detectors mode sl
4E, x, y, ToF, Bp 8 1 2 % & 5 & F 8 9 10MHeie
Heavy fragments
Diamond- and Si-Strip detectors 4
| rotons

U
alternative: active target fin alternative: multi-track detector

Kinematically complete measurement of reactions with high-energy secondary beams

* Nuclear Astrophysics ‘A universal fixed-target experiment for complete inverse-
« Structure of exotic nuclei kinematics reactions with relativistic RIBs ~100 MeV/u - 1 GeV/u

. Neut ich matt ‘Experiments with the most exotic (<1 ion/s) and short-lived nuclei
eutron-rich matter - exploring the isospin frontier at and beyond the drip-lines -

-Concept built on existing ALADIN-LAND experiment at GSI

O TENGBLAD c S l C 4



How does it work

FA[ R (FACILITY FOR ANTIPROTON AND IO
RESEARCH)

SIS100/300

v Vo
>/ _—— Rare Isotope N
. y J ! Production Target y

Super-FRS

Antiproton
Production Target
Plasma Physics

Atomec Physics
'FLAIR

@ existing facility
® rew facility
Q expenments

Exotic beam from scceptance 4 \ ) \ Heavy fragmenn

Calorimeter: R3 B
CALIFA
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1. Accelerated
beam impact on
Production Target

2. Products are
separated in FRS

3. Separated
isotopes directed
to experiment

4. Isotope of
interest impact on
Reaction Target

5. Reaction fragments
and gammas are
detected



@y R3B CONCEPT I{?’B

Nt
coLife

few hundred MeV/nucleon

After the reaction: heavy fragment,

Beam
.’ ,,,,, . neutrons, protons, gammas
i Aim: measure all reaction products
Projectiie  Free target .

proton

dipole Magnet neutrons

Outgoinging
fragments

Incoming
Cocktail beam

/,
SFRS
m from
light particles

gamma rays

target

fragments

protons

Stefanos Paschalis
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R3B: (KEY) COMPONENTS

Calorimeter

&& m

Target-recoll 21 |

detector
Target
Y-rays Large-acceptance
Neutrons| | dipole ol
Protons

st — ‘ NeuLAND B B B l

Neutrons

-

Tracking detectors
4E, x, y, ToF, Bp

Neuirons

Diamond- and Si-Strip detectors
L

High-resolution spectrometer

High-resolution mode

Protons

Large- NeuLAND

acceptance
mode

Heavy fragments

4 1
@ 1 2 3 & % 6 7 8 9 0Meler

ACTIVE TARGET
LOW ENERGY NEUTRON DETECTOR

CALIFA:

V/p CALORIMETER-SPECTROMETER
SI-TRACKER:

TARGET RECOIL DETECTOR

GLAD: LARGE ACCEPTANCE DIPOLE MAGNET

O TENGBLAD

ANOS

U
alternative: active target fla

alternative: multi-track detector -

TRACKING, DAQ, SIMULATION,
INFRASTRUCTURE

NEULAND: NEUTRON TIME-OF-
FLIGHT SPECTROMETER

HIGH-RESOLUTION SPECTROMETER

CSIC
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WG | Name | chair | deputy
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I23B R3B: (KEY) COMPONENTS

11 R3B-GLAD I H. Simon | Ch. Mayri |
21 High-res spectrometer | H. Geissel |-
3 | Tracking detectors | S. Paschalis | (PNPI) I

61 CALIFA | D. Cortina | J. Cederkall |

RIB from

Super-FRS\

16 | Future Upgrades | M. Petri | -

12 | DAQ, slow control | H. Simon I N. Kurz
13 | Simulation | H. Alvarez-Pol | M. Labiche |
15 | Infrastructure | A. Grant | D. Kérper |

|
|
|
|
|
|
|
3 | 71 Si-tracker | R.Lemmon | M. Chartier |
R B A IR | 81 Active Target | P. Egelhof | E. Maev |
| 10 | NeuLAND | K. Boretzky |A. Heinz |
|
|
|
|
|

"
T T

NeuLAND

R3B-Si-TRACKER

Heavy
fragments

Protons

Higher energy & intensity

CALIFA \
R°B-GLAD > we need
1) New Magnet GLAD
O TENGBLAD o C s 2.) ‘l\lew detectors

