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Astrophysics research with
GODDESS

S.D. Pain

Oak Ridge National Laboratory
« GODDESS overview/upgrades

» Reactions to constrain neutron capture

cross sections (CARIBU beams, stable
beams)

— Physics
- Challenges

W GODDESS silicon detector array
. coupled to GRETINA

» Reactions to constrain proton-capture

cross sections (RAISOR beams, stable
beams)

— Physics
- Challenges



Bold = students and postdocs

« 134Xe(d,py)'3°Xe — Lepailleur, Seymour, Pain

* ”°Mo(d,py)’*Mo - Cizewski, Garland Chad Ummel Rajesh Ghimire

« 19F(3He,ty)""Ne — Hall, Bardayan (Rutgers UnivlseSrTsify) (Universifyﬂ?Pf(gennessee/ORNL)
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2019 GT

« 134Te(d,py)'*°Te — Ummel, Pain
« OP(d,py)3'P — Ghimire, Pain
« XFe(p.p'y)*¢Fe — Jones, Macchiavelli, Crawford

2020+
- 14Ba(d.py)'*Ba - Ummel, Garland, Cizewski,
Ratkiewicz

«  781007r(d,py)??191Zr — Bottoni, Freeman, Pain
« ?Be(cLi,p)'*C - Leoni, Fornal, Janssens, Pain
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Resolution for 6 MeV y emitted at
8.5 MeV/A
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GS — 80 keV (160 keV w/o SC)

GT - 20 keV

Not just resolution, but

signal/background
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ORNLDAQ [
(Master 1)

Beam Right

clock

trigger

320 ch RAL shapers

320 ch DFMA digifizers

CAMAC scaler (16-bit, periodic readout, no clock)

MyRIAD

Manual run control

Offline data processing (human file transfer -> merge -> sort) - slower than real fime
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- NIM > VME

MVME5500
MSCF-16

DESS DAQ 2019 =

o module

0.5 45 shaping
MSCF-16

ic
Energy
Signals

0.25 45 shaping
MSCF-16

trigger

ic
position
signals

I II ORNL DAQ f

clock \
(Master) .
,; Gretina

~ 720 ch (slave)

0.25 455 shaping
MSCF-16
Tracking
detector
signals

o 720 ch Mesytec MSCF-16

« 720 ch CAEN V785 (2 bridged VME backplanes)

« V775 TDCs

« SIS scaler (10 MHz, TS, event-by-event scaler readout)

 MyRIAD

« Upgraded ORPHAS (MyYRIAD, scaler, broadcast, run
control)

« Real-tfime data analysis
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2019 - Perpendicular grid fast IC (dE + E)
« Position-sensitive (32 X, 32Y)
2015 « Beam fracking detectors (16 X, 16Y)

« Tilted grid fast IC
dE+E
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Cons’rrolnmg r—process nucleosynthesis with transfer

The impact of individual nuclear properties on r-process

nucleosynthesis

Laughlin®, A. Aprahamian*
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r-process nucleosythesis sensitive to neutron capture cross sections
(late times, cold r process, etc) on specific nuclei
Constrain r process nucleosynthesis with transfer reactions
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Challenges with CARIBU
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Radiative proton capture reactions

- Dominated by isolated resonances or V7 £
- Orders of magnitude uncertainty < >:(,uij h 6079Xp(—

- Location and strengths of resonances key

- Direct measurements of resonance strengths

, I AL S I,
(recoil separators), buft: w_(231+1)(2J2+1)( +0) = T
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Transfer reactions

- Indirect techniques: 3/2
27 ; E
« Locate E, < >— e hiorexp| — "
« Determine the potentially important HK
ones (J&, I, wy)
« Constrain oy where (p,y) measurements o= g5y Ll
not possible (23, +12)23,+1) r

- Proton-transferis natural tool of choice
« E Jt C2S (¢

- For low lying resonances
p <<l sooy ~aly ] | 2

e = -
- Can constrain proton width T', by §1oocce
cons’rrommg C?§, and colculahng | groosoo
~C? gl
fp ~C5 T Sieet
. Experimental challenges with (d,n) and e
*He.d) i
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Transfer reactions

