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* Overview of FRIB physics capabilities for reactions studies

» Selected topics: opportunities and some theoretical challenges
Coulomb dissociation of halo nuclei

Spectroscopy of unbound nuclei

Indirect methods for astrophysics

The problem of quenching of spectroscopic factors
Searches for n-p pairing



The Science of FRIB

Applications of Isotopes

: Overarching Questions from NSAC 2007 LRP o Fundamental overarching questionson:
is the nature of the What is the nature of Why is there now more What are new applications .-
nucle that binds neutron stars se matter than antimatterin | of isotopes to meet the * Nuclearstructure beyondstability valley
protons and neutrons i atter? the universe? needs of society? RT
stable nuclei and rare What is the origin of the and beyond drlpllnes
isotopes? elements in the cosmos? * NuclearAstrophysics
What is the origin of

What are the nuclear
reactions that drive stars
and stellar explosions?

simple patterns in
complex nuclei?

Overarching questions are answered by rare isotope research

17 Benchmarks from NSAC RIB TF measure capability to perform rare-isotope research

1. Shell structure 6. Equation of State (EOS) | 12. Atomic electric 10. Medical

2. Superheavies 7. r-Process dipole moment 11. Stewardship

3. Skins 8. "Ofayy)

4. Pairing 9. *Fe supernovae

5. Symmetries 15. Mass surface .

13. Limits of stability 16. rp-Process HOW can we use I‘eaCtlonS
14. Weakly bound nuclei 17. Weak interactions

15. Mass surface

with "heavy nuclei" to shed
light on these problems?

MSU proposed technical scope is sufficient to meet all benchmarks
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Unveling the halo structure by Coulomb dissociation

« Weak binding energy of neutron-halo nuclei enhances breakup probability near threshold in reactions
with high-Z targets = mostly triggered by "stretching" caused by Coulomb E1 forces.

* Analyses of Coulomb dissociation experiments can (in principle) provide dB(E1)/dE strengths from
measured breakup cross sections.
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Analysis of Coulomb dissociation experiments

Goal: extracting dB(E1)/dE, from exclusive breakup data with high-Z target

Standard analysis = EPM method
1. Only Coulomb excitationfor 6 < 6,("safe" Coulomb) Ao dB(E1,¢)

~

Measured

-

Palit et al, PRC68 (2003) 034318.

2. Coulomb partof d?c/dEdQ proportionalto dB/dE = F(6,¢). (E,=S, +¢)
Qde de
3. Nuclearcontribution, if present,can be added incoherently.
Example: the '"Be+2%8Pb case \
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Novel method for analysis of Coulomb dissociation experiments [arxiv:2004.14612]

Reaction framework: CDCC or extended CDCC (XCDCC) [Summers et a/, PRC74, 014606 ('06), de Diego, PRC89, 064609 ('14)]

* Nuclearand Coulombonequalfootingandto all orders.

* Approximate relativistic kinematics.

*  Much more demanding numerically than EPM.

Structure model: particle-plus-core few-body model with possible core excitations.

Strategy:

1. Using (X)CDCC, study dependence of calculated do,, /dE upon small variations of dB/dE of assumed structure model
2. Derive "correction"factors for each excitation energy to match measured do,,,/dE

Application to ""Be+2%Pb

Nuclearexcitationnotnegligible, even for 6 <<
2. Coulomb part of d?c/d EdQ aprox. linearwith d B/dE, but NOT proportional.
3. Nuclearcontribution interferes with Coulomb.
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Planning future Coulomb dissociation experiments

I
10.31 MeV

i
8.58 MeV

i A} i i i i s i i
6.11 MeV 8.07 MeV 5.83 MeV 7.82 MeV 5.6 MeV 7.4 MeV 4.3 MeV 5.95 MeV 3.67 MeV

3G 3G g 3G 3G 40g ng g 3G 4g 4G 4767 )

699Mev il osomev il 43Mev  BOAMeV  437Mev  7.75MeV  424MeV  67Mev  263Mev | 508Mev | 2.86 Mev
N -
Opportunites at FRIB

adp 35P 36P 3?P 3BP EQP 40P 41P 42P 43P

628Mev | 838Mev | 346Mev  682MeV  37MeV  622MeV  341MeV  494MeV  2.08 MeV 4.4 MeV * Heavier halo candidates: 31Ne,37|\/|g, 475
* Exclusive measurements with particle and y coincidences
*Si “Si *Si *Si 7S *Si *Si “Si “Si E.g.:3'Ne = ¥Ne*+n +v

4.51 MeV 7.51 MeV 2.51 MeV 6.12 MeV 2.21 MeV 5.67 MeV 1.58 MeV 4.96 MeV 1.38 MeV

* E=100-200 MeV/u optimal for minimizing multistep
couplings while keeping relativistic effects under control.