With the upgrade to FAIR we get:



g R3B: SI - TRACKER I{:;B

- -

\‘d______,_——’————‘l Calorimeter

l Vacuum Chamber

Electronic
feedthrogh

e

High energy lons
From this directio

= . = Liquid Hydrogen Target
= Gold Foil surround (Not Shown)
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A R3B: SI — TRACKER (UK) 120k i strips RBB

colife C fibre structure
| o TP : ASICs

silicon sensors

Outer 300 um

Univ. of Liverpool & Daresbury

M. Chartier, /

R. Lemon,
Alan Grant,

o

Inner 100 um
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’ﬂ-l. CALorimeter for In Flight detection
. CALIFA of y-rays and charged pArticles.

BARREL

700 AMeV

BEAM @

CALIFA: HIGHLY SEGMENTED

THICK DETECTION VOLUME
INNER RADIUS 50CM

| Csl(TI) + LAPD

BARREL: CRYSTAL LENGTH 15-20 CcM

| CALIFA Working Group | 1952 cRYSTALS = 2 TON

r
T —— N .
— = —
— I
| USC-IEM-UVigo I GSI-TUM Chalmers CENUL | JINR - NRC C S l C

ENDCAP: 680 CRYSTALS = 1 TON

EMMI-TUD Lund

11




\_/’ QUASI-FREE SCATTERING IN INVERSE KINEMATICS R3R

Nucleus excited fragment vy & evaporated
\A C pn,dt,...
~700 AMeV f
bound proton ,' 2 ®
|
transfer momentum, q
|
0 — i scattered protons: [3=0.82
O ¢ ~ back-to-back @
1 i ~ 80°
free target proton * opening angle ~ 80

Requirements for CALIFA:
* high dynamic range
100keV y-rays — 700 AMeV charged particles
* high efficiency
* high granularity -> Doppler correction
* particle identification

O TENGBLAD C S l C 12



N CALIFA ENDCAP

RB

Ep =400 AMeV B=0.71 E, =700 AMeV [3=0.82

> — ution @ p=0.71 oA — energy resolution @ p = 0.82
°5 oF\ — 6% S ¢ —u 6%
L 10%
< | < —
T 5 IPHOS
B -
4+— 4
[ 14
~ (o)
3 AEJE<4 % __ 3 AE/E<6 %
C ~ 2 1 B I S
AE/E<3 % AE/E<5 % Q
1:\||||\\|||||\\|||||||||||\\|||||\\||| 1:|||I|||i|'IIIIIII|IIII|IIII|IIIIIIIII
10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45
e(°) e(°

#(°) Ep(MeV) Proton range(mm)

IPHOS - Intrinsic Phoswich Detectors  length limit 22cm: 0 CSIT]) eff

CEPA - Califa Endcap Phoswich Array ¢ geometrical space, - - — 159% .
* light collection 5 @7 645
DE -> E consept to separate reactions < crystal properties 20 592 597
QFS @ 700AMeV » efficiencyand cost 30 180 121 0%
0 336 264 °
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IPHOS OuTER-RING ENDCAP 3B

Distance to target 41 cm
Numb. of crystals 608
Diff. crystal geometries 18

Crystal volume (CsI(TI1)) ~ 90.020 cm?
Crystal weight (CsI(TI ~ 408 k

512

Crystal volume (LaBrg/LaClsz) =~ 10.700 cm®
Crystal weight (LaBrs/LaCls)

sl
and

96

Full operation system weight ~ 1100 kg

|
@ 1200
IPHOS 5
a 1000 —
Intrinsic Phoswich array s
= N
PID with CsI(Tl) =
3 3 600
- 14000 — (@)
s L ; Q
£ 12000 , < L 1 < 400 -
E C ‘ o
z = ()]
S 10000 — ‘ N 200
8000 — E 0
C o
6000 1 - _Il T T T T T T T
C 4 6 8 10 12 14 16 18 20
4000 Time (us)
E Particle identification in Csl(Tl) using digital pulse shape analysis —
2000 = 1 W. Skulski, M. Momayezi, NIM A 458, (2001) 759-771
YT R R |

