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OUTLINE

 Instrumentation for transfer reactions
« Quasifree scattering

* Nucleon removal induced from light-ion target
« |Instrumentation for quasifree scattering
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MISSING MASS METHOD

 Two-body kinematics: all information about the residue (4) ‘
can be obtained by measuring the momentum p3 and using
the known mass ms of the second outgoing particle (3).

« The excitation energy E*s of particle (4) is given by:

E, = \/Ej — pZc? —my 452 with E, = m.c? + T, total energy

It can be expressed from energy conservation (EC) and momentum conservation (MC)
E, =T, +m; + my, — (T3 + m3) (EC) pz = p? + p5 — 2p,pscos(f3) (MC)
T1,m1,m2,m3 are known, T; (i.e. also p; after identification) and 85 are measured.
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TRANSFER IN INVERSE KINEMATICS

« Momentum conservation implies a strong constrain on the
kinematics of transfer reactions. Representation of (p,d)

pi = Pi + P35 — 2p1p3cos(6s) '—’
Op

* In inverse kinematics, the stripping and pickup reaction
kinematics lead to a light target-recoil in the forward and
backward hemisphere, respectively :

@

d

nucleon pickup at backward angles: (d,p), (t,p)
Elastic scattering around 90 degrees: (p,p), (d,d)
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30160 + p,d @ 35 A MeV, inverse kinematics

w

energy (MeV)

one nucleon stripping at forward angles: (p,d), (d,3He), (d,t), (p,t)
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MUST2 CHARGED-PARTICLE DETECTOR

3 stage telescopes:
- doubled-Sided Silicon detectors (DSSD): 128X, 128Y. Thickness 300 microns
- depleted semiconductors
- Si(Li): thickness 4.5 mm
- Csl crystals: thickness 40 mm

 Dedicated electronics: ADC (energy) and TDC (tlme) for each channel
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Pollacco et al., EPJA 25 (2005)
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PARTICLE IDENTIFICATION (PID)

* Mean energy loss via ionization: Bethe-Bloch formula

dE Zq* 2mec?y? B2 _ = oo
— <E> oc ’;4;’2 [ln( i Cly B ) — ﬁz—correctlons] g |
f —40
EAE o Mz? I
- Low-energy particles do not punch through the first layer (no AE) i e - H_
» In these cases, time of flight (ToF) and total kinetic energy (E) of _ZF B |
are used to determine the mass M i 5 8,
N 1 e M

27" T ToR? (MeV)
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AN EXAMPLE

« 140 pure beam, 18 MeV/n, 5. 10% pps, SPIRAL (GANIL)

« Target: CD, ga%i?,;”;
« Reactions: (d,d), (d,*H) and (d,*He) MUST2 array > |
* VAMOS spectrometer for recoil identification ?g\\ | \ P
- VAMOS
Spectrometer
14 14 | | | | | 1 |
—10° O(d,d) O _ 14O(d,t)130 S
L 17.8 A.MeV 3 10° 9 -
5 5 17.3 A.MeV -
E 10°E £
a  F
2 4L % 107k
s 10 F = S
100_?| ' | L | 1 I L | —;l M R I I I R I I
10 20 30 40 50 0 10 20 30 40 50 60 70
O, m. (deg) Flavigny et al., PRL 110 (2013) O m. (deg)
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MODEL UNCERTAINTIES
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14O(d,t)130 14O(d,3He)13N 14O(d,3He)13N* 160((1’,()15O 160(d,3He)15N
KD -20 l: :+1 Ei+9 7D +1
Entrance channel  CH89 20 ] 50 143 210 +1
optical potential BG 19 [ 046 143 [+5 +1
WAT Y] 50 Al 21 470
Exit channel GDPO08 20 +1 Ei+9 70 +1
optical potential  Ba == I+ 42 s H
WS (SLy4)  -20 41 M+ 70 "
WS (SkX) | -1 21 [ :|+23 -7 l+2
) WS (SkM*) -20 [ -31] I +9 -15 [ 21
Wave function |
WS (1.25 fm) - 22 | +1 210 ) S— T +61
SCGF(1) .17 O  — e M +7 70 [ 443
SCGF(2) .17 I . 3l 21 [ 425
CRC 20| + 149 7 v
Reaction model DWBA -41J R F+15; 4r -244 R +1 R
40 O 40-40 O 40-40 O 40 -40 O 40 40 O 40

