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Introduction : Coulomb breakup for astrophysics

Coulomb breakup for astrophysical purposes
Measuring radiative-capture cross sections (p, γ), (d, γ), (α, γ). . .
at astrophysical energies is difficult :
cross sections plummet due to Coulomb repulsion

Idea : use Coulomb breakup, e.g.,

6Li + Pb→ α + d + Pb

Reaction is Coulomb dominated⇒ seen as exchange of virtual photons
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Figure 1 Coulomb dissociation of a projectilea → b + c in the field of a target nucleus.

such a resonance in the12C system was postulated earlier based on purely the-
oretical arguments (5, 6). However, the formation of16O in the situation with
the12C (α, γ ) 16O reaction is still controversial. Here, the study of theα-decay
following theβ-decay of16N proved to be useful (7–9).

In this review, another indirect method, the Coulomb dissociation, is dis-
cussed. The radiative-capture reaction

b + c → a + γ 1.

can also be studied in the time-reversed reaction

γ + a → b + c, 2.

at least in those cases where the nucleusa is in the ground state. The copious
source of quasi-real photons provided by nuclei, especially heavy ones, has
been useful in particle as well as nuclear physics; the so-called Primakoff effect
(10), i.e. the electromagnetic excitation of relativistic projectiles in the field
of (heavy) nuclei, has been a useful source of information. In this process,
a projectile passing through the Coulomb field of a nucleus, shown schemat-
ically in Figure 1, experiences a time-dependent electromagnetic field. This
field is equivalent to a spectrum of quasi-real photons. To ensure that there is
no strong interaction between the projectile and the target, one has two options:
to choose a bombarding energy well below the Coulomb barrier [this is the
well-known field of Coulomb excitation (see, e.g., 11)]; or, at higher energies
above the Coulomb barrier, to restrict oneself to small angles, which corre-
spond, semiclassically, to trajectories where the nuclei do not touch each other.
The study of low- and even high-lying nuclear states by means of electromag-
netic excitation in the nuclear Coulomb field has produced much unambiguous
information. The double Primakoff effect has been studied extensively ate+e−

colliders to obtain information on two-photon physics. This review examines
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⇔ time reversed reaction of radiative capture d(α, γ)6Li
[Baur, Bertulani, and Rebel, NPA 458, 188 (1986)]
[Baur & Rebel, Annu. Rev. Nucl. Part. Sci. 46, 321 (1996)]
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However. . .

1 We know that there are higher-order effects
[Capel & Baye, PRC 71, 044609 (2005)]
[Esbensen, Bertsch, and Snover, PRL 94, 042502 (2005)]

⇒Coulomb breakup not exactly time-reversed radiative capture
2 Nuclear interaction is not always negligible

[Hammache et al. , PRC 82, 065803 (2010)]

⇒not just photon exchange

Here we reanalyse the Coulomb breakup of 6Li on Pb
@26AMeV [Kiener et al. PRC 44, 2195 (1991)]
@150AMeV [Hammache et al. PRC 82, 065803 (2010)]

using a dynamical model of breakup
[Baye, Capel, and Goldstein, PRL 95, 082502 (2005)]
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Coulomb breakup of 6Li 6Li cluster model

6Li

Formed mostly during BBN
by d(α, γ)6Li

Has a clear α + d structure
⇒ can be described in 2-b model

We use the Woods-Saxon of
[Hammache et al. PRC 82, 065803 (2010)]
reproduces experimental

binding energy
phaseshifts
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6Li computed ab initio

d(α, γ)6Li computed ab initio
[Hebborn et al. PRL 129, 042503 (2022)]
within NCSMC

Agrees with direct measurements
[Robertson et al. PRL 47, 1867 (1981)]
[Mohr et al. PRC 50, 1543 (1994)]
[LUNA PRL 113, 042501 (2014)]

Disagrees with Coulomb breakup
[Kiener et al. PRC 44, 2195 (1991)]
Why?