Lo L Lo L Ly
0 5000 10000 15000 20000 25000 30000 35000 40000 45000

Fast Amplitude N (a.u.)
% CSIC



- CEDPA INNER-RING ENDCAP OF CALIFA R3B
\—./ 2
colife

Phoswich
? LaBr;(Ce)+LaCl;(Ce)

* high rate capability
* best resolution
high light yield
e depth information
e redundant DE for particles

2 scintillators
1 optical readout

o

c

ol
%g , (Iot-Train)/Iot VS ot
_lll

8 x 5Kg units of
12 Phoswich

‘ ~
- i
1 ? =
5 A
2 -
.
5 poo T AT
L I
b ] =
Tiher
) v
L - w
A
.
[ k™ .
= T
-
Ll '\-.- -
AL I
2 i
" . T =
.- " e "

crystals ~
> [
=L Protons
“ 120 B
. C ) — 102
00 100 =
© I 1 = o T e, L L u
= T : _
AE/E Light yield w .
Materials (% at662 (photons/ tia‘:c?:s) A rmision 60|~ =
keV) keV) a0l F¥ari
LaBr, 2.9 63 16 380 nm 20 -,
LaCl, 3.8 49 28 350 nm ¥ i !
O 200 250 300
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”\l_f‘ Barrel Endcap 3 B

= -
NRT N = | :
C & 1L .:ne-rgv-resolutmE
EoN -
120 10 ™\
£ ot =
§ 5 8
= - > N
ER: § o
e r e 6
8 o 3 I
Q . & -
W40 g 4T
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0— 1 IIIIII 1 1 IIIIIAI 1 0_ 1 1 IIIIKII L 1 IIIIIII 1
10" 2x107 7 10 20 10" 2x10" 710 20

1 2 3 456 1 2 3 456
Gamma energy in projectile frame (MeV) Gamma energy in projectile frame (MeV)

One Neutron Knockout from 230 C ALIF A

Rl Califa Barrel + Endcap

; -

3+ -~ 44000 keV 100 —
o I | | o~ PhotoPeak efficiency .

9000

2 31000 keV
8000 [ 80
7000 0+ 0.0 keV 70

60
50
40

6000
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o
o
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- 30
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2000} 10
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1 2 3 4567 10 20
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0 0.5 1 15 2 25 3 35
Energy (MeV) ARIOS 16




”"‘l‘ GLAD - LARGE-ACCEPTANCE SUPERCONDUCTING R3B

Magnet parameters:

@ GSI Cryoplant has been installed
Cryolines (33m) on site Compressor (+ Controls) test
* Large vertical gap + 80 mrad Q4/2014. Cryoplant operation

« High integrated field of 4.8 Tm Q4/2014 Infastructure installation

» Fringe field at the target position less PCEA SACLAY
than 20 mT + MAGNET COLD MASS READY AND TESTED, DEC 2013.

. +INTEGRATION INTO CRYOSTAT MOSTLY DONE.
» Operational temperature 4.6 K

» The overall size of the conical cryostat: | +WAs DELIVERED TO GSI 3RD OF Nov 2015.
3.5 mlong, 3.8 m high and 7 m wide.

Inkind contribution: France - Germany

O TENGBLAD ANIOS C S l C =



’ NEULAND - HIGH-RESOLUTION ¢ poretzky R3B

N
celife NEUTRON TOF SPECTROMETER

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

—,
49
By

2
e

4 double-planes are installed at Riken
for experimental campaign 2015-2016

%100 = one
double-plane

NEULAND DETECTOR PARAMETERS:

®* FULL ACTIVE DETECTOR USING RP/BC408

* FACE SICE 250Xx250 cM2
* ACTIVE DEPTH 300 cM (30 DOUBLE-PLANES)
* 3000 SCINTILLATOR BARS

* 6000 PM / READOUT CHANNELS

* 32 TONS

NEULAND DESIGN GOALS:

