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Working Title: Robert made me do it !

1) Erice Conference
September 1996

Topic:

“4r1 high resolution
gamma ray
spectroscopy and
nuclear structure”

!':‘:1_. },i'
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2) IW visits ANL, March 7, 1997 RVFJ: “Don’t do anything, give me a week”
3) An early-morning phone call from Robert, March 14, 1997 .

 RVFJ: You are experienced in Gamma-spectroscopy, but before we continue:
Are interested in radioactive-beam experiments ?

* |W: (Enthusiastically) YES, that is one of the reasons | would love to come to
Argonne ! (Translate: | have no idea what you are talking about...)

 RVFJ: Congratulations, we are offering you a postdoc position.
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Experiments with Radioactive Beams at ATLAS

K. E. Rehm?, I. Ahmad?, J. Blackmon®, F. Borasi®, J. Caggiano®, A. Chen?, C. N.
Davids?, I. Greene®, B. Harss®, A. Heinz?®, D. Henderson?, R. V. F. Janssens®, C. L.
Jiang?, J. Nolen®, R. C. Pardo®, P. Parker®, M. Paul®, J. P. Schiffer®, R. E. Segel®, D.
Seweryniak®, R. H. Siemssen®, M. S. Smith®, J. Uusitalo®, T. F. Wang, I.
VViedenhdvcr‘
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Stellar Reactions with Short-Lived Nuclei: l"'F(p. a)?o
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The Atlas in-flight radioactive beam facility, early days
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RESOLUT: a radioactive beam facmty at Foxlab

by -""

sljis y

In-flight production of radioactive beams in inverse kinematics, > ---.; -
Li(d,*He) °He 18-29 MeV ~1- 10*pps (40% pure) - 3
"Li(p,n) 'Be 25-35 MeV ~2- 10°pps (80% pure)

Li(d,p)®Li 20-30 MeV ~5 . 10*pps(90% pure)

Li(*He,n)°B 30-45 MeV ~1 - 10%pps(10% pure)

°Be(d,p)°Be 45 MeV ~6- 10°pps (60% pure)

180(d,n)*"F 80 MeV ~2 - 10°pps (80% pure)

180(d,p)*°O 95 MeV ~5 . 10*pps (90% pure)

180(*He,n)®*Ne 70 MeV ~2- 10%pps (25% pure)

2Mg(d,n)®Al 98 MeV

Ma ECUI’]

...2.
Beams are “purified” off-line by tracking / rf-correlations

Eg-q;,..-n - =

L Superconducting LINAC
.ﬂ"u..,

10%pps (35% pure)



Topic 1:
Measurement of the =Al(d, n)<°Si reaction and impact
on the “Al(p, y)*°Si reaction rate

E. Temanson, J. Baker, S. Kuvin, K. Hanselman, G. W. McCann, L. T.
Baby, A. Volya, P. Hoflich, and |. Wiedenhover
Rev Phys. Rev. C 108, 065804 (2023)
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Galactic *°Al- decay Activity =1
Roland Diehl et al.: nature 439,45 (2006) Wang et al. A&A 496 (2009

NWZZ==

* Observation: total of ~2M © of <Al in the galaxy,
T,, = 0.72 Myr, effect of ongoing nucleosynthesis

* Spatial distribution: massive star origin, Type Il SNe: Do other sources contribute ?

FLORIDA STATE UNIVERSITY



Why study 2Si -Resonances ? ESU

* %Al emits B-delayed 1808 keV vy: o2+
observation with Comptel, Integral Al \g+ P
* Assume production starts with Al O Mg Y
Path 1) %A1 . Mg (p,y)*Al__ (5%, T - =0) . %Mg + y 3 il
©
in competition with 2 :
Path 2) 2Al (p,y) #Si P - *Al_ (0", T=1) P~ *Mg(0") W
26 : SA|
e 2°Aln,, does not emit 1808 keV v, Y
Path 2 effectively by-passes the gamma-ray signal 26G;
* |In order to quantify the Al (p,y) reaction rate, '
ne needs to study energy of 2°Al x p(I=0) B+a 0O+
resonances in #°Si 20Aln,

FLORIDA STATE UNIVERSITY



Exp. Setup — lon Chamber & Silicon-Telescop
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Radioactive °Al beam
at FSU’s RESOLUT facility:

 Beam production: 2*Mg(d,n)=Al (i 2
Al ~7500 pps, 25% purity 8§ 4 iy 3
 Detect p+2°Al coincidences in S o

>>Al(d,n)?¢Si(p)=°Al y
* Reconstruct “°Si resonances e—y” o
from p+2°Al invariant mass. YT d0 45 20 %5
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Resonance Spectrum ESU
from p+2Al Invariant Mass Reconstruction

; ik ; R;a:;,onancezEcm (MEQVS) TABLE 1. *°Si excited states observed in “°Si through the

R R RN R RN IR 25 Al(d.n)*®Si reaction, with the corresponding cross sections.