Deviation from mean value (%)
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y-PARTICLE SPECTROSCOPY

S\

P \ . 6000 2017 e I ) STRNE 1R JR I 2 i W | I .
) = e /71 + Compact silicon arrays
P x = . .
. B combined with y-ray
; spectrometers
2 (peam) 4000 +4 ¢« Ex. SHARC with TIGRESS
| i Ge array at TRIUMF,
3000 B Canada
2000 | ¢ 2°Na(d,py)®*Na at 5 MeV/n
10001~ 71 « 3 challenges:
P ‘ : - photon absorption
% om0 a0 4000 500 6000 - efficiency
E, (keV) - particle identification
C. A. Diget et al., J. Instr. 6 (2011) G. L. Wilson et al., PLB 759 (2016)

01.08.2024 TU Darmstadt | A. Obertelli | NUSYS 2024 | Direct Nuclear Reactions 10



TECHNISCHE
UNIVERSITAT
DARMSTADT

DIRECT NUCLEAR REACTIONS | INSTRUMENTATION FOR SPECTROSCOPY

CHYMENE PURE HYDROGEN TARGET

|deal hydrogen target:
- solid and thin
- pure and windowless

* From fusion technology
« About 100 bars, 16 K
 Thickness down to 30 microns
e 5-—10 mm radius
« R&D and prototype at CEA Saclay
« Challenge:

- vacuum

- thickness homogeneity

Cible d’Hydrogéne Mince pour I'Etude des Noyaux Exotiques (fr.)
Thin hydrogen target for the study of exotic nuclei (en.) Gillibert et al., EPJA 49 (2013)
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TIME PROJECTION CHAMBERS (TPC)

» The spectroscopy of unstable nuclei might suffer from low luminosity.
» The use of a thick target might not be possible due to too large recoil energy loss inside the target
 TPCs used as active targets can lead to a gain in luminosity up to a factor 10

Path in horizontal
plane from
pad positions

A TPC is composed of the following three key elements:

1) a drift region with a constant E field of about 100-300 V/cm,

2) an amplification region with an E field > 10 kV/cm,

3)a pad plane where induced signals are measured. The
tracks are reconstructed in 3D based from drift time.

target

f Position in vertical
" E(andB) direction from
field(s) drift time

R. Shane et al., NIMA 784 (2015)
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AT-TPC

Active Target Time Projection Chamber Solenoidal Spectrometer Apparatus for Reaction Studies
AsAd boards Sensor Plane .
& Micromegas High-voltage
\ £ feedthrough
Cathode

Field cage = \SHEA entrance

Beam duct

Courtesy: D. Bazin, FRIB
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PARTICLE IDENTIFICATION

« Magnetic rigidity

From curvature of track & polar angle

M
B,U:p/q:yq—v

* Energy loss

From charge deposit along track
Bethe-Bloch formula

_ (% ocﬂ[ln(

dx| ~ MpB?
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Zmeczyz BZ

-5

—corrections]
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Particle ID

102

Bp(Tm)

10t

T T T T 0
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dE/dx(arb.)

Courtesy: D. Bazin, FRIB;, DREB2024
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12BE+P AT 12 MEV/NUCLEON

Kinematics

0 10 20 30 40 50 60 70 80
Polar angle 6 (deg)
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12Be+p at 12 MeV/nucleon at ATLAS

Intensity of 100 pps
Pure H, @ 600 Torr (Eq. 110 mg.cm™ of CH,)

12Be Spectrum

100

80 4

60 -

Counts

20 A

2 4 6 8 10

nacmll '..,Jlfkn.—JJ .
-2 0
Excitation Energy (MeV)

Courtesy: D. Bazin, FRIB;, DREB2024
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TRANSFER IN A SOLENOID WITH HELIOS

