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The Super-Enge Split-Pole Spectrograph @ FSU




Experimental Setup at FSU
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The Super-Enge Split-Pole Spectrograph @ FSU

Particle identification to choose reaction of interest.
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The Super-Enge Split-Pole Spectrograph @ FSU
Position resolution to identify excited states.

Ionization chamber with two anode wires, each
inductively connected to pick-up pads, which are
connected to delay-line chips.
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Experimental Setup at FSU

[Focal-plane figures courtesy of C. Benetti (FSU alumni; S. Tabor)]

We keep our focal plane detector position fixed

and calculate the real focal plane position offline.
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The Super-Enge Split-Pole Spectrograph @ FSU

Position resolution to identify excited states.

(ongoing analy51s)
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Chamber off 4850Ti at HlyS@Duke University.




Experimental Setup at FSU
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The Super-Enge Split-Pole Spectrograph @ FSU

(ongoing analysis) “Ti(d,p)>°Ti 1
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comparison to theory.



Coincident y-ray detection with the CeBrA demonstrator at SE-SPS

Combining reaction and decay selectivity to study the structure of excited states.
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Coincident y-ray detection with the CeBrA demonstrator at SE-SPS

Coincidence timing between CeBr; y-ray
detectors and focal-plane scintillator.
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PID eliminates prompt events resulting from other reactions.
To eliminate random background, further timing gates are

needed.
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Coincident y-ray detection with the CeBrA demonstrator at SE-SPS

Coincidence timing between CeBr; y-ray
detectors and focal-plane scintillator.
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needed.
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Coincident y-ray detection with the CeBrA demonstrator at SE-SPS

Coincidence timing between CeBr; y-ray
detectors and focal-plane scintillator.
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Coincident y-ray detection with the CeBrA demonstrator at SE-SPS

Particle-y coincidence matrix for selecting
the excitation and decay of specific excited

states.
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Coincident y-ray detection with the CeBrA demonstrator at SE-SPS

Particle-y coincidence matrix for selecting
the excitation and decay of specific excited
states.
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Coincident y-ray detection with the CeBrA demonstrator at SE-SPS

Particle-y angular correlations for spin-parity
assignments and determination of multipole _
mixing ratios.
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Coincident y-ray detection with the CeBrA demonstrator at SE-SPS

Time difference between y-ray detection with
CeBrA and particle detection with SE-SPS
to determine level lifetimes.
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We have big plans!

I . .
n collaboration with L.A. Riley [Ursinus College]

and A. Richard [Ohio University]

d Methods in FPhysics Research A 1052 (2024} 168827

Nugclear Instruments a0
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Undergraduate Research I GEANT4 simulation of CeBr; detectors

» FSU undergraduate student Scott Baker
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Spectra from source commissioning with deuterium beam — (d,>He) and (d,t)

Only published spectrum from J. L. Yntema and G. R. Satchler, Phys. Rev. 134,
B976 (1964) measured at scattering angle of 20°.
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Spectroscopy of odd-odd nuclei
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[Angular distributions: H. Ohnuma and J. L. Yntema, Phys. Rev. C 2, 1725 (1970)]
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SABRE Energy (keV)

Silicon Array for Branching Ratio Experiments (SABRE)
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In collaboration with LSU (C. Deibel)
5 Micron Semiconductor Ltd. MMM
Silicon strip detectors with thin
deadlayers in lampshade configuration.
Fully digital data acquisition based on
CAEN V1725 and V1730 digitizers and
DPP-PHA firmware.

Array primarily used for studying the
decay of unbound particle resonances
relevant for Nuclear Astrophysics.
Decay-particle-particle angular
correlations with SABRE and SE-SPS
can be measured to test wave functions
in great detail.

Exemplary science cases: Synthesis of
26Al, isotope production in classical
novae, super-radiance in 13C.

Reference: E.C. Good et al., Nuclear Instruments and Methods in Physics Research, A 1003, 165299 (2021)



Future detector developments

= Development of conversion
electron spectrometer in Mini-
Orange Design using PIPS
detectors

= Fission detector (cube design)
using silicon photodiodes similar
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A very brief review of what we learned
from (p,t) and why (t,p) might provide
additional 1nsights...