3 40:— I . e . .

N E, Adopted E,* H™ 2 e iy
351 (MeV) (MeV) (MeV) (mb)
301 '5.92(2) 5.9204(8) 0.4154(8) 37  5.83X009;
25 6332) 0299(24)  07813(24) 27, or00m
- 6.3827(29) 0.8687(29) 2. '
155 6.70(2) 6.787(4) 1.273(4) <l b g
oF * Nuclear data reference [22, 23]

5
- 726 cron — — (25
Ol: 1 | 1 J-Jf"[ 1 1 | 1 | | | p ( SE ) - p @TﬂtM) —I_ p ( AE)
o ; & 2%g; EZcitationTE}?ergy (MSV) B — M(J" 26 §;*)) — MTest (26 g5
s = M(p(75i%)) — M™*(751)
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Extraction of the 3* Proton Width:
Combine with information from Mirror Reaction *Mg(d,p)?**Mg

: heP,
TUNL Work, R T, = C251oTs.p. = C2S1g—2u?(r.)
R. Longland group a14r ' ' ' ] pre
. E | m C?S_,=0.08fromo matching 1
C. B. Hamill, 2020 ~12 — CRC with fixed @S _/C?S,_, &
10* 4 (a) 3* 6.125 MeV % L — Expe.riment'alz2 6Cross-section i
10 - [ Hamill et. al,” Mg ] - :
- i el I == = Channel Radius = 4.91
3 o 5
.,_E_ 109 8 L 0.20 A
e . T I (B I e ﬂ [
E 6 = [ [
\ 4 e a0 || TS T S g e TS i S i e = oan I
\ / \ B ] I
o \J < "
. 2 . . . : : 0.05 I
0 10 20 30 40 50 60 2+ — J U |
6 - - 0.00 ' . l . ‘ ) : :
CoM 0.0 2.5 5.0 1.5 10.0 125 15.0 17.5 20.0
O ¥ AR T SRR TR NN SN SN SN SN I AN SN SN SN NNNY SO SN SN ] Radius (fm)
0 0.05 0.1 0.15 5 0.2
C*S (=0
C281=0 = 011(2) CZS]:O = 008(2) (=0) 1-\ — 2 2 (6) eV
C?S,_, = 0.27(6) C?S,_, = 0.20(4) :

Take spectroscopic factors from mirror reaction Hamill et al. (2020),
scale down to match experimental cross section.
I=0 spectroscopic factor is applied to barrier penetration calculation: I' ) = 2.2(6) eV




Thermal Reaction Rate Extraction

Three ingredients:

FsU

1.5399 x 10t

1) Cross section from RIB #Al(d,n)*Si B il - S (wy)s e ILOOSER" /T,
. _ _ _ 11y il _
2) & Relative C25(1=0) / C25(1=2) => T, (1Tp) i
3) & Branching Ratio from Liang et al.. T,
Extract resonance strength and S F Bl ss2re(0)Mev, 3,
. P = - -
calculate >Al(p,y) reaction rate D i P
§ 102 [l 5.6752(14) MeV, 1
A — direct capture
TABLE II. Parameters of the most important proton resonances in 2°Si with reference sources. The values of the underlined é{ 5
2y 5 " - & * e - i See - : » e 3 — _5—- o ettt __i_ - g -
references were used in the reaction rate calculations (See Fig. 6 and Fig. 7) Z 107 / -llfl ml I+ 11 ‘|’ 'Il lj
I Reference ER™ (MeV) C?8 'y (eV) | B I, (eV) wy (meV) = Ly
j _1  Hamill et ol [13] 0.1622(3)* <5M0x 107 <890x 10~ 0.12" < 2.60x107° & 7}
0f  Hamill ef al. [13]  0.3761(3)* 0.042(10) 0.0042 0.0088" 0.24 10 = /
r 0f  Perello et al. [11] 0.375(2) 0.0042 0.0075° 0.22 ] z /A
37 DBennett et al. [18]  0.4149(15) 2.9(10)¢ 0.014(9)°  0.040(30) 23(17) 10_11'_ xl
37 Hamill ef al. [13] 0.4154(8)* 0.11(2), 0.27(6) 2.9(10)" 0.014(9) 0.040% 23% B [
37 Liang et al. [19] 0.4124(19)" 2.9(10)¢ 0.0207(75)  0.060(30) 34(17) _ .-“"4'
35 Perello et al. [11] 0.4138(11) 2.9(10)¢ 0.025(14)  0.071(32) 40(17) o ME
. . '_ '_ ot ¥ X . _d- TEEEEESEEEEBEEESE& =S _ == J"_ = 1 1 1 1 1 1 1 1 | 1 L 1 1 1 L 1 1
i grmwotk o OSAE) 008G U200 - 226 - - U0aNs) - 00400 - - %600 - o R B o
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Thermal Reaction Rate Calculation ESU