Measured quantities

Flight time: Thight™ Toyc
Position: V4
Energy: Ejab

Derived quantities

Part. ID: m/q
Energy: E.
Angle: Ocm

B=2T

Particle Teyc (NS)

p 34.2

SHe 51.4

d a 68.5

t 102.7

01.08.2024
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Eon =Eip +7mV, TZ

qeBz—-2mmV,_,
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0., = arccos
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ISS AT CERN

Bearr
and
magnetic

axis

§ el
p -
€.g. protons ?/\". €.g. reo'g_i_l__f___i

| — -

Hexagonal Si-stripped array = y
1 mm segmentation along symmetry axis
500 mm of active silicon length

Courtesy: P. MacGregor, CERN
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« Quasifree scattering
* Nucleon removal induced from light-ion target
« |Instrumentation for quasifree scattering
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PROTON QFS

* Quasifree scattering (QFS) to remove a nucleon from a nucleus
in one step (sudden approximation) E

* Incident energy and kinematical region chosen to minimise initial
and final state interactions (IS1/ FSl): 400.- 700 MeV/nucleon

Projectile Free target .
proton P

« Binding energy of the nucleon inside the nucleus is small
compared to the reaction energy: kinematics follows closely
the free NN scattering kinematics (“quasi-free”).

A L 1 L 1 A
100 300 500 700 800 1000
E
lab ( MeV)

For stable nuclei, electron-induced quasifree scattering is the
most reliable proton-removal mechanism.
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KINEMATICS
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 In a free proton-proton scattering, by momentum and energy conservation, the two scattered
protons in the laboratory verify ((1): beam, (2): target, (3,4): scattered particles):

T; + T, = T; = constant

¢35 + ¢, = 180°(in plane reaction)

« These features are characteristic of the proton-nucleus quasi-free scattering kinematics

Direct kinematics
12C(p,2p)""B at 392 MeV,
RCNP (Japan)

E (LAS) (MeV)

70 -

60—t 1
~

260

E (GR) (MeV)

Yosoi et al., NPA 738 (2004)

01.08.2024

]:C(p.Zp)”Bﬁz
E, =392 MeV

x 10~
120 ) Inverse kinematics, GSI
I 350 -
wol- |16 I
300
» 12
e 250
— 10
w2 [ 2hn
= Q 2008
S e 450 keV s,
| (FWHM) a™'150
400 |
' s 100
L [127
200 - {ls.02 -
o302 e N
| s-hole B Tk 3
o Ll ooy | | 0 50 100 150 200 250 300 350 O
0 20 40 ¢, [deg]
E (''B) (MeV) [
Panin et al., PLB 753 (2016)
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MISSING-MASS SPECTROSCOPY

« The excitation energy of the residual nucleus can be determined by missing mass from the
measurement of momenta of the two protons

« Relativistic treatment is necessary.

q,. = P31 + Pas

P1
o = Pa1F o) ~VB(Ma — Ma—1) Q -
| -

|4 qz P p3 . &

Es=Ty—y(T: +T,) = 2(y — D)my + By (p3) + pay) — oM, . T e Ty
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« Ex. Grand Raiden and LAS spectrometers at RCNP (Japan)
500 :
3 5 B 33 3 ecapanx Recoil momentum pg(=p;) (MeV/c)
swof 2 sos  Go §3 o meswmev _ qop0 11 200 1000 200 200 0100 200 0 200
o A B
5 300 ;: 0 [ [ N
o G
8 ‘ | ‘\I 1 [ 'y 'ﬁ,.‘
% 200 i \Ei ii E i i i T Zr(l:ll:ance 1 %
f;: i | ! i [ chance A
100 O
i~

0

Separation energy Eg (MeV)

« Separation energy resolution:100 keV FWHM

 Grand Raiden has an intrinsic 1/37000 momentum resolution
(16 keV) with a 5% momentum acceptance

» LAS spectrometer reaches 1/5000 momentum resolution with a
30% momentum acceptance
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DWIA FORMALISM