SZAI SBAI 34A| 35A| 36A| S?AI SBAI

422 MeV 5.47 MeV 2.57 MeV 5.29 MeV 1.9 MeV 4.21 MeV 1.67 MeV .
31Mg 32Mg 33Mg 34Mg SEMg 36Mg
0.24 MeV

2.31 MeV 5.78 MeV 2.28 MeV 471 MeV 0.75 MeV 3.33 MeV Challenges for theory

* (X)CDCC numerically demanding
"Na | “Na | "Na “Na *Na  Modeling the structure of deformed halos?
SEOMET ) ASer f ResHEr oRHer O * In experiments with y coincidences, theory should provide population of
e | “Ne specific core states and possible core excitation/deexcitations.
097Mev | 319Mev |\ 0.17 Mev * Relativistic effects for E> 100 MEV/U
* More complicated excitation modes (core+4n?).

ZW: 29F

-0.22 MeV 1.66 MeV

A promising framework is the eikonal CDCC (E-CDCC) but

| need suitable structure models (not always available!)
[Ogata and Bertulani, PTP 121, 1399 (2009)]
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Core excitations reaction dynamics

Deviations from the inert-cluster model are expected to show up when cluster d.o.f. are
strongly excited during the reaction.

Microscopic models I

10
» f Be* v/ Fragments described microscopically mz
Be @ S
______ @_F_f____,--r—"“o_//‘z’ v/ Realistic NN interactions (Pauli properly accounted for) ‘E_
O\ @ n % Numerically demanding / not simple interpretation. é—
Non-inert-core few-body models I
.H Be !J/Z"—'? v' Few-body + some relevant collective d.o.f.
__'\\ .% n® ¢ Motivated extensions of Faddeev and CDCC (XCDCC)
o
3
&
Inert cluster models I S
<
. 10 x| lust itati ly few-body d.o.f).
/. \\\11 Be B_e_.— . gnores cluster excitations (only few-body d.o.f)
B R T e % Phenomenological inter-cluster interactions (aprox. Pauli).
n

v Exactly solvable (in some cases).

v Achieved for A < 5 (eg. coupled-channels, Faddeev).
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Core excitations in elastic scattering

+ microscopic

CDCC with inert core

R.Johnson et al,

PRL79,2771(1997).

=

. No C?lltilluu

AN
Including cyntinuum

12
""Be + C @ 49 MeV|A

. I I
0 5 10 15 20
0., (degrees)

¢ Includes halo degre of freeom

¥ Clusters dynamics only
through effective potentials

CDCC with deformed core

V.Pesudo et al,
PRL118,152502(2017)

IP2F T T T T T T T T

"Be+'"Au @ E,, = 32 MeV

v/ Simple structure input (PVM,
PRM, etc)

X Only collective excitations

X So far, only 2-body projetiles,
coud be needed for 3-body
projectiles (eg. 11Li,14Be)

1.05
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095 |

0.90 |

0.85 *

v

v
v

Microscopic CDCC

P.Descouvemont,

PRL111,082701(2013)

E,,,=27 MeV

Microscopic description of clus-
ters.

Core excitations “automatic”

Collective + non-collective ex-
citations
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Core excitations in breakup

Core excitations may enhance dramatically the breakup cross sections in reactions of
deformed halo nuclei with light targets

1Be+ p @ 64 MeV/u

1Be+ !2C @ 520 MeV /u

——
R "Be > "“Be(gs)4n
ra)E, e‘=0.0-2.5 MeV 15 [ oGSl data: Palit er al.. PRC 68, 034318 (2003)]
s b _ _ ,\;CDCC: wi'Ih core excitation
a I XCDCG: ful ?‘ - = XCDCC: w/o core excitation
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=
: =z
8.l Il
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What are the limits of formation of 2n-haloes (ot Tenibacs

v

®He, !!Li: Tanihata (1980s). G,
22C: Togano, PLB761,412(2016). G....

19B: Cook, PRL 124,212503(2020). Coulex
29F: Baghi, PRL124, 222504 (2020). G, ..