Three ingredients:
1) Cross section from RIB 25Al(d,n)%S;i Bl O 10r S (wy) e~ OOBERT /T
2) & Relative C2S(1=0) / C2S(1=2) => T, (WIp)?2 4

3) & Branching Ratio from Liang et al.. T,

Extract resonan rength an g ©
t aCt ezsso ance St € . gt a d % B (lliadis,2010)/This work
calculate **Al(p,y) reaction rate : P —
= 5
e [ (Matic,2010)/This work
TABLE II. Parameters of the most important proton resonances in 2°Si with reference sources. The values of the underlined g - .
references were used in the reaction rate calculations (See Fig. 6 and Fig. 7) = 40 This work
. i - T - - - S - " - m b
r L
I Reference ER™ (MeV) C?8 'y (eV) | B I, (V) wy (meV) r
I 17 Hamill et al. [13] 0.1622(3)" e ) < 8.90 x 1077 0.12" < 2.60x107° 3
0f  Hamill et al. [13]  0.3761(3) 0.042(10) 0.0042 0.0088" 0.24 -
j _0i Perello et al [11] 0.375(2) 0.0042 0.0075¢ 0.22 ] gl
35 Bennett et al. [18]  0.4149(15) 2.9(10)¢ 0.014(9)° 0.040(30) 23(17) i
35 Hamill et al. [13]  0.4154(8) 0.11(2), 0.27(6) 2.9(10)* 0.014(9) 0.040% 238 - /
37 Liang et al. [19] 0.4124(19)" 2.9(10)¢ 0.0207(75)  0.060(30) 34(17) 1_-‘*\/_J
a3 Perello et al. [11] 0.4138(11) 2.9(10)¢ 0.025(14) 0.071(32) 40(17) E
| 3¢ Thiswork —__ 04154(8)° _ 008(2) 0.20(4) _ _2.2(6) _ _ 0021(8) _ 0.046(20) _ _ 26(7) _ :: T AR - s A L i

Temperature (GK)
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Topic 2:
Observation of a Near-Threshold Proton Resonance in B
Study of alpha-resonances in * B via the ’Li("LI, t ) reaction

E. Lopez-Saavedra, S. Almaraz-Calderon, B.W. Asher, L.T. Baby, N. Gerken,

K. Hanselman, K.W. Kemper, A.N. Kuchera, A.B. Morelock, J. Perello, E.S. Temanson, A.
Volya, and I. Wiedenhdver

Phys. Rev. Lett. 129, 012502 (2022)

E. Lopez-Saavedra, S. Almaraz-Calderon, K. W. Kemper , R. Aggarwal , S. Ajayi , L. T. Baby, C.
Benetti, A. L. Conley, J. Esparza, D. Houlihan, B. Kelly, G. W. McCann, A. B. Morelock, V. Sitaraman ,
E. Temanson , M. Wheeler, I. Wiedenhover, C. Wibisono, A. N. Kuchera, and G. Ryan

Phys. Rev. C 112, 024324 (2025)
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Physics Letters B
Wolume 732, 1 May 2014, Pages 305-308

Rijsager et al: A surprisingly high branching ratio 1Be(Bp), a quasi-free neutron decay?

K. Riisager ® 2, =, O.Forstner b M.J.G. Borge ® ¢, J.A. Briz %, M. Carmona-Gallardo ©, L.M. Fraile '

of the "Be — "Be decay was observed: 1 e s oo R PO
B-delayed proton decay in neutron rich nucleus ? =
quasi-free neutron decay ?

