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The question driving the nuclear astrophysics

11 greatest unanswered questions

1. What is dark
2. What is da
3. How wer iron uranium .

4. Do neutr
5. Where d¢ -energy particles come from?. -

6. Is a new theory of light and matter needed to explain what happens at
1igh energies and temperatures? = “He ©Fo N .
7. Are there new states of matter at ultrahigh tempeiMi
8. Are protons unstabr|e?

9. What Is gravity? E

10.Are there additional dimensions? ¢

Binding energy in MeV

11. How did the universe begin? 100 150 2

= - . Mass number
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Needs in experimental nuclear astrophysics & structure
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transfer reactions in normal kinematics

 To study single-particle (single-hole) states
(energies, angular momentum, spectroscopic information)

o Traditionally, light beams on heavy targets (normal kinematics)

& > @ q ‘@ o Detector
A

A+1
larget Recoil
Deuteron (d) nucleus nucleus Froton (p)

A neutron is transferred from the deuteron to the target nucleus, forming a
recoil nucleus.

« The proton is ejected from the system, in a forward direction.
Its energy and angle carries information on the nuclear state populated.

e.g. 12C(d,p)"3C, '60(d,p)'7O, 124Sn(d,p)'25Sn, 208Pb(d,p)229Pb
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Probably, the most efficient target ever

Constraint on the astrophysical '®Ne(a,p)?'Na reaction rate
through a *Mg(p,t)?Mg measurement
Phys. Rev. C 79, 055804 (2009)

Spin assignments to excited states in 2°Na through a
24Mg(p,2He)*’Na reaction measurement
Phys. Rev. C 82, 047302 (2010)

24Mg(p,a)?'Na reaction study for spectroscopy of 2'Na
J. Korean Phys. Soc. 67, 1435 (2015)

Spectroscopic study of the radionuclide 2'Na for the
astrophysical 7F(a,p)*°Ne reaction rate
Phys. Rev. C 96, 025810 (2017)

Measuring one nucleon transfer reaction *Mg(p,d)>*Mg for
astrophysical reaction rates
J. Korean Phys. Soc. 67, 1435 (2017)

Spin assignments for 22Mg levels

e ~ $500 for 3 targets Proton decay of 2’Na for 2°Ne energy levels
will be submitted to J. Korean Phys. Soc. (2019)
(2007)
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»)
Example: *Mg(p, ©)?Mg for 8Ne(a,p)?'Na

- * 16 radial strips (5-13 cm)
Mg I:_ --- — angular distributions
Na 1 .

Ne

« 100 um - 1000 pm
— "“telescope mode” for particle ID

F 11 12 13 (AE'E o MZ2)
o LT
N I::l. « proton beams from tandem accelerator
C "‘ (bpeam = 41 & 41.5 MeV)
345 6 7 8

« 500 pg/cm? pure ?*Mg targets
« astrophysical '®Ne(«,p)?'Na reaction rate

« AAA. Chen et. al (2001)
- 12C(%0,°He)?°Mg reaction
- Found 18 new levels over wide range

Z 7
—|% Mg target //
Spins & Parities assi il ? ?
* Spins arities assignments are sti ; SIDAR | Graphite
requwed 7 f Beam Stop, .y,
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Presenter
Presentation Notes
18Ne(a,p): through individual resonances above the alpha-emission threshold in 22Mg
Two of the previous works: direct measurement, 12C(16O,6He)22Mg
uncertainty in the reaction rate: due to some other factors such as level width, spin, and parity of energy levels
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Results

Particle Identification

Energy spectrum
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Presenter
Presentation Notes
6.045 – no known spin/parity
Labeled – newly constrained spins


»