(heaviest confirmed 2n-halo)

(by T. Nakamura)

~ Island of inversion

Key open questions

B 1n halo known * Where are the limits of the driplines in the island of inversion?
B 2n halo known

_ * What are the mechanisms leading to 2n-haloes?
[ 1n halo candidate (pairing, intruder states, core excitations, ...)
[ ] 2n halo candidate
Opportunites at FRIB
/ o ndardordering \ * Reaction cross sections measurements of halo candidates
500 ————T———T——T——T—3 IS =Y | . .. .
or 1 : * Coulomb dissociation experiments
g F {3 20172 3 [p— : * One, two-particle transfer?
= E 3 1f, pf-shell The shell gap.,AE,
§ 1300 F - 2552 r [N_=13 ;ﬁ?ﬁ;ﬁeﬂgz&z&,
§ 3 P E 1, N _ Idisalpzpears an)d ?:E
53 = ’ E /2 level (or more) of the
5 1200§ %%i - —— || N=3 pf-shell gets lower
g 3 E AE _ |l than one (or more) of . . .
£ ool .o E - [ p— the vl i the N-2 4= |owering of intruder 2p,, level enhances halo formation
N 1 2517 . ’N=2 [Singh et al, Phys. Rev. C 101 (2020) 024310]
18 20 22 24 26 28 30 1d5/2 (n= +1

Mass number A

(Figure by L. Fortunato)

\\ Baghi, PRL124, 222504 (2020) o /
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Spectroscopy of unbound systems
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Spectroscopy of unbound systems: from cross sections to structure

& Using a single probe can lead to misleading or even contradictory information

Example: The °Li(d,p)'°Litransfer reaction:

« ISOLDE (E=2.4 MeV/u)
= large s-wave near-threshold strength (virtual state)

«  TRIUMF (E~11 MeV/u)
= cross section dominated by p-wave resonance
= no apparentevicence of near-threshold virtual state °  TRIUMF dua SLi(d,p)°Li

© ISOLDE data
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- . . -E — o o, = 20
 The two sets of cross sections can be reproduced with the same reaction ES (O, =5-5-16571 2
theory (transfer to continuum) and structure model (with both s-wave 220 g 19
v.s. and p-wave resonances) S A 5 s
N SOy ey .
. . . . 0 1 ) 2 3 4 ,
* These structure properties manifest themselves very differently in the 100 p——— lb‘xf‘“’lf\j}l S e IE'I([MFVL N
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“yn - . = E E = =
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Complementing different mechanisms: the 'Li case
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FRIB can provide unique possibilites combining
information from low-energy reactions (eg. transfer) with
fast beams (egq. (p,pn))
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Challenges for future spectroscopic studies in the continuum

] —— e B * Open-shellcores produce complex n+core spectra (eg.

14, 13
| "Be(p.pn) 'Be @ 250 MeV/u | 2" [s12 © 01 13RA_12
— 12 plreo’ , 37 Be= Be+n)

5.1

s
=
T

— 5R"[d5/2 @ 0"
[} -- 52 512827

S
S oL 2 p-wave — Fall calculation 4  Experimentally, the interpretation can be assisted by:
)y 3 * y-ray coincidences.
w20 ) o2 «  momentum distributions.
1013 w0 * Theoretically, usual "Breit-Wigner" fitting may become
A = I Bem impracticaland should be bettterreplaced by a proper
0 modeling ofthe reaction dynamics and structure overlaps.
Corsj eta, PLB797(2019) (SAMU - Eg.:"“Be(p,pn)'*Beanalysed with TC method and 3-body
model of "“Be with ?2Be(0*,2*) core excitations
0-0.2 MeV 0.4 -0.5 MeV 1.8 -2.2 MeV
20 PN=36 T =z [Tl Nt i
Lok A i -- d-wave
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s o o
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Challenges for future spectroscopic studies in the continuum

50

— —
14 13
| "Be(p.pn) 'Be @ 250 MeV/u | 0 [s12 @ 0] .
ol — If2+|ph’2 ®n+] )
— ' [d52 80"
[} -- 52 512827
30 § p-wave — Full calculation ] 4

E (MeV)

20 5/2%) 23

d(!."dE‘.nuBc (mb/MeV)
]
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Corsi et a, PLB797(2019) 134843 (SAMURAI)

* More complicated spectra observed
aroundtheislands of inversion
« Notsimple "collective" excitations
expected m—)
* Mayneedcore+4n models:
8He=“*He+4n instead of °He+2n?
9B="1B+4n instead of "B+2n?

Eg.: 2®F populatedvia 2°Ne(-1p), 2°F(-1n) Revel, PRL124, 152502 (2020)

Open-shellcores produce complex n+core spectra (eg.
13Be="?Be+n)

Experimentally, the interpretation can be assisted by:
* y-ray coincidences.
*  momentum distributions.