Or decay of 1Be into °Be, mediated by a ‘dark’ PLYSICAL REVIEW LETTERS
partiCIe ? Highlights Recent Accepted Collections Authors Referees Search Press Abaol

A puzzling exotic decay of 'Be

——
Direct Observation of Proton Emission in "'Be

Y. Ayyad et al
Phys. Rev. Lett. 123, 082501 — Published 22 August 2019; Erratum Phys. Rev. Lett. 124, 129902 (2020)

1{_1;3

Tl ==5¢ P +e 4+ p Eur. Phys. J. A (2020) 56:100 THE EUROPEAN )
I) hutps:/fdoi.org/ 101 140/epjals 10050-020-00110-2 PHYS'CAL JOURNAL A Eiieck fon
Mu.-m:*-w'wus

Search for beta-delayed proton emission from !'Be

K. Riisager”, M. J. G. Borge®?, J. A. Briz’, M. Carmona-Gallardo®, O. Forstner’, L. M. Fraile’, H. O. U. Fynho,
A. Garzon Camacho®, J. G. Johansen', B. Jonson®, M. V. Lund', J. Lachner®, M. Madurga®, S. Merchel’,
E. Nacher?, T. Nilsson®, P. Stefer”, 0. Tengblad®, V. Vedia*

YBe + 7 ! Be




A puzzling exotic decay of 'Be

The non-exotic path from 'Be to °Be Resonant enhancement through

5B a harrow state in 1B

11Be proton emission

6 . window ~280 KeV
W=3pP-+e ¥ ]| W gD tRessasgesssiarsasenws

J

1}1Be
WPpe 47 1! Be

The large decay branching ratio *'Be-> °Be can not be explained easily:
A strong and unobserved, near-threshold proton resonance in B would be
needed, inside a very narrow energy window




Exp. Setup — lon Chamber & Silicon-Telescop

o R T Mo S 7,51 A St

Radioactive °Be beam

at FSU’'s RESOLUT facility: e

« Beam production: °Be(d,p)'°Be &
19Be ~6000 pps, 60% purity

e Detect p+'°Be coincidences in
1°Be(d,n)*B(p)*°Be

* Reconstruct B resonances

from p+°Be invariant mass

or o+’Li invariant mass




- 40—
A proton-resonance Iin B
- > 30|
Reconstructed B - ’Li + a spectrum: <
Observation of the known resonances in B §
* Peak at Eex = 11.46 MeV o 20k
o
Reconstructed B - °Be+p spectrum: § -
Observation of a sharp proton resonance in B
1B at E _.=211(40) keV!
« E_=11.44+0.04 MeV 0 5 T
* Oy, =9mb, [ ;=20 keV
* C25 ~ 0.27(6) (IF BR(p)=100%) S 30| E(0)+E(1°B
\ \+—/ S o e
. [=54keV S .| (p)+E("Be)
E(p)+E(*°Be): 2or .}
Reconstruct “missing” n-energy=> n-angle 151 +
Monte-Carlo of DWBA: 10—
Jm = (1/2+) to the state at E_=11.44(4) MeV. 5L
| | | {‘ |
20 25 30 35 40 45 50

Energy Sum (MeV)



The 1B resonance at FSU The 1B resonance at MSU

40~ "B - "“Be+p -
121
s — "B - 7Li+o. B
£ 30— E 1
o 2 B
8 ?_’ 0.3_—
o 201 S f
g % 0.6
2 B
3 © eal
O 10 C
02k

0 - L_ciiiih g _.;-.I-...I....I....I...

9 10 11 12 13 14 15 0.15 0.2 0.25 0.3
"B Excitation Energy (MeV) Ecy (MeV)

E. = 11.44 £ 0.04 MeV, J* = (1/2+), (B, =11.4MeV, J™ =1/2",and ', = 4.4 keV)

I,=20 keV, T = 5.4 keV

“R-matrix analysis shows a sizable partial decay width for
both, proton and o (I', ~ 11 keV) emission channels.”

PHYSICAL REVIEW LETTERS 129, 012502 (2022)

PHYSICAL REVIEW LETTERS 129, 012501 (2022)

Observation of a Near-Threshold Proton Resonance in 1B i i
Evidence of a Near-Threshold Resonance in "B Relevant
E. Lopez-Saavedra®,"” S. Almaraz-Calderon®,"" B. W. Asher,' L. T. Baby®,' N. Gerken,' K. Hanselman®,' to the f-Delayed Proton Emission of 'Be

