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Outline of these lectures
- few basics of reaction experiments 
 
- different reaction types 
 
- production of exotic beams for reaction experiments 
 
- some experimental considerations 
 
- example reaction experiments with exotic beams
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Some Reaction Milestones (NAS report 2007)

National Research Council 2007. Scientific Opportunities with a Rare-Isotope Facility in the United States. Washington, DC: The National Academies Press. 

First “halo” nucleus
produced 1936!
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Example: 13N(p,𝛄)14O: one reaction, many methods!

1: Direct measurement 
with intense 13N beam

2: Coulomb dissociation 
of 14O beam

3: Heavy ion proton transfer 
using 14N(13N,14O)13C 

4: Thick target resonance  
scattering of 13N

5: Transfer reaction 13N(d,n)14O
in inverse kinematics
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Physics motivation: 13N(p,𝛄)14O in stellar environment
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1: Not only direct measurement of  13N(p,𝛄)14O
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1: Direct measurement of  13N(p,𝛄)14O
Si detector

monitor
17º to beam

Time difference
between Ge-det
and cyclotron RF

𝛄-measurement
with Ge detector 

129º to beam

5.173 :14 O(1−
1 → g . s.)

13N: 2·108 pps, impurities < 1·10-4

Target: (CH2)n, 180(18) ug/cm2

σ = 106 ± 22(stat) ± 20(syst) μb 
energy averaged over 5.8-8.2 MeV (lab),
0.414-0.586 MeV (cms)

PRL67, 808 (1991), PRC48, 3088 (1993)
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2: Coulomb dissociation

Baur et al. NPA458, 188 (1986)

Detailed balance theorem:

M = (mpc2)2 + (mCc2)2 + 2WpWC(1 −
vpvC

c2
cosθpC)

Erel = M − (Mc + Mp) ≈ Ep(θmax
p )2

From relativistic kinematics
Invariant mass:

Wi = mic2 + Ei

Double differential cross section for Eλ: 

Relative angle between p and core

Relative energy of p and core

Max opening angles for given relative energy
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2: Coulomb dissociation of 14O
3·104 14O/s 
87.5 MeV/u

13N

1H

208Pb, 350 mg/cm2

Motobayashi et al. PLB264, 259 (1991)

Upgraded

5x5 Si-CsI dE-E telescope  
+ plastic hodoscopes

Coupled channel analysis with OMP from 
 17O+208Pb  at 84 MeV/u … 
 … →𝚪𝛄 = 3.1 ± 0.6 eV
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3: Asymptotic Normalization Coefficient (ANC)

For peripheral process, overlap asymptotic:

Single particle bound state wave function:

Radial overlap function

&

→

These needed from other measurements

These from single particle model

L. Trache
These from from reaction code

This is measured for the reaction of interest

Recent review Tribble et al. Rep. Prog. Phys. 77, 106901 (2014)

ANC

s.p. ANC
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3: Proton transfer using 14N(13N,14O)13C 
Tang et al. PRC69, 055807 (2004)

2x Si dE-E (60 μm, PSD) - 500μm
Plastic+PMT 
beam monitor

Target: 1.5 mg/cm2 ︎C3N6H6 ︎on  
20 μ︎g/cm2 C and 20 μ ︎g/cm2 collodion
Beam: 600kHz 13N at 11.8 MeV/u, >99% pure

14N ︎(13N,14O) ︎13Cg.s.

14N ︎(13N,14O) ︎13C*

12C ︎(13N,14O) ︎11Bg.s.

12C target

OMP from 
13N el. scattering  
on C3N6H6

OMP check with  
13N el. scattering  
on 12C

14N ︎(13N,14O) ︎13C

14N ︎(p1/2)→14O(p1/2)

14N ︎(p3/2)→14O(p1/2) 14N ︎(13N,14O) ︎13C

Direct capture and total S-factor ~ 30% larger than before
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4: Thick Target Inverse Kinematics (TTIK)

G. Rogachev / EBSS2013

Original idea: K.P. Artemov et al.,  Sov. J. Nucl. Phys. 52, 408 (1990)

Typical excitation function measurement: 
Measure cross section, change energy, measure cross section, change energy, … 
 
Thick Target Inverse Kinematics (TTIK):
Scattering on thick target (gas or solid) so that the beam stops within the target, but 
elastically scattered (180º) target nuclei go further away and are measured with detectors 
→ Measure whole excitation function from Ebeam downwards in one measurement!
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4: Resonant elastic scattering 13N+p
Teranishi et al. PLB650, 129 (2007)

8.3 mg/cm2

48 MeV, 2·105 pps
2x Si dE-E (75 μm DSSD) - 1500μm

Ex = 5.159(10) MeV favors Ex ∼ 5.155 MeV  
than the group of Ex ∼ 5.175 MeV

Why this gap?