- Indirect techniques: 3/2
27T ; E
« Locate Er <OV>= —T h wexp| — =
« Determine the potentially important HK
ones (J&, I, wy)
« Constrain oy where (p,y) measurements o= g5y Ll
not possible (29, +1)23,+1) r
e« Proton-transfecisnatiiral tanl af choica
- £ J [Neutron fransfer via mirror symmetrye
« Forlow lying reSonamnces To0ero
tesshysolormaly ||
. Can constrain proton width T, by 5 —
cons’rrommg C2S, and colculahng | groo=oo
~ C28 Ty, 2 o011 ]
O ooes
. Experimental challenges with (d,n) and toes
Prie.d ==
- Targets, detectors, £ T T T T W W
Energy (keV)
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Mirror Studies for constraining (p.y)

- Measure mirror neutron states with (d,p)
E &t Jv C=S
High resolution, efficiency
- Guided by

- Mirror assignments (dedicated fusion-evaporation
studies critical to study the right set of levels)

- Shell Model Embedded in the Continuum

How well can one do?¢
S_Q(N)af\KRIDGE

ional Laboratory




Mirror Studies for constraining (p.y)

d n 38 39 kK-33 | k-34 | K-35 | k-36

y a p2.1E20s|| p720ps [ 178ms || 341ms
b}

Ar-30 || Ar-31 | Ar-32 | Ar-33 | Ar-34

p2.4E-1858 14.9ms 98ms 173.0ms B843.8ms

35.011d

cl-30 || €l-31 Cl- 32 Cl- 33
p 2.1E-17s || 190ms 298ms 2511s

-

(d.p) 34CI(p, )35A

5-26 5-27 5-28 5-29 5-30

Good testing A
ground 30P(p,»)31S |rnfsm| [

Benchmark
against direct > 26A|(p 7/)27Si [a-n oz faas fawze o
)

Al- 31 Al- 32
644ms 33.0ms

T *130.9ms
I I I e O S U r e l ! l e n S Mg- 19 | Mg- 20 | Mg- 21 || Mg- 22 || Mg- 23 Mg- 30 || Mg- 31
J 4.0ps 90.8ms 122ms 3.8755s 11.317s 1.30s 335ms 236ms

Na- 28 | Na- 29 || Na- 30
305ms || 44.1ms 48ms

Na-18 | Na-19 || Na- 20 | Na- 21 | Na-

« N=1 cases especially interesting

Ne- 15 Ne-16 | Ne-17 | Ne-18 | Ne-19
7.7E-22s | 3.7E-21s || 109.2ms || 1.6654s

- Strong astrophysical moftivation (impact,
orders of magnitude uncertainty)

Ne- 24 | Ne- 25 Ne- 26 | Ne-27 | Ne-28 | Ne-29
37.24s 3.38m 602ms 197ms 31.5ms 20ms 14.8ms

F-20 F-22 | F-23 [ F-24 | F-25 | F-26 | F-27 | F-28
11.163s 4.158s 4.23s 223s 390ms BOms 9.7ms 5.0ms

0-19 0-20 0-21 0-22 0-23 0-24 0-25 0 -26
26.885 1351s 3425 2255 97ms 65ms || 2.8E-21s 4.5ps

0-12 0-13 0-14 0-15
5.6.3E-21s) B.58ms | 1.1770m

N-10 N-11 N-12 N-13 N-18 N -19 N -20 N-21 N -22 N-23

. . .
- Simple application (cf more complex
c-8 c-9 c-10 Cc-14 C-15 Cc-16 c-17 C-18 Cc-19 C-20 c-22
5700y 2.449s 747ms 193ms 92ms 49ms 1l4ms 6.1ms

conjugate nuclei)

B-7 B-8 B-9
3.3E-22s T70ms 8.5E-195

- High Q values (~ +10 MeV) =1

Li-5
37E-225

- No J #0 ground states — fransferred ¢ ) R [
critical to C=§
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B-13 B-14 B-15 B-16 B-17 B-18 B-19
20.20ms | 17.33ms 125ms 9.93ms 5.08ms 2.92ms