Angular distributions o - - - - -
] 1 3308 61.93 9.38 37.60 28,12 4.11
4402 87.85 35.05 5.09 37.35 40.43
] 5035 24.51 11.88 1.87 31.71 12.58
7 10:? 6045 7.65 55.19 70.18 25.00 20.80
L e 7967 21.50 9.29 2.35 16.24 11.45
8495 19.06 13.31 3.35 14.12 10.38
10? 9544 26.89 3.61 12.93 27.78 22.80
: ; ; : : 9773 8.49 2.04 4.60 11.15 9.14
. O+ 2 _ = 10414 12.19 1.21 6.16 16.55 14.00
= o N %, ] 11611 3.32 3.67 2.46 1.34 1.20
= E - ; -
E- o i 6045 | |?%? | _ 11950 4.30 1.99 0.95 6.04 10.09
(i F— — e
g :"‘*‘ + 1 -2
% m-:__ ‘%(f? )-‘{?#K( ) 1o
- A o QIf--..- « DWBA calculations using DWUCK5
i
m—zh;#g 2*) ('1‘“')* w+ * Optical parameters taken from Fleming et a/.
‘ﬁi Nucl. Phys. A 162 225 (1971): 160(p, 5?0
9773 \- {l--‘ .
welt| . 11950 « Hauser-Feshbach calculations of *Mg(p,)*°Mg
’ ﬁgv 4" )ﬁ‘%&“ {0 angular distribution — 0.01-5%, nearly flat
el (1-'2_,_)@.& ]
a i P ..
10 ZI} 4I} i) ZD 4 i) B
Bc.m. {dagreas)
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Presenter
Presentation Notes
6045 keV level: has been assumed to be the mirror of the 0+ state in 22Ne at 6237 keV by several authors, while more recent work suggested the mirror to be the 3- level at 5910 keV.


18Ne(a, p)?'Na reaction rate

1

o g T « Resonance parameters from A.A. Chen et a/.
103__ — Present work PRC 63, 065807 (2001)

o 10 « 7 levels between 8.495 and 9.827 MeV

mi 10 « Jm values of 8.945- and 9.773-MeV levels

S 10“’% were taken from present work (2* and 1)

A

10k « Resonance strengths have been corrected
10" « Reaction rate is valid at T = 0.2-1.0 GK

02 O Temperdinte (GK) "1« Can be considered as a lower limit

o Reaction rate is a factor of 4 smaller than the one from Chen et 4/,

Chae et al,, Phys. Rev. C 79, 055804 (2009)
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Transfer reaction measurements in inverse kinematics

Silicon detector
T

P Q
\ CD, target
deuteron)
c9
@ @O
132Sn beam (RIB)

133Sn recoill

Recoil Detector

« short-lived radioactive nuclei beams — various (d,p) reactions are possible

« The proton is ejected over a wide range of angles.

— large solid angle, good energy resolution are required

$\‘-WAN

UNG
9 h,(/
»u:sw\‘e
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(d,p) measurements in inverse kinematics

132
Sn(d,p)
4.5 MeV/A
s ity | |+ 132Sn(dp)'33Sn reaction:
e 0-, 1-, and 2-MeV levels
20 _| e forward 0,, =
_ backward 6,,,
> ]
=3 e at backward angle,
o) ] .
£ cross section and E,
L§ 1 become very small
Q
£ 0L _| « at forward angle,
1 E, rises quickly with
5 angle (dE/d6 is large)
0 ' el Eﬂéffé'vi!;.f?.*-ﬂx-,'w‘-:_-"
0 30 60 90 120 150 180
Laboratory Angle (deg)
 unfavorable kinematics — Reduced Q-value Resolution
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Energy (MeV)

1

1

16 Hi

14

12

10

(d,p) measurements in inverse kinematics

32Sn(d,p)133Sn in inverse kinematics
target, £, =0, 1, and 1 MeV in 133Sn

3 I | I I | I
/ Elastically scattered carbon |

Elastically scattered deuteron

326n beam + CD, solid
I | E

Protons from (d,p) ]

- 7
b g ; o
".‘ . - B4 -
L. x A
L N 5 . - . —
k.- . § . t :
- 7 N A

| Elastically . |
scattered| protons S |
60 90 120
Laboratory Angle (deg)

S

hd forward GCM_ =
backward 0,,,

e at backward angle,
cross section and E,
become very small

« at forward angle,
E, rises quickly with
angle (dE/d6 is large)

 High solid angle coverage

« good resolutions
(angle & energy)

* large dynamic range

* barrel-type silicon detector
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* 2 rings:
6 < 90°: 12 telescopes
(1000pum R + 65um NR)

« 324 channels in total S D ';airli
(288 front, 36 back) @ o ORAl

B @V“QWA"Q/,I?L

— 5[‘ 1398 “;2'
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previous works

132Sn(d,p)'33Sn — double magicity (K.L. Jones, Nature)
10Be(d,p)""Be — systematic study (K.T. Schmitt, Phys. Rev. Lett.)