®"Q<\

Quasifree scattering cross section (triple differential)
dogp (271')4

kalTa,B |>  with F,, kinematical factor

« Transition matrix for single-particle state ¢, in Distorted Wave Impulse Approximation
T = (x1x2|tpn | XoPnei)

Impulse Approximation: one step, ¢,y NN interaction in free space
Distorted Wave: incoming proton and outgoing protons influences by optical potential
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Dw I A F O R M A L I S M Computer Physics Communications 297 (2024) 109058

Contents lists available at ScienceDirect

Computer Physics Communications

journal homepage: www.elsevier.com/locate/cpc

Computer Programs in Physics

PIKOE: A computer program for distorted-wave impulse approximation
calculation for proton induced nucleon knockout reactions ™

Kazuyuki Ogata “"*, Kazuki Yoshida ¢, Yoshiki Chazono
* Department of Physics, Kyushu University, Fukuoka 819-0395, Japan
b Research Center for Nuclear Physics, Osaka University, Ibaraki 567-0047, Japan

¢ Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195, Japan
d RIKEN Nishina Center for Accelerator-Based Science, 2-1 Hirosawa, Wako 351-0198, Japan

«  Other similar methods: Quantum Transfer to the Continuum (QTC, Sevilla group), eikonal
(Bertulani, Texas A&M), Fadeev: no open code while theorists very collaborative
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R3B AT GSI/FAIR

RIB from R3B Start version 2017

Super-FRS

Heavy
fragments

Protons

R3B GLAD

- Superconducting Dipole: Ready

for install:
Constructio

I

CALIFA N[
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QFS AND GAMMA IN-BEAM PARMSTADT
liquid hydrogen target + tracker DALI2 gamma detection array 110
Vertex resolution : < 5 mm FWHM S. Takeuchi et al., Nucl. Instr. Meth. A763 (2014) Zr

&

Total (p,2p) detectlon effi C|ency > 90%

v

— Observed

m Stable

® New 27, (4‘;)

® New 4]
Even-Odd

30 40 50 60 70
Neutron Number N

Atomic Number Z
(')

MINOS vertex tracker
Obertelli et al., EPJA (2014)
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MINOS

fixed B, fixed vertex B, vertex from MINOS

>
Q I 60
X 1400 1400 -
N R

= 50
8 1200 1200F-
Pl B
q) <1000 b e Mgt e M o R S 9 1000 40
C g ke
q) %800__ _________ 5 800 R PR R R ] %

. - -

o0l R s S £ 600
O C Pl o = 20
O 400 __:' [ . 400
= - . 10
D Lk e | 200

0= "0 4060 80 100 120 ° 0 20 40 60 80 100 120
8 1 Sop 1 21:18:38 2014 7 vertex (mm) Wed Sep 10 14:26:49 2014 z_vertex (mm)

Beam axis Z (mm) Beam axis Z (mm)

By
-80 -60 -40 -20 0 2
X (mm)
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UNIVERSITAT
DOUBLY MAGIC 78NI PARMSTADT
Shell Model
3 I I | | ® Ni (exp) | | 5 P 1+
I =—a Ni-Cr (Inps) T8Nl F
2.5 - o Ni (pfsdg) Ni ;gi— : n—fp v-sdg
® Cr(exp) 4+*. . 6 : : :
Cr (pfsdg) l E i+—6 . intruder prolate configuration!
2 - F oo 4
. LT —= !
o 1.5 = Q 1 0 6
= = 2 _6"' 6+ 4+
11 7] + 6+ +
i 1+ —4 g 4 o
0.5 '\.\,ﬂ_. = [ 2" ;! ot —0
[ at 0+ _2+ + +
' opo'— 0 0 0t —0
0 I 1 1 | | | | | | o
36 38 40 42 44 46 48 50 52 BNi ke “or 721 0eq

Nowacki et al., PRL (2016) See lecture of Dr. Suzuki
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DOUBLY MAGIC 78NI