Theoretically, usual "Breit-Wigner" fitting may become
impracticaland should be bettterreplaced by a proper
modeling ofthe reaction dynamics and structure overlaps.

Eg.: “Be(p,pn)*Beanalysed with TC method and 3-body
model of “Be with '2Be(0*,2*) core excitations
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Neutron-induced cross sections on unstable nuclei needed for:

Indirect methods for neutron-induced reactions

Nuclear astrophysics (e.g. s-and r-processes)

Nuclear reactors for transmutation of nuclear waste
New generation of reactors based on Th/U cycle

Direct measurements not feasible
for short-lived nuclei

. 4

Indirect methods

’ 4

Trojan Horse Method

X+A=>vy+B

)"

al=b+x) + A = b+ (x+A)

)

Surrogate method

X + A = [C]* = decay

82

50

—_—
Number of Protons

Arcones et al, PPNP 94, (2017)

Stable nuclei

rp-process
r-process

Nuclei known

toexist —— neutron star processes
——— supernova cores
— s-process

/ |‘
2 8 20 28 50 82 126

Number of Neutrons
—_—

J.E.Escher,LLNL- FRIB Day 1 - 5/8/2020

(if "a" is stable, can be performed in inverse kinematics) ,;



THM: successes and limitations

A successful application: “Li(p,a)a

[ Diect .~ | THM  7Li{d.n)ac

)
55
= il a) /] y
3 d <
d°o o [ do -
x KF|® (py, — e
dE,dQ,d0s @)\ G )|, T )
\ y ) ( y ) © E‘ O l | l 1
measured extracted BN 2 3-4 & 6 7
Ep(MeV)
Possible limitations of the THM:
Possible failure of PWIA approximation? The electron screening puzzle \
- | | % This work ] S 40
10! p1 channel O Jiang2018 1 12012 > ;
= A Becker1981 C+ C g‘i 1
g L Tumino2018 Tan et al, @;
E’ PRL124, 192702 (2020) %
o
& 107
20
10™ -2 =1

1
Een(MeV)

0
Lamia, A&A 541,A158(2012) }4/




Surrogate method: the A(d,py) case

Goal: (figure by B. Jurado)

* Determine the A(n,y) cross section from A(d,py) cross section
Step 1: Formation Step 2: Decay

' \ |
. M > Compound
(aimed) O(n,x) = E U,ﬁ_:_l.q(E., .],W)GEN(E, J, ) —— . nucleus P, ‘NWWP

vy-ray emission

Jim Neutroninduced . .
(measured) P(d_p\) Z (dp E J, 7T C(N(E J. 7 ) — za + Z°A Neutron emission
Surrogate 3 .
Fission
Theory requirements:
A reaction modelforthe formation process:d+ A = p+ B*, encoded 7
in the function de (E,J, ) Ichimura-Austern-Vincent (IAV) model [PRC32,431 ('85)]
» Angular/energy distribution of "p" fragments - (recently implemented by Lei et al, Potel et al, Carlson et al)

« Spindistribution of (n+A)= B*compound
* Understanding of competingchannels notleadingto CN (e.g. -

deuteron breaku
Pl Dispersive optical model (Mahaux & Sartor, 1991)

(and modern implementations: Dickhoff, Charity, etc)

* Arrealistic OMP for relevantrange of n+A energies
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Difficulties and challenges of SRM

The A(d,py) as surrogate reaction * Notall produced protonsare associated with
the desired (n+A)* CN channel:
« Elastic breakup: A(d,pn)A(gs)
© ° 1 . *
e ELASTIC BREAKUP (EBU) Inelastic breakup: A(d,pn)A
"""““-m. (ditfraction”) - PE+CF
n® « ThelAV theory providesthetotal "nonelastic
=  Inelastc breakup ) breakup”, ratherthan n+A CN _
: I / « Extension oflAV to (p,d) and other reactions
‘ — — NON-ELASTIC theoretically feasible but not implemented yet.
- n+A fusion + transfer X BREAKUP
s /‘ netrinping”
("stripping") .

*Ni(d,pX) @ E =100 MeV
100 T T T T I ‘ T

/ || o D.Ridikas et al. 0

.« - EBU (CDCC) 6,=8

801 - -. NEB (IAV model)
COMPLETE -|-=-+ PE+CN
60 |L— Total ;rn
FUSION <

p
e

p
Q

\

!

d°/dE_dQ_ (mb/sr MeV)

/7 ~
| oo >/ ¢ AN
207 0{:3: /“( 0..\50;&:&0.
0 . ___,,.,-'_".i.|_._.,_._._L._._'.'_-.m o
0 20 40 60 80
E, (MeV)

J.Lei, AMM, PRC.92.044616 .