* >90% EFFICIENCY FOR 0.2-1.0 GEV NEUTRONS

* MULTI-HIT CAPABILITY FOR UP TO 5 NEUTRONS

* INVARIANT-MASS RESOLUTION: NEULAND-TARGET DISTANCE 35 M
AE < 20 KEV AT 100 KEV ABOVE THE NEUTRON THRESHOLD

O TENGBLAD AROS C S l C 18



N NEULAND K. Boretzky R3B
coLife

HIGH MULTI-NEUTRON DETECTION HIGH RESOLUTION @ PARTICLE THRESHOLD
600 MeV £2000F )
generated $ ? c=15keV -

: = i ]
% | In | 2n | 3n 4711 5}1 1500 ’ 1 neutron -
In|92[22[ 2[00 ’ 600 MeV -
20| 2 |71 32| 7 1 I | . ]
Z[3n| 0| 6|55]32]09 1000 [‘ 35 m distance -
Elan| 0| 0| 105750 SN to target -
<|5m| 0| 1] 1| 4135 5001 4 E..1=100 keV -
6n| 0| 0]0]0]5 S ]
00 02 0Ei(MeV)

HIGH EFFICIENCY FOR LOW NEUTRON ENERGIES " I
€ 300( 1
- gL N\ c=42keV -
o . 4
E" [MeV] | Eff. [%] | “i 4 neutrons |
50 79 200- | | tetra-neutron" -
il 600 MeV -
100 94 -/ |l 35mdistance
100 ‘l 1. =1
YRR o target |

|~

150 95 | E=100 keV -
200 91 00;[ SN ULV
09 E (MeV)

el
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R3B TRACKING SYSTEM

Stefanos Paschalis

 Time of Flight -

Mass identification

« Trajectory - Momentum

for incoming and outgoing fragments, beam, gammas

GLAD

mqgnef Vacuum

chamber

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

neutrons
etxy

TOF
detector

heavy fragments
eI tI xl y

—V
Four Si
detectors
Protons
el Tl X ' Y
Proton Arm Pla: Five fiber
]
Es S (P A 5) scm:v'al :rror detectors
0 TENGBLAD a#CSIC

RB
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Start-timing detector: PLASTIC SCINTILLATOR FOIL R3B

in-beam time resolution

58Ni @ 500MeV/u

Time of up+down against left+right

hLos_reso

x10°
4000
3500/

3000

2500F
2000}
1500;
1000;

500;

Entries 3.006302e+07
Mean 0.8876
RMS 0.01388
%2/ ndf 1.01e+05/ 67
Constant 4.32e+06 + 9.75e+02
Mean 0.8876 + 0.0000
Sigma 0.01383 + 0.00000

| | II\\KII J‘IIJ J\‘l
075 08 085 09 095 1 1.05

Time difference in ns

Measured At between PM pairs: o;= 14 ps
=» time resolution for the full detector: 0,=7 ps

O TENGBLAD

AN

plastic
detector

5x5 cm? Ham. R9779-20 PM tube

0.5 mm thick
EJ230 plastic scintillator foil

Tested with Mesytec MCFD16-PMT CFD
and PADI + VFTX readout

M. Heill

x#CSIC 21



PLASTIC SCINTILLATING FIBERS [QBB

fiber detectors

J. Johanssen
S. Paschalis

10 cm wide ) \\

7

120 cm widé

Square fibers 0.2x0.2 mm?
Number of fibers ~ 104 fibers
- 60 um resolution

Bundling to reduce
the number of
channels (32> 1)

O TENGBLAD fa . o @ siIC =




\/" SUMMARY: R3B
e SCHEDULE AND FIRST EXPERIMENTS @ GSI IN CAVE C

2014 20% NeulLAND and 10% CALIFA & Si-Tracker + tracking detector prototypes
Commissioning run was performed in Q3/2014
2015-16 Construction and installation of detector components

2019-20
2018-20 Physics runs at GSI (Cave C) (phase 0)

2024 - 2025? Move to HIE- cave @FAIR

Experiments will make use of uniqueness of R3B:
- Reactions at high beam energies up to 1 GeV/u
- Tracking and identification capability even for the heaviest ions
- Multi-neutron tracking capability, high-efficiency calorimeter

Experiments possible for the first time:

- 4 neutron decays beyond the drip-line and for heavier n-rich isotopes

- Kinematically complete measurements of quasi-free nucleon knockout reactions

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

- Fission barriers from (p,2p) reactions (= r-process)
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St S393 EXPERIMENT R3B