Phenomena influencing structure of low-lying excited states

Octupole Correlations (Aj = Al = 3)

= Octupole deformation and excitations in the actinides (ground
state and excited states)

o Clustering

= An alternative way to cause reflection asymmetry in the actinides

-“-- roton o o
b Pairing

neutron - “__ = Pairing probed in (p,t) and (t,p) reactions (neutrons only; As = 0)

[M. Spieker et al., PRC 97, 064319 (2018)]



= Covariant density functional theory Octupole deformation in light actinides

Static octupole deformation in light actinides?
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Octupole excitations in heavier actinides
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Octupole excitations in actinides

——
o __ Appearance of octupole deformation at high spins?
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g Octupole excitations in actinides
e (55:4‘1)
ome y o = Band 3 (K™ = 03) was proposed to be either of
T — double-octupole phonon character
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(p,t) reaction and the nature of the first excited 07 state

Uniformly strong (p,7) population of first-excited 0" state
— Collective excitation? Pairing vibration? Pairing isomer?
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Experimental data from Q3D campaign

(... may it rest in peace, wherever it is now.)

We decided to revisit some (p,t) measurements a while ago...

230.228Th, 232(; H.-F. Wirth et al., PRC 60, 044310 (2004)
20Th: Al Levon ef al., PRC 79, 014318 (2009)

28Th: Al Levon ef al., PRC 88, 014310 (2013)

240py: M. Spicker et al., PRC 88, 041303(R) (2013)
22; AL Levon et al., PRC 92, 064319 (2015)

240py: M. Spicker et al., PRC 97, 064319 (2018)
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(p,t) reaction and the nature of the first excited 07 state

Uniformly strong (p,7) population of first-excited 0" state
— Collective excitation? Pairing vibration? Pairing isomer?
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Neutron Number

[J.V. Maher et al., PRL 25, 302 (1970); J.V. Maher et al., PRC 5, 1380 (1972); A.M. Friedman et al., PRC 9, 760 (1974)]



What we thought (think?) we learned from (t,p) reactions...

The (t,p) reactions from 229232 Th and 2%:2%.,2381 were studied at 15-20 MeV bombarding energy. The known
excited 07 states in 23QTh, 236,2381) were not observed nor was any excited 0% strengih located in 29Th or 2**U. The
previously reported strong L = 0 (p,t} transitions in this region as well as the weak L = 0 (t,p) strengths reported here
constitute a strong indication of the existence of quadrupole pairing correlations in deformed superfluid nuclei.

é [R.F. Casten et al., PLB 40, 333 (1972); B.B. Back et al., NPA 217, 116 (1973)]
Q 1200 " — Ra e UI Cm | ]
= o 1100 - __. ——-Pu ] :
2 L oy ] = Strong (p,t) and weak (t,p) cross section
2= o 3 Y e ] . . . . . +
5 oo | MANE S S ] supported pairing isomer interpretation (.)f 03
20 N — ] states favored by Ragnarsson and Broglia.
3 % - -9 . [I. Ragnarsson and R.A. Broglia, NPA 263, 315 (1976)]
= 520 prmmmm e §ooes }i/ -----------
> S : R ! = Strong population of 03 in 2°Pu(d,p)**°Pu
< \;‘-“; B T . . o . .
£ s o did already question pairing isomer
% 30 - 1 mterpretation. [A. Friedman and K. Katori, PRL 30, 102 (1973)]
: Swf :
Swf 1 How does the double octupole phonon structure
T e fit into this story?
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We learned that we are dealing with at least two different structures!

= (p,f) observables = y-decay behavior [B(E1)/B(E2)]
Nucleus n E, [keV] Roy 10+(5°/25%) Nucleus n E, Tkl e Re1/e2 ,
—6 _
257 2 831.9 15 ke (107 fm
. 3 938.7 25 *Ra 2 916.4 17 2F ~0.2
><' 230Th 2 635.1 2.1 ZZ(JRa 2 824 6 17 a
() 3 1297.1 1.2 28 5 721'2 1‘, o+ 274
— ey a . 1 1 . ( )
o, U 2 691.4 2.1 2o 5 205.2 = \
& 3 9272 L7 287 2 831.9 I o+ 5.1(4
3 20py 2 861.2 Ll . 31 r i 1@
= . - ) 232 - + b
o) Th 3 1078.6 1, 2]
S HyU 3 927.3 17 2F 44(7)
@ 80 e Experiment: 861.2 keV— e Experiment: 1090.3 keV — 234U 3 1044.5 1- 21+ 3.9(3)
k 2 2 2 - . J. Z
8 60 — DWBA: (2g9/2) — DWBA: (2g7/2) +(3P1/2) _| 238U 2 927.2 ! ZT ¢
= 20 L 1 oy 2 0415 17 2 <05
e 0 Hpy 2 861.2 17 27 13.7(3)
- 20 =
5 0 No E?2 transition observed.
2L 5 1015202530354045 5 1015202530354045 ®No y-intensities measured.
Q c : bd +
= (9 d e Assignment based on Rg,g2 of J* = 27 band member.
Z Q3D [ g] [M. Spieker et al., PRC 97, 064319 (2018)]