Capture dominated by E2
negligible E1 (N = Z nuclei)
and small M1

group (SRG) transformation in three-body space with a
momentum resolution scale of λ ¼ 2 fm−1 [32]. The eigen-
states of the aggregate 6Li, 4He, and d nuclei are obtained
using a basis of many-body harmonic oscillator wave
functions with frequency ℏΩ ¼ 20 MeV and a maximum
number Nmax ¼ 11 of particle excitation quanta above the
lowest energy configuration of the system. Discussions on
the choice of the microscopic Hamiltonian, the influence
of the SRG transformation on the electromagnetic operators,
and the convergence of our predictions can be found in the
Supplemental Material [33] (which includes Refs. [34–38]).
Our predicted S factor agrees well with available existing

experimental data [4,6,39,40] (top panel of Fig. 1). Overall,
when only the SRG-evolved NN potential is considered
(NN-only), our calculation reproduces well the magnitude
of the data, particularly at low energies where it agrees with
the direct measurements of the LUNA collaboration [4].
Our results are however incompatible with the ones inferred

from breakup data [6], which, as discussed before, have
been shown to suffer from model dependence [7].
However, this NN-only prediction misses the positions
of the 3þ and 2þ resonance peaks respectively measured
by Mohr et al. around E3þ ¼ 0.71 MeV [39] and by
Robertson et al. around E2þ ¼ 2.84 MeV [40]. This is
expected because both the chiral and SRG-induced 3N
forces strongly affect the splitting between the 3þ and 2þ
states [22]. When both NN and 3N forces (both chiral and
SRG induced) are considered, the 6Li 3þ and 2þ resonances
are in excellent agreement with the direct measurements of
Mohr et al. and Robertson et al., but the ground state (g.s.)
is overbound by ∼310 keV (see Supplemental Material
[33]). Compared to the NN-only case, the inclusion of the
3N forces modifies the 6Li g.s. properties, namely its
binding energy and asymptotic normalization constants
(ANCs) in the l ¼ 0 (C0) and l ¼ 2 (C2) partial waves in the
relative 4He-d motion (see Table I), causing small changes
in the magnitude and the slope of the S factor at low
energy [41,42].
To improve our evaluation of the S factor at low energy

[41,42], we correct the overbinding of the 6Li g.s. by
shifting only the energies of the 1þ g.s. and 2þ resonant
eigenstates of the aggregate 6Li system such that the full
NCSMC to reproduce the experimental energies, as done in
Refs. [23–25,47]. This fine-tuning (NNþ 3Nloc-pheno)
impacts mainly the low-energy part of the S factor and
the energy region close to the 2þ resonance. This phe-
nomenological correction also brings the predicted ANCs
(C0 and C2) closer to the values inferred from the low-
energy 6Li-4He and 4He-d phase shifts in Refs. [45,46] (last
column of Table I). The uncertainty associated with our
NNþ 3Nloc-pheno results are estimated from the errors
arising from the truncation of the model space in the
number of excitation quanta Nmax and the choice of the
chiral 3N force (see Supplemental Material [33]). Because
our predictions reproduce low-energy capture and elastic-
scattering observables (see Supplemental Material [33]),
the discrepancy between our prediction for C0 and previous
works extracting ANCs from phase shifts is most likely due
to systematic uncertainties owing to the use of optical
potentials [48–50] or to the extrapolation procedure to the
experimental binding energy [51,52] that have not been
quantified in Refs. [45,46]. Moreover, our ratio C0=C2 is in
excellent agreement with the previously extracted evalu-
ation of Ref. [45], for which systematic uncertainties have
been accounted for.
The relative importance of the electromagnetic E2, E1,

and M1 transitions varies with energy (bottom panel of
Fig. 1). We find that the E2 transitions dominate the
nonresonant and resonant capture, in line with previous
works [8–17]. Different from those studies, we obtain
larger E2 strengths, that can be explained, as the E2
operator [Eq. (2)] is long ranged, by the larger amplitude
of the 6Li g.s. at large distance, i.e., by the larger value of