Be- 10 | Be-11 || Be-12 | Be-13 Be-14 | Be- 15 | Be- 16
151E6y | 13.76ms | 2148ms | 1.0E-21s || 4B4ms 6.5E-225

Li-9 Li- 10 Li- 11 Li- 12 Li- 13
178.3ms | 20E-21s || B.75ms 36E-21s

H-4 H-5 H-6 H-7
14E-22s || 2.4E-22s || 2.9E-225




Direct measurements of 2Al(p,y)

- Long-enough lived (~My) for normal kinematics measurements,
and some resonances in inverse-kinematics*

water cooling

ceramic insulator Pb shielding

N\ Normal kinematics
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20Al(d,p)% Al experiment

e 117 MeV 26A| (Oak Ridge Tandem)
e 5x10¢ pps

e 150 ug/cm? CD,

e MCP normalization (200 kHz)
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20Al(d, p)27AI angular distributions
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Spin assignments from (d,p)

Mirror assignments from Bound
G. Lotay et al, PRC 34 035802 (2011) o/2+ 8046
Resonances e 7998
4
/7 112+ 7950
g 70
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4 / / l/
// ! ,',/
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(e} U
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Spin assignments from (d,p)

Mirror assignments from Bound
G. Lotay et al, PRC 34 035802 (2011) o/2+ 8046
Resonances e 7998
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Resonance strengths

%
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National Laboratory

Resonance Strength (meV)
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Extension to in-flight beams

What are the challenges extending to measurements
with other nuclides at ATLAS? 38K (p,y)3Cal-=[=]=

e L 34 35 A ettt
Short lifetimes Cl(p, ) ™Ar =[5 =

1.1763s

-

12.0ms | 155ms 125ms 188ms

' |
(second/minutes, not My!) 0p(p,)HiS [E[EE[E]

p 5.1E-22s |} 43.7ms 260ms 270.3ms

Si- 22 Si- 23 Si- 24 Si- 25 Si- 26 Si- 27
29ms 42.3ms 1405ms 220ms 2.2453s ? 153y 6.11s

In—fligh’r beams — RAISOR 26 A\l(p,»)27Si [ [

Mg- 19 || Mg- 20 || Mg- 21 || Mg- 22 | Mg- 23
4.0ps 90.8ms 122ms 3.8755s 11.317s

» Beam intensity ~10% — thicker targets et e

1.3€-21s | p150ns || 447.9ms | 22.49s

« Beam emittance - 5 fimes bigger

Al- 31 Al- 32
2.245m 6.56m 3625 644ms 33.0ms

Mg- 27
9.458m

Mg- 30 || Mg- 31
335ms 236ms

Na- 26 Na- 29 | Na-30
59.1s 1.077s 301ms | 305ms || 44.1ms 48ms

Ne-24 | Ne-25 | Ne- 26 | Ne-27 | Ne-28 | Ne-29

7.7E-22s | 3.7E-21s | 109.2ms || 1.6654s 37.24s 3.38m 602Zms 197ms 31.5ms 20ms 14.8ms

« Beam composition — impure beams e W e [
 Beam decay - large backgrounds B P o e

N - 10 N-11 N-12 N-13

F-20 F-22 F-23 F-24 F-25 F-26 F-27 F-28
11.1e3s 4.158s 4.23s 223s 390ms B80ms 9.7ms 5.0ms

0-19 0-20 0-21 0-22 0-23 0-24 0-25 0 -26
26.885 1351s 3425 2.255 97ms 65ms || 2.8E-21s 4.5ps

N-18 N-19 N - 20 N-21 N -22 N-23
713s 4.173s 619ms 271ms 130ms | 83.0ms 24ms 14.1ms