The two states have different angular distributions and a very different y-decay
behavior! (probably “double-octupole” component mixes with “pairing” state)




Data for excited 0 states from Q3D campaign

! 1 Result
— it esults:
o 70 r - .
5-_- 60 - i - ZE%% 18 — 25 %
&0 50 |-~ - - confirmed
T — = %a(09)/a(0])
6*30; ] jumps at ~ 24,
= 90 | i S = AE(03,0%) variation
N Fo T 230 i " + +
[N 10 + il 2400, 23277 0 i 2.0(0;)/0(07)
I i 1| “YPu Ul 228 1 comparable
0 SPI S R SRR YO S B : | . |
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Energy [keV]

Expectations in 60s/70s were that one should observe strongly excited 0 states at
higher excitation energies. We could search for these states.

[Data and results: A.l. Levon et al., PRC 79, 014318 (2009); PRC 88, 014310 (2013); PRC 92, 064319 (2015); M. Spieker et al., PRC 97, 064319 (2018)]



A word of caution — Multistep contributions in deformed nuclei

In deformed nuclei, multistep contributions can be significant. (p,t) [ = 0 transfer
appears to be unaffected. We will need to see what happens in (t,p).

----- DVVBA 2 9 2 r ‘ " 4‘2 ke‘V ‘ b T T
190 b (28972) 1 190 ¢ — DWBA: mla- (2g5)" - I ﬂ‘lf__ o+ 114Jf__
; ,",, \‘\, P ~ ; L ™ + + // 0+ | + III 2+ L
80 e 80 | J =2 0 L 7 mla/mla* e m2a
40 540 ¢ _
= R e e JF JF
L e BA(1i )2 * + 14L.5keV 1 4" b4
30 - DWBA:(lin2) | g - — DWBA: mlb—(liu/g)zi ,:4’,:4]’1‘ R _.“J’f
20 S 20 N 1 =4t - — o . o
10 & e NS <10 - - O | 7 ilomibr 2 7 m3a/mda
L ;%ggvgiév 1;0
5[ 1 s3I (i) + (3050 X = Direct transfer: (p,t)
B L B ™
21 I 1 =6 = TInelastic transfer:
7/ 7, j s *Tx i ) !/
(p,p) = (p,t) = (t,t)
10 20 30 40 50 10 20 30 40 50
Oqap [deg]

[M. Spieker et al., PRC 97, 064319 (2018)]
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Four main experimental programs: ENCORE TRI:
In-flight radioactive beams with RESOLUT SE-SPS CATRiINA
High-resolution spectroscopy with Super- CLARION-2 ENCORE
Enge Split-Pole Spectrograph (SE-SPS) CeBrA

CLARION-2 Clover y-ray array (w. ORNL)
Neutron detection with CATRiINA



T T 17 17T 77T T T 1 17 77 T 1T 71T 1T 771 T T 7 1T T 7T
10} 2049keV |} 3270keViJ"=(172") {} A058(7) keV' || 4720 keV; J" = (3) |
<, =07 ey
=10 E =Y TN
=) \‘.J/.__\\,
== 10 3 ~
5 I=143
- 1 L | | | | | | | | ] |
. r T T 7T ™17 T 1T 17T 71 ™7
F oty 2302 keV 4t 3370 keV; J"=1" 1F 4161 keV; T = (5) 1 4873(9) keV
= a2 S —
= -2, “