FIG. 1. Top: predicted S factor for the 4Heðd; γÞ6Li compared
with data taken from Refs. [4] (red circles), [6] (blue square), [39]
(green down-triangles), and [40] (black up-triangles). Calcula-
tions are obtained using the SRG-evolved N3LO NN potential
[43] (NN-only) with λ ¼ 2 fm−1, the NNþ 3Nloc [28,30] without
(NNþ 3Nloc), and with the phenomenological energy adjustment
(NNþ 3Nloc-pheno). Bottom: E2, E1, and M1 components of
the predicted S factor for the 4Heðd; γÞ6Li obtained with the
NNþ 3Nloc-pheno.
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Coulomb breakup of 6Li Coulomb breakup of 6Li @ 26AMeV

Coulomb breakup of 6Li @ 26AMeV
6Li + Pb→ α + d + Pb @ 26AMeV

Reaction with equal Coulomb and nuclear contributions
⇒not purely Coulomb breakup
Significant Coulomb-nuclear interferences @ E > 0.4 MeV
Is there an angular range, where Coulomb dominated?
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Angular distribution @ 26AMeV
6Li + Pb→ α + d + Pb @ 26AMeV

Reaction is Coulomb dominated at large angles (θ ≥ 8◦)
At forward angles, breakup is nuclear dominated
Kiener measured at θ . 6◦ ⇒not Coulomb breakup
α & d feel same acceleration : a = F

m ∝
Z
A & Zα

Aα
=

Zd
Ad

⇒no tidal force⇒no Coulomb breakup



Coulomb breakup of 6Li Coulomb breakup of 6Li @ 150AMeV

Coulomb breakup of 6Li @ 150AMeV
6Li + Pb→ α + d + Pb @ 150AMeV

Reaction nuclear dominated at all energies
⇒not Coulomb breakup
Significant Coulomb-nuclear interferences ∀E
Confirms the analysis of [Hammache et al. PRC 82, 065803 (2010)]



Coulomb breakup of 6Li Coulomb breakup of 6Li @ 150AMeV

Angular distribution @ 150AMeV
6Li + Pb→ α + d + Pb @ 150AMeV

Reaction is nuclear dominated ∀θ
⇒no Coulomb breakup [Hammache et al. PRC 82, 065803 (2010)]

Yet, reaction being peripheral (even nuclear dominated)
data analysis confirms ANC, δlJ that control σ(d,γ)



Coulomb breakup of 6Li Coulomb breakup of 6Li @ 150AMeV

A first conclusion

Coulomb breakup unsuited to infer d(α, γ)6Li :
Nuclear contribution is very significant
There are strong nuclear-Coulomb interferences
Dynamical effects play a role

⇒we need a method that
is Coulomb dominated
(no nuclear interaction)
can be treated at first order
(no dynamical effects)
has high-enough cross sections
larger than direct d(α, γ)6Li



Electron-induced photodissociation Idea

Electron-induced photodissociation
Idea :
Use intense electron beam
to induce dissociation 6Li(e, e′α)d
through the exchange of virtual photons

e− e−

γ∗

16O

12C

α
6Li

d

Pros :
e-induced dissociation

I no nuclear interaction
I can be treated perturbatively

(no dynamical effects)
⇒ σ(α,γ) ∝ σ(e,e′α)

σ(e,e′α) � σ(α,γ)

Cons :

Need a facility with high intensity e beam. . .



Electron-induced photodissociation MAGIX

MAGIX@MESA
MESA

Mainz Energy-recovering
Superconducting Accelerator

High-intensity e accelerator
Provides e beam up to

I 1mA
I Ee = 105 MeV

MAGIX
MESA Gas-Internal
target eXperiment

Two spectrometers
I

∆p
p < 10−4

I ∆θe ∼ 1 mrad



Electron-induced photodissociation MAGIX

Experimental Setup : Phase 0
A1@MAMI

Electron beam : Ee = 330 MeV
20–30µA

6Li target

Spectrometer @ θe ∼ 22◦

Experiment at MAGIX Experimental Setup

Experimental Setup - Phase 0

MAGIX@MAMI

E0 = 195MeV@100µA
Windowless hyper-sonic jet-target in vacuum
First experiment planned 2021/22

Goals

Test Silicon-Strip Detectors for the α-particle
detection
Measurement of the cross section in the well known
area of Ecms > 1.8MeV
Test analysis and compare results with existing data
Determine longitudinal contributions