K. W. Kemper®,' A.N. Kuchera®,” A, B. Morelock,' I. F. Perello®,'

E.S. Temanson®,' A. Volya®,' and 1. Wiedenhéver®' Y. Ayyad®,"*" W. Mittig,”* T. Tang,” B. Olaizola,* G. Potel,” N. Rijal,> N. Watwood,* H. Alvarez-Pol,' D. Bazin,™
' Department of Physics, Florida State University, Tallahassee, Florida 32306, USA

s B 6 ) i , B - R T ). TV — RE
Dapartment of Physics, Davidson College, Davidson, North Carolina 28035, USA M. Caamaiio, Jﬁ. Chen,” M. C(I)rle. B. Fer ndndc:c Dummgucz. 51.1G1r‘1.ud. P. Gljlt.}l.. S l‘!l.lmlzi. R J:un.
B.P. Kay,” E. A. Maugeri,” B. Monteagudo,” E. Ndayisabye,™ 5. N. Paneru,” J. Pereira,” E. Rubino,”

® (Received 7 February 2022; revised 26 April 2022; accepted 1 June 2022; published 28 June 2022) C. Santamaria,” D. Schumann,” J. Surbrook.>” L. Wagner,” J. C. Zamora,> and V. Zelevinsky>




Open Systems - Open Questions

* Does the near-proton threshold

resonance have alpha strength? '
: 14 | /
* Are the appearance and properties f
of this resonance a threshold effect, > ush S R
= = ._‘l ,
a consequence of coupling with the S 1}
. =, + 12F
continuum? * L ek WY e
Clarification of large-strength transitions in the 8 decay of 11Be api B _/
J. Refsgaard, J. Blischer, A. Arokiaraj, H. O. U. Fynbo, R. Raabe, and K. Riisager 10 Tyreers i e I. |
Phys. Rev. C 99, 044316 — Published 25 April 2019 172,

exp SMEC psdu fsu

LETTER - OPEN ACCESS
B~p and B~a decay of the ""Be neutron halo ground state

J Okotowicz*'1 (), M Ptoszajczak? and W Nazarewicz®

Published 30 August 2022 - © 2022 IOP Publishing Ltd

Journal of Physics G: Nuclear and Particle Physics, Volume 49, Number 10




Counts

High-resolution spectroscopy a-transfer - a-decay

Li("Li1,t)'B* - a+’Li a-transfer measured at FSU:
Super-Enge Split-Pole Spectrograph (SPS)
* 100 pg/cm? metallic self-supporting “Li target
* Clean separation of different reactions
* 1B region of interest (11.3-11.5 MeV)
IS complex

20000 \ .
B T - ti (’Lit) B ‘:Oca\ v Silicon - \
180001— = i Detector
B ~ Taroet
d
16000 — ) g :
i ROI % ol s 3 ’Li (’Li,d) "B
(%}
14000 — - N [
B +
12000 — i o 1001— 3‘, '\g | 1 o
l— 'q:: o o 1 by
10000 — - = o~ i | LA
= ‘-"‘i -y ¥ | 0 ! “ I i ,I}' a | W L L
8000 — o e ® . B 300 200 ~100 0 100 200 300
- b — e |
| sy o g C
6000 B i ql :. | 2 §mooo ) Li ("Li%He ) *Be
4000 |— = * ¥ e
D‘-’ m r i Ji = ~y L.
B o ALt = . 6000 -
—~ | )j | y = <
2000 — J / \ , | S | ¥ 4000/~ -
= [ .Is ¥ ¥ 1 \\ =N
[} oy \’-'L._-’ . J{‘\; 1 i "y Ay I 20001~ y |
=300 200 ~100 100 200 300 i - , , ,
X (mm) B0 ~200 =100 0 100 200 300

X(mm



High-resolution spectroscopy a-transfer - a-decay
E. Lopez-Saavedra et al. PRC 112, 024324 (2025)

Li("Li,t)*B* - a+’Li a-transfer reaction & a-decay in coincidence

* Upper limit on a-decay width for 11.4 MeV resonance: I, <11 keV

* Still consistent with I'; = 11(3) keV by Ayaad et al.

* The quest to characterize the 11.4 MeV proton-resonance continues.

3 known resonances, [ i
Cusson: Nucl. Phys. 86, 481 (1966) Compact Silicon array
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Summary

* The study of resonant states embedded in the continuum is central to Nuclear
Astrophysics and Nuclear Structure science of exotic, nearly-unbound nucleil.

* The FSU laboratory has developed a suite of high-quality experimental tools for
radioactive and high-quality stable beams to investigate this interface between
“Inside” and “outside” the nucleus.

* Things | learned from Robert along the way:
If you want to advance science, make sure you master the craft.
Be a specialist, but always strive to expand your tool-set.
"Fellowship”: If you want to lead people, you have to be close to them.
Pursuing science is a privilege: Work hard.

* Robert made me (us) do it.

FSU
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