: . % '-—__MN F O

1 [ =1L ~
! I=1 = I=4 =144 ]
= 1 1 l | | | 1 | | | 1 1 l | 1 1 l | | 1 | | | | 1
. T T 7 T1T 17T T T 71 7717 71 T T 71T 7T 7 T T 1T 71T 77
E oot 2337 keV 1
g I=a"
— 1
o F
= L3
:Q 10 F /-3
= 1 L | | | | |
. L 1T T
T 2891 keV |} 3757 keV: =3 1F 1423(4) keV {E 5004(10) keV 1
R — J =0 .
. l(} F 1 ? 1
:E 10 F =1 == -y 1 !
- 1 || | | | 1 L s 1 | 1 1 | | 1 1 | | | L. 1 | | | 1
. 1T 17T 7717 17T 77T T T 71 717 77 T T 71T 7717 771 T T 71T 71 77
T 3059 keV 1 3860 keV 4k 4516(7) keV 1} 5062(11) keV
ER = =29
— l(} F 1F 1F ? '!
S Nogor =3 s = 3
T ~
i S =6 i=a r=1t2t 1 =
= 1 1 | | | | 1 | | | 1 1 | | 1 1 | | | | | | | | 1
. r— 1T 7T 7T 717 7T 1T 7T 717 7717 71 1T 71 7T T T T 17T 71T 771
T 3158 keV 1t 3973 keV 44 4643(3) keV | F 5240(10) keV 1
< JT=2" J=2
—10° r
:é 10 ¢ =1 =1 -, 1
= 1 l | | | 1 | | | 1 1 1 | 1 1 l | | 1 | | | | 1

1
10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 30 60 10 20 30 40 50 60
O sps [deg] Oggsps [deg] O sps [deg] Ose-sps [deg]




dofd§) [uh/st]  do/dQ [ub/si]  defdQ [ub/st]  da/dS [ib/si]

da /dQ [jih/s1]

da fdS? [uby/st]

L B L B R T T "1 T T T T T T T UL
10° s L 0096{7) keV 1t 8) keV T211(8) keV ]
9 = T
107 r @ 1r b 1 1
¥ "--._...___‘__ L) .
]0 3 F {= 2 1F f: 2 1 ; — 2
1 | I l | | | L | | | 1 | | L 1 | - |
T T T T T T T T T T T T T T T T T T T T T
10° ! 6179(4) keV {F 6(5) keV 7263(11) keV 1
10° P 1r 1ir ‘!\ 1
1 [ [ -—-""-"I-q_‘~ -—-..__‘-:
10 =2 P : 1 i | B ~
1 L 1 1 | | | 1 | | | L 1 | | L 1 | |
T T 17T 7 1T 7 T T L D | T T 1 7T
10° 1 6280(2) keV {F 6715(9) keV 4 T313(10) keV 4
2 X =3
10 P S - 1 ;\\-——“—‘ ] N
10 3 . 1r -
I=2 I=2 I=2
1 L [ S P B TR B B | | L ! [ R S [ P S !
L S S B BEL | L B L O T L S B B | LA B S \
10° 5632(12) keV 1} 6360(5) keV (6942(7) keV | 7398(5) keV
1n2 ¢ =
10 ] * = 3 m’w ! . |
1
0 19 1=2 |
1 [ R B [P P S B !
— T T T T T T T T T T
10° 1t 7042(8) keV 1 7459(10) keV 1
lU“) 1 N :
1
0 I=1
1 | ! [ P S !
I e L A N T T T T T T \
10° | 1k 7132(5) keV | 7541(11) keV
10° B = 1 1 . :
;\\ ,\\-_ % s
1 =
0T =y =2 F1=2 1=2 |
T O U T B [ S T B I R S B SR | [P S S BTN B
1020 30 40 50 60 1020 30 40 30 60 10 20 30 40 50 60 10 200 30 40 50 60

sk sps [deg]

Osp sps [deg]

O sps [deg]

O3k sps [deg]



o T T 71T 71 | L T T 17T 7717 771
Jg; 10" F T646 keV; J" =1 { oty

= F *

E " E']
S 10

< F =2 ] E 0186(10) keV

= PR S L. | | | | | | | | I P | ]
. T T 1T 17T 71 77T T T 77 '_I T T T 1T 17T 717 77
i 10 7703(8) keV 1 8773(3) keV 1 &

= N

=2 b 1 r 1f ~

o * }-\\

= ¥
= 10 f 1 ir ir )

5 1=2 ! [=2 9267(10) keV

e 1 1 l | | | 1 | | | 1 1 l | 1 1 l | | 1 l | | | 1
o T T 17T 71T ™71 T 1T 7717 771 771 T 1T 7T 71 T T T 1T 7717 771
Z 10’ TTT4(12) keV .