Electron-Beam

Silicon-Strip-Detector

Interaction Point

Spectrometer

Stefan Lunkenheimer Nuclear Astrophysics at MAIGX@MESA October 7, 2020 6 / 10

Goals :

Develop theoretical model of reaction (M. Sanjinez’s PhD)

Test α detection setup (Si strip detectors)

Determine background

Infer σ(α,γ) @ E ∼ few MeV, where direct data exist

⇒ Test reaction model and analysis and compare to existing data



Electron-induced photodissociation MAGIX

Experimental Setup : Phase 1
MAGIX@MESA

Electron beam : Ee = 50–105 MeV
1mA

Li target enriched in 6Li to measure
I 6Li(e, e′α)d
I 7Li(e, e′α)t

with the same setup

Spectrometer @ θe ∼ 13◦

Experiment at MAGIX Experimental Setup

Experimental Setup - Phase 0

MAGIX@MAMI

E0 = 195MeV@100µA
Windowless hyper-sonic jet-target in vacuum
First experiment planned 2021/22

Goals

Test Silicon-Strip Detectors for the α-particle
detection
Measurement of the cross section in the well known
area of Ecms > 1.8MeV
Test analysis and compare results with existing data
Determine longitudinal contributions

Electron-Beam

Silicon-Strip-Detector

Interaction Point

Spectrometer

Stefan Lunkenheimer Nuclear Astrophysics at MAIGX@MESA October 7, 2020 6 / 10Goals :

Infer σ(α,γ) down to E ∼ 1 MeV

Compare results with existing data

Determine background



Electron-induced photodissociation MAGIX

Experimental Setup : Phase 2
MAGIX@MESA with Zero-Degree Tagger

Electron beam : Ee = 50–105 MeV
1mA

Li target enriched in 6Li to measure
I 6Li(e, e′α)d
I 7Li(e, e′α)t

with the same setup

Use deflection magnet
to separate scattered e from beam
(Zero-Degree Tagger)

Acceptance θe = 0◦–0.5◦

Experiment at MAGIX Experimental Setup

Experimental Setup - Phase 2

MAGIX@MESA with Zero-Degree-Tagger

E0 = 25 − 105MeV@100µA
Use first deflection magnet to seperate scattered
electron from beam (Zero-Degree-Tagger)
Acceptance θe = 0 − 0.5 deg
Experiment period 2026 – 2030

Goals

Measurement of the cross section in the area of
Ecms ≥ 0.5MeV
Improve statistical errors in area Ecms > 0.9MeV

Electron-Beam

Silicon-Strip-Detector

Interaction Point

Zero-Degree-Tagger

Stefan Lunkenheimer Nuclear Astrophysics at MAIGX@MESA October 7, 2020 6 / 10

Goals :

Infer σ(α,γ) @ E . 1 MeV

Improve statistical uncertainty for higher E



What’s next?

What’s next?
Extend the idea to other reactions :

other (α, γ) :
24Mg(e, e′α)20Ne, 28Si(e, e′α)24Mg, 16O(e, e′α)12C

neutron capture using (e, e′n)
7Li(e, e′n)6Li. . .

Tests of nuclear-structure models :

α-d structure of 6Li (ANC)
α-12C structure of 16O (ANC)
. . .

phaseshifts in continuum

⇒ test ab initio predictions [Hebborn et al. PRL 129, 042503 (2022)]

See if this fits other reaction observables

sub-Coulomb α transfer (ANC) [Brune et al. PRL 83, 4025 (1999)]

phaseshifts from elastic scattering



Summary

Summary and prospect
Coulomb breakup suggested as indirect method
to infer radiative-capture at astrophysical energies
But

I for N = Z nuclei, significant nuclear contribution
I strong Coulomb-nuclear interferences
I higher-order effects

We suggest to use electron induced photodissociation
I no nuclear interaction
I perturbative⇒σ(α,γ) ∝ σ(e,e′α)

I JG
∣∣∣∣U is building MESA : high-intensity e accelerator

Future :
I Develop model of reaction (M. Sanjinez’s PhD)
I Benchmark the idea on 6Li(e, e′α)d @ MAMI
I Then measure to lower energy @ MAGIX
I Study cluster structure of nuclei



Summary
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