The (long-standing) problem of quenching of spectroscopic factors

knockout, transfer and proton knockout SFs

@ Agreement theory vs experiment quantified in reduction factor:

Otheor

RS:

Texp

@ R, <1 = correlations (Iong—range, short-range, tensor,...) not included In Giheor?

HI knockout (~100 MeV /u)
Tostevin, PRC90,057602(2014)

Measurements at the two Fermi surfaces

Low-energy transfer

Flavigny, PRL110, 122503(

2013)

(p, pN) @ 200-250 MeV /u
Wakase, PTEP 021D01 (2018)

ol +|' i T T L . ,-‘_,"-*“., “otdy”o,,
| *C +{ﬁ 3 a,: Theory (Eikonal +Shell M) | - 0 E t{"-r'?"‘“-.,t'”im"' | S ¥
00 ) “». *)‘m . 1 = A 17 E“-" -t'.v-lw+,t_ F .
| | ne " .° q _\-H:I. u v e fdeg) 1 By
] e f ¢ {. L 1 506 HE g »
{H ] Lot w LA Cone
V1 "] i __“\I_. 04— 1 - ot |24]
0= " A_jeep): .v;.s._-s_ “ar] ‘++ ] L Knockout & . . [25]
u_zl_ . H-‘.:.m;‘.;- \s:;sr-;s: "Cu—i‘.:‘.! d 0.2 T Tfansm: ] ] | 1 10 I 1
R T o : 10 20 -20 10 o 10 20 ¢ e
Fermi surface asymmetry AS (MeV) AS=¢ (Sp - Sn) (MeV)
- Reaction model: DWIA
- Reaction model: eikonal + adiabatic - EEEEHCRQOCIEI: ADWA, - R, ~ constant.
- Rg st ly d dent Sy — Sh. '
s Strongly dependent on 5p " R = Similar resuts from GSIl:Atar et
- {is ~v constant. al, PRL120, 052501 (2018).
R from knockout disagree with those from transfer and (p, pN) J

FRIB opportunities

Systematicstudies with
the same projectile and
differentprobes:
knockout, (p,p/N), transfer

Extend "Gadeplot" to
more exotic (larger |AS|
cases.
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Searches for the elusive n-p pairing

Isovector T=1 (p-p and n-n) pairing well understood
= Can be probedvia 2n transfer reactions

Isoscalar T=0 (p-n) predicted but not clearly identified
= Can bein principle be probed via np-transferreactions. Eg: (3He,p), (Li,a)
= Expected to dominatefor N~Z nuclei (departs from stability valley as A increases)

Theory requirements:
« Second order DWBA (at least)
» Reliable structure inputs (e.g. shell-model) for two-nucleon amplitudes

Eg.: Pioneering study for 2Mg(3He,p)?’ Al @ RCNP suggests T=0 pairing
strength underestimated by available SM calculations.

More exotic candidates predicted near driplines for large A (reachable at FRIB?):

PHYSICAL REVIEW C 81, 064320 (2010) ) o
The candidate for the smallest nuclei with a well-developed

condensate, A ~ 130-140, is tantalizingly close to the region
of physical nuclei defined by the single-nucleon driplines.

Spin-triplet pairing in large nuclei

G. F. Bertsch and Y. Luo

T=0 (T=1) pairing:
enhanced transfer probabilities
0+ — 1+ (0+ — 0+) levels

T=0J=1

T=0J=0
é np
T=1J=0

Odd-odd

Even-even

*Meg('He.p)*Al

do/dQ  (mb/sr)

=
T
L]

Ayyad, PRC 96, 021303(R) (2017)
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Conclusions

* FRIB promises to provide unique opportunies for a wide range of physics cases, extending
our present knowledge to unexplored areas of nuclear chart and tacking unsolved

problems.

» |Isotopes can be studied at different energy regimes and using different probes:

« Some features may show up in specific observables, but not in others
* Coulomb dissociation, quasi-free (p,pN).. .more suited at intermediate energies (100-200 MeV/u).

 Transfer reactions better suited a few MeV/u

Many other interesting topics not covered here:
e fusion (complete & incomplete, interplay with transfer, competition with quasifission,

role of dissipation...)

e multinucleon transfer and DIC (production of new isotopes, EOS studies...)
e fission (shell effects, similarities with quasifission...)

e (p,3p)reactions and relation to short-range correlations

e charge-exchange

... and many other
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