=

= 10’

E 10 [ =2 1 —s

= 1 I | | I | | | I

. T 71 T | L T 7717 71 LI T 71T 71 71 T T T 17T 771 71
AT 7835(11) keV + 8340(8) keV 1} 8027(T) keV {1} 4

=R 4 -

= 10? n 1 S

g 3 ‘-\‘___‘
= 10 f 1 o

5 1=2 9459(12) keV

- 1 L | | | | | | | | | | |
. T T 17T 71T 7T T T 17T 7717 771
T 7886(11) keV 1 2 8396(5) keV b oas s

. B SS T

= 10° F 1 3 E r \\L___,
c . *
=0, /=2 1 F0526(9) keV

- 1 1 | T S | | S I B B | | I I I I | I I IR I T |
. T T 17T 771 77 T 7717 7717 771 71 1T 71T 771 771 71 T T 1T 77171
T 2 7982(10) keV S487(9) keV b £ 9189(10) keV 1 ts 4

< ¥ ~

=10 \ ] LA
2 F + 3
i T 1=2 =2 1 9500(15) ke

= 1 1 | | | | 1 | | | 1 1 | | 1 1 | | | l | | | | 1

10 20 30 40 50 60 1020 30 40 50 60 1020 30 40 50 60 10 20 30 40 50 60
Osg.sps [deg] Osp sps [deg) By gps [deg) Ospsps [deg]




0.030

CeBr; — An inorganic scintillator for y-ray spectroscopy
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= Similar emission spectrum to LaBr;(Ce)
scintillator, which are widely used in low-energy
nuclear physics.
— Double emission band from lowest 5d level
to the spin orbit split 4f ground state.

= Unlike LaBr;(Ce), no intrinsic activity.
— Contaminants can be separated and no
radioactive Ce isotope in natural Ce.
— Low background for spectroscopy
applications between 0 and 3 MeV.

= Energy resolution is worse than for HPGe, but
comparable to LaBr;(Ce), i.e., ~ 4% at 662 keV.

[F.G.A. Quarati ef al., NIM A 729, 596 (2013)]



CeBr; — An inorganic scintillator for y-ray spectroscopy

_ = As for LaBr3(Ce), emission is fast.
fia — Because of this fast signal decay, CeBr; can
. f be operated at much higher rates than slower
; detector types as, e.g., HPGe.
e e mSEmE — With suitable PMTs, CeBr; can be used for
s fast-timing applications, i.e., lifetime
BRI ;_éé';;' S ;,S;E';;';{;' ] measurements of nuclear excited states.
] = (CeBr; 1s less prone to radiation damage by

JoN Sy neutrons than HPGe and LaBr3(Ce).
e e — Detectors can be used 1n “violent”

environments; e.g., light-ion induced
reactions at spectrographs.

Counts/ns
=
(=
=3
T

10

Time difference [ns] Time difference [ns] [A. Conley, B. Kelly, MS, et al., NIM A 1058, 168827 (2024)]
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Digital data acquisition

= CAEN V17258 digitizers
— DPP-PSD firmware
— 14-bit resolution
— 250 MS/s sampling rate
— Clock: 20 ns (50 MHz)

— Digital CFD provides sub-
ns resolution for timing.

[Also see, e.g., C.J. Prokop et al., NIM A 792, 81 (2015) for fast-timing with XIA digitizers and digital CFD algorithms]



Characterization of CeBr; detectors — Energy resolution
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Characterization of CeBr, detectors — y-ray detection efficiency

: 27x2” CeBrg Efficiency Fit Function ----- ]

L75 F'\ 37x4” CeBrs Efficiency Fit Function —

n 9 »., 152 ]

1.50 £ 27x2”: 2By X 3

= C 56(_\JO I ]

X 1.25 _‘1- 3'x4”: 152Ey ¢ 4

> :‘\‘ 56 g ]

2 1.00 F\ : 3

L : ]

3) - ]

= 0.75 F -

£a) C ]

0.50 F 3

0.25 F 3
0.00 WETETETE ETRTE

B A REREE eSS Sa s SR e S

01k 2”x2” CeBrg Efficiency Residuals

Tg i ]
= —0.1 |- 1
= N B BT PRI AT PRI IR B
Q IR L I B L I RS R
e 0.1 F l - 3”x4” CeBrs Efficiency Residuals
[ _|® T E
b T}i ------------------ Fro o]
o1 | : 3
SN T S B BT I T

500 1000 1500 2000 2500 3000 3500
~-ray Energy [keV]




Coincident y-ray detection with the CeBrA demonstrator at SE-SPS

Select decay to specific final state with particle-y coincidence matrix.
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