Study of light neutro-rich nuclei (Be-Ne), using kinematically
complete measurements in inverse kinematics @ GSI

quasi-free scattering: 1“B(p,2p)*3Be

G. Ribeiro
-nm .Ill:-
F L
b H o
2 i
£
3
C
7=82
§ 16 18R
o Unboun Unboun
Q ll. L] -
z=50 ] o = 13Be
= e Unbound Study the precursor to the
o ! borromean nuclei “Be
T - .N
7=20 = TN=5D W sF
Unknowen

i =28 N, neutron number v
- SIC .
MN=8




QUASI-FREE SCATTERING: KNOCKOUT R3B

REACTION
148 (p,2p)13Be ]

* Direct Reaction: Target (CH,) Target (CH,)
quick and direct -
from initial to final
states without
intermediate

compound state.

14B

* |If both outgoing
particles have the
same masses, in the
lab system:

HA+932 810

16

Unbound

(p,2p), (p,np)

13Be
Unbound

IC %
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1B(p,2p)*°Be

POS PSP

Primary beam
Intensity
Production target
Reaction target

O TENGBLAD

EXPERIMENT:CAVE C

RB

LAND

ALADIN

Neutrons

Fragments

.
.

N\ ~
Protons ~\ ~

N\
.

: AN =
PDC / ~—
AN
/ —ToF walls —
N\,

OArllt @ 490 MeV/u
6-:10'%ions/spill.

Be 4 mg/cm?

H, C, empty

CSIC 26




\_./ REACTION CHANNEL IDENITIFCATION R3B
colife

* Energy lossinthe TFW &
SST after the target: . Lax
Identify the element o
after the reaction. - S —

* |dentify the isotope from

the ALADIN position 4B =
deviation and beta of the —ToF wall
fragment.
Fragment Masses f14B Incomi ng
—_ = ‘3 ; _Fragmentsfrom 148 Bea m 14B
;.;4500 = ! é : _ Be Fragments from 14B
54000; 100 104; _Be Fragments from 14B & Neutrons
2 3500 Outgoing Be
R —80 10° =
3000 ;
2500 i 102:_
2000 R ;
E 10 =
1500 — E
10003— F
= i e
6

1 Il | — Il 1 I Il 1 - Il 1 Il Il
1 2 3 4 5 6 7 8 14 15 16
TFW energyla.u.] 12 B e Mass(A)
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Counts

100

2.70

1 1 h B /

OO

6u

50

40

30

20

10

6 7
Energy(MeV) &

. Yns 2.24
Relative Energy of 1°Be + n: " I

2.10

T T IO T
-, -7 ‘ '~
4 '~

. H
-~
e~

S, 77

O TENGBLAD
Relative Energy(MeV)

215(35) (52
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Thesis: 03.07.2015 UCM: Guillermo Ribeiro;
Studies beyond the neutron dripline using quasifree (p,2p) reactions: the case of 13Be.

14B(p,2p)*+°Be 5.2 MeV 302,502
A e G. Ribeiro et al. (R3B Collaboration)
i Phys. Rev. C 98, 024603 — Published 3
2 August 2018
/“ 3.02 MeV :
S /3.05(27 T 12
270 ]: ( ) (1/2 /524-) 2.9 MeV 1/2+
;)2
2.24 ;‘. 0! e 2.35 MeV 5[0
1 . 95 Mev 5/2¢
o /2P (52
{ .
‘ .
Y./ N
¥ L095(25)  (572h 085 VeV 5/
.;‘ ”,' 1 0.46 MeV 1/2 0.40 MeV 1/7*
"c!-; 2 2028060 (12 /
00 1 B e BB e Y. Aksyutina (GSI) G. Randisi et.al. (GANIL)
PHYS REV C 87, 064316 (2013) PHYS REV C 89, 034320 (2014)
This work
19Be(p,pn)*3Be 19B(p,2p)*3Be
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In summary: I have discussed-the
Q
R3B- Reactions with Relativistc Radioac&eams

X

QT for the
STAR @FAIR

High Energy Branch cg;% |
I also discussed ofie ee of experiments to be done at this
lity’some time in 2022

scattering reactions like 1*B(p,2p)'3Be
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