238 primary beam at 20 pnA, 7°Cu, 220 MeV/nucleon, intensity: 5 pps

102 )
Z) a 79Cu(p,2p)78Ni ® Experimental*®® .--eeee. LSSM?=8
S @ 220 MeV/nucleon g% Thisiiaik MM
g 7 _2560(30)
3 L
~ |
10 | 3
;e =
: s
i \\l i w
_ \\ )
\+>,/
IE— \ ||
F Vb W | ‘
0 2000 4000 6000 36 38 40 42 44 46 48 50 52

Energy (keV) Neutron number, N

Taniuchi et al., Nature (2019)
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DOUBLY MAGIC 78NI

Counts / 80 keV
2,

)

79Cu(p,2p)7eNi

2560(30)
e

Counts / 80 keV
2,

2560(30)
' e

80Zn(p,3p)

2920(40)

01.08.2024

IF]\\ N
« intruder » ll
deformed l
« normal » I
spherical o+ Ho7
N L \\/
: eV,
-y |
7l |
2.9 MeV || \
w8 [ 1 |
4000 o, 2000
Energy

Taniuchi et al., Nature (2019)
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EXAMPLE OF ALPHA CLUSTER QFS

* Quasifree scattering applicable to nuclei, such as alpha particles
« Kinematics is modified accordingly
* Very small cross sections (~100 pb)

e B

Beam and fragment momenta

/ ¥ p § p
S L
\LHg target _ i
o /\, =B ‘ 100~ + + _
| &‘ “' 4 -!‘!‘/»,r“/" Reaction t 2 4 .‘h. i
" Tracking  chamber M L[4 1 m ; ]
€ \ SpasE , R ¢+ :
\ea® 8 detectors ) [ T T Y AN
"J% SRR /\\%:/ 400 600 800 1000
BigRIPS beam line &L - / Fragment detectors P [MeV/c/nucleon]
« 8He beam at 156 MeV / nucleon
» Evidence of interacting four free neutrons Duer et al., Nature 606 (2022)
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EXAMPLE OF ALPHA CLUSTER QFS

* Quasifree scattering applicable to nuclei, such as alpha particles
« Kinematics is modified accordingly
* Very small cross sections (~100 pb)

. . )
Reaction t ’ :

Tracking  chamber

detectors

' SAMURAI
BigRIPS beam line

« 8He beam at 156 MeV / nucleon
» Evidence of interacting four free neutrons

L .
- / Fragment detectors
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Counts per 2 MeV

Neutron detectors

[ ® 8He(p, p*He)
30 |- — “nresonance
- -- Continuum

| — Background

L — Total
20

10
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Duer et al., Nature 606 (2022)
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LIGHT-ION INDUCED KNOCKOUT

«  One-nucleon removal from light ion target (°Be, '°C) at incident energies above ~50 MeV/nucleon
« Experimentally easier to implement; routinely used at NSCL from 90s
« Eikonal formalism for cross section interpretation (see next slide)

;lf: Z:zo\
5 ey 1 L8CA
RN . TP From T. Beck, FRIB

. R Se. DREB 2024

Primary beam: %£ .- L ®
Projectile Knockout residue “0Ca at 140 MeV/u 2 - ﬁ » 1 A
Time of flight (arb. units) '
<500 _ -t s\ S800
A g
1y o j"‘
s
7 K1200 A1900

Secondary beam:
38Ca at 61 MeV/u
(midtarget)
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EIKONAL FORMALISM
W(r)=s(r)e™”

Eikonal approximation: straight line

nucleon Tb >
-iijU( b +z7%)dz' core —
- 2k : b, ‘
and S(r)y=e withb=r, —  ====- I - 41'— - ‘-tgrg—et— >
- Single-particle cross section O (nlj)= O';Zrip (nlj)+ O'Sczﬁ (nlj)
. . Stri ( 3 =2 | |2
- Stripping cross section (the target is excited) o*'" = 2Efbdbfd (@i (D] Seore ()] (1=1S,,,,(D,)] )
0 () ()

Core « survives » X Nucleon « adsorbed »
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A. Navin et al., PRL 85 (2000)
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STRENGTH QUENCHING
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Aumann et al., Prog. Part. Nucl. Phys. (2021)
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