Sweeper 2.0E-22s § 55E-22s §11.000ms
Slits SC
AIRIS SC RF Buncher c-8 c-9 | c-10 C-14 | €-15 | €-16 | C-17 || C-18 || C-19 | C-20 c-22
Slits Buncher  Switching Sweeper l 2.0E-21s | 126.5ms || 19.305s 5700y 2.449s 747ms 193ms 92ms 49ms 14ms 6.1ms
Location
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Extension to in-flight beams - challenges
What are the challenges extending to measurements

with other nuclides at ATLAS?
31G 31p

Short lifetimes
(second/minutes, not Myl)
=9 S\

In-flight beams — RAISOR

« Improve selectivity with y rays

« Recoill tracking with IC
« High-energy transitions (6+ MeV vy)

High efficiency and Doppler

correction required

3 OAK RIDGE
National Laboratory
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Ex in uQQQ, 400<tdc0<1250, IC cut
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Live funing IC

diagnostics
Real-time (s)

feedback

Beam infensity
Beam composition
Beam-spot location
Beam-spot profile

RF-sweeper worked

beautifully!
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Ex in uQQQ, 400<tdc0<1250, IC

OP(d,py)°'P — Position-sensitive IC 5
Crude corrections

ol / o kel N
4 / it
L / | / / i
r i ( | g .
25 |
r : fsl ) I
r \ AT L S
20_— [l
[ Lo SR : V i
15:_ 2 e .6 — = il i :
[ ‘ ‘
10 | Jii
| i
r | A b1
[ I 1
T om 100 I
5 1 T
L i A 1
R T A TS B T T S S S B
0 H 19 15 20 Ed EQ

i il TR,
.- (L TR I L |
0 - all ._.u_'.h:.-‘-‘.BHQME-‘_&]_‘.,“._U}L_L_IM...L Lo b
2

0

4 6 8 10




Ex in uQQQ, 400<tdc0<1250, IC

OP(d,py)°'P — Position-sensitive IC 5
Crude corrections
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P(d.py)3'P

Ex in uQQQ, 400<tdc0<1250, IC cut
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ProjectionX of biny=[12,17] [y=1.10..1.70]
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ProjectionX of biny=[64,69] [y=6.30..6.90]

50

40

™
[
Number of Entries

> ﬂ
)
2
> TN B s ol 1 bad o Ml i1 rllmﬂwlll ETRNET I A AR
@ 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
T v-ray energy (keV)
e o | -
C
O 120
_,-5 100;
<
L 80—
60_* +
0 f. |||1 SN || oo v b b b b b b 20
0 1000 200 3000 4000 5000 6000 7000 8000 9000 10C - M
y-ray energy (keV) SV S S

Excitation energy (MeV)



;g 60
v =
u Ex vs EdOp UQQQ, IC,TE g 501

18— "l

! -8
] 20 [
> ? \

- | |

Z 12 10:
> OF Lo Lot ! bl | vl wim |
@) 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
S 10 v-ray energy (keV)
-
(D [ T T T
.5 8 120 —
-§ 100;
= !
>
LLi %0 -

4t g0 +

2 o

0 ||l N I |- | I [ | I T | I I | | I | I I | I | I I | L1 1 Il 0=

0 1000 200 3000 4000 5000 6000 7000 8000 9000 100 i A
y-ray energy (keV) S W

Excitation energy (MeV)



Excitation energy (MeV)
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DESS Opportunities at ATLAS

GODDESS would be a powerful
device for measuring
profon + ydecay branches

14
12
\\\ = "GS-Hevimets"
10
\\\ === Corrected addback
8 == Corrected no addback

High efficiency of GS or GT Thin entrance-window QQQJ5 detectors

Cannot so easily use (p.d) or (d,1)

Can use (3He,t)
% OAK RIDGE ...see talk by Matt Hall tomorrow

National Laboratory




OP(d,n)3'S — simulatfions with ODeSA
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DESS Summary
« Several upgrades to GODDESS

« Dagimprovments
« |C upgrades

 First coupling with GRETINA

« (d,py) measurements can inform
* N capture cross sections
« Structure
* (p.,y) resonance strengths via mirror
symmetry (esp. in N=Z nuclei)
« Excellent agreement with resonance
sfrengths from direct measurements

« Tools in place to make best use of In-
flight beams (°P looks promising)

« Stable beam measurements
(detecting both particle and vy
branches

goscrmae * Hybrid spectrum unfolding for (d.n)

ional Laboratory
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