150075

Si Si

Full energy of these not detected!
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5: 13N(d,n)14O in inverse kinematics
Decrock et al. PRC48, 2057 (1993)

Various (CD2)n targets and 13N energies

14O(β+)14N→ 2.3 MeV 𝛄 (b.r. 99.39%)

Two ways to determine σ:

14N ︎(13N,14O) ︎13C

Discrepancy for direct capture S-factor ~ 30%

Tang et al. PRC69, 055807 (2004)
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5: 13N(d,n)14O in inverse kinematics
Li et al. PRC74, 035801 (2006)

(CD2)n  
1.5 mg/cm2

13N 69 MeV, 1500 pps
Si:  300 μm

Si: 21.6 μm

Si: 300 μm
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A more modern (d,n) measurement: d(57Cu,58Zn)n

Gretina+S800

57Cu(d,n𝛄)58Zn in inverse kinematics:  
surrogate for 57Cu(p,𝛄)58Zn

Langer et al. PRL 113, 032502 (2014)

75 MeV/u 57Cu, 3·104 pps, 20% purity
225 mg/cm2 CD2 target 

58Zn in S800 + 𝛄 coincidence
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A more modern Coulomb breakup experiment

RIBF@RIKEN

SAMURAI

F0-F3: Production, separation

F3-F7: PID+tagging
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A more modern Coulomb and Nuclear breakup setup

C: 425 μm 
Pb: 150 μm
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Example of 9C+208Pb data (2h online monitor)
9C beam spot in Si trackers 30, 60 cm after target

Gate on protons Si trackers 30, 60 cm after target

Proton calibration @150 AMeV

Work in progress part of 
A. Chilug PhD Thesis, IFIN-HH, Romania
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More new isotopes to come?

67Se 66As 65Ge 64Ga 63Zn

ToF F3-F7 (ns)

dE
 F

13
 (c

h)

Hodo3 Hodo2Hodo4

Total rate ~13kHz, 67Se ~20%
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Making new isotopes with exotic beams

68Br 69Br, T1/2 < 24 ns

70,71,72Kr and 70Br at 170 AMeV on a 703 mg/cm2  9Be target. Knockout and few nucleon 
removal reactions. Separation and PID with ZeroDegreeSpectrometer at RIBF.

Wimmer et al. arXiv:1906.04067v1
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Less exotic transfer reaction for developing exotic instruments

• MDM spectrometer  
(originally from Daresbury) 

• “Oxford” detector: 
- 4 x resistive wire for position  
- anode plates for dE 
- plastic scintillator for Eres  
- iC4H10 ~20 … 150 torr
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26Mg+13C transfer, circa 2009

Courtesy A. Spiridon
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13C(26Mg,27Mg)12C @ 12 MeV/u, 2016

Courtesy A. Spiridon

What did change? Changed dE from ion chamber to Micromegas!
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Equipment from 40 decades: TIARA for TEXAS (T4T), TIARA+Hyperion+MDM

• Transfer reactions, e.g. (d,p), (6Li,d) in inverse kinematics
• Si barrel + backward (forward) Si array from Surrey
• 4 x HPGe “clover” from LLNL Hyperion array
• MDM as 0 degree spectrometer
• Oxford FP detector with Micromegas

Stable beam commissioning with:  
d(19F,20F)p, d(23Na,24Na)p, d(25Mg,26Mg)p, 6Li(22Ne,25,26Mg)d
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Examples from commissioning runs
d(19F,20F)p

6Li(22Ne,25,26Mg)d

S. Ota et al. CI annual report 2017-8, I-4

G. Christian et al. CI annual report 2016-7, I-37
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Summary
- few basics of reaction experiments 
 
- different reaction types 
 
- production of exotic beams for reaction experiments 
 
- some experimental considerations 
 
- example reaction experiments with exotic beams

Thank y’all!
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Some references and literature
Books:
C.A. Bertulani and P. Danielewicz, Introduction to Nuclear Reactions, IOP Publishing (2004).
I.J. Thompson and F. Nunes, Nuclear Reactions for Astrophysics, Cambridge University Press (2009). 
K.S. Krane, Introductory Nuclear Physics, John Wiley & Sons (1988).
C. Iliadis, Nuclear Physics of Stars, Wiley (2007). 
 
Euroschool on Exotic Beams Lecture Notes (Vol. I - V),  
Lecture Notes in Physics (LNP) 651,700,764,879,948, Springer
https://www.euroschoolonexoticbeams.be/site/pages/lecture_notes (<— has also slides from past editions)

Previous Exotic Beam Summer School editions pages (slide availability varies year by year): 
https://fribusers.org/gatherings/schools.html
 
Recent review articles:
K Wimmer, J. Phys. G. 45, 033002 (2018). 
Tribble et al., Rep. Prog. Phys. 77, 106901 (2014). 
P.G. Hansen and J.A. Tostevin, Annu. Rev. Nucl. Part. Sci., 53, 219 (2003).

https://www.euroschoolonexoticbeams.be/site/pages/lecture_notes