130Sn(d,p)13'Sn — single particle levels (R.L. Kozub, Phys. Rev. Lett.)

26Al(d,p)?’Al — mirror states for astrophysics (S.D. Pain, Phys. Rev. Lett.)
80Ge(d,p)®'Ge - light fission fragment (S. Ahn, Phys. Rev. C)

126128Sn(d,p)'27129Sn — tracking the single-neutron levels (B. Manning, Phys. Rev. C)

134Te(d,p)3°Te — away from double shell closures (S.D. Pain)
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Solenoid-based charged particle detector system

o

i

Solenoid

Downstream Si array

Helical Orbit Spectrometer, HELIOS

Recoil

detector

\ « designed for transfer reaction measurements in
inverse kinematics with RIBs

« large-bore, uniform-field magnetic solenoid with
B ~ 3 Tesla

— better Q-value resolution, large solid angle,
easy particle ID

« used with RIBs from ATLAS 7O(d,p), °O(d,p),

86Kr(dp), ...
8 T RN AARREREREERARAN RARRE RERRN RARES 8
7 d(**28n.p)"*38n - 7 4('2sn,p)'sn
6 —_ 6
< ° E s 5
g, E g,
W 3 E u 3
2 . 2
1 E - 1
N ST I FETTY FEUSY SNRRE PR PP P T 0 el ! N
90 100 110 120 130 140 150 180 170 180 -30 -20 -10 0 10 20 30
8, (degrees) 2, (cm) K QAN G,
Figures taken from Wuosmaa et a/, NIMA 580, 1290 (2007) & 5
> W) J
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Solenoid Spectrometer for Nuclear Astrophysics (SSNAP)

« TwinSol: a pair of superconducting solenoids
for RIB production ("Be, 7F, 2°Al,... light particles)

Opfonal Aparisres,
MCP, A E, PPAC,
Energy Degraders,

E‘E : g W « SSNAP: Solenoid Spectrometer for Nuclear
—= 1 e | o Astrophysics, similar to HELIOS

« used to detect light charged ejectiles from
reactions important for astrophysics

Dpical Bench Raills E . .
H « path: determined by charge-to-mass ratio,
Crypump .
- | | | energy, ejected angle
SR « time-of-flight, energy, position of ejectile can
be measured
— £, and 6., can be reproduced!
6 : h2
; VAR oy e
i '_/ i ).Imnrsf:; 2289
S - P «  |rmgx 007182
L ,"E_g‘-- *r |rsy 03042
af :
Beam Target Silicon detectors % 3_
-g- : P8, p9
w [
2 P10
i
: _‘.'_ . 3 CWAN
G565 01 0.15 03 025 03 035 04 045 05 S,
Z(m) QO o
z b
?n 1398 5
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New SSNAP with Super X3

Figure taken from O’Malley

Super X3 detectors

- 4 resistive front strips, 4 back segments

- energy resolution: ~ 55 keV (back), ~ 75 keV (front)
- position resolution: ~ 1.2 mm

- 7.5 cm long active area

updated frame for better data

versatile array: (dp), (0.9, (He, ...

12C(d,p)13C measurement for commissioning

astrophysical *Mg(e,p)?"Na reaction?
SWAN,,

ALswd Ng

5‘:‘
Z?n 1398
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xe(GH[ ] |
1 (53)
Te (52)
. . Sb (51) !
Nucleosynthesis in X-ray bursts: rp-process = s
Ccd 48)| | ' NN S |
. Ag (47) >
» Series of proton captures and S-decays fn a9 — TN RE o
Ru (44)[] N 5758
. . . Tc (43
« Main energy production mechanism W manr
. zr (40) [ h|+ T © 56
« Heavy elements production (5 LR L
o Rb (37) 153
« Conditions o e Hle B
. Se (34)|_| J
- High temperature A9 ! 75464745
. . Ga (31) Y 4200344
- Hydrogen rich environment  zn@o 1 T A
Cu (29)I , 37383940
- Seed nuclei o@n o T ' 3
Mﬁégé)). ' 31323 A SnSbTe cycle
L oS @9 CTHH] 1] (Schatz et al 2001)
Ti22) [ ] | i
Sc (21) 25262728
Ca (20)
K (19) 2324
Ar (18) g
Cl (17) 2122
S (16)
P (15) 17181920 . .
A Ei‘s‘ilE me ap-process: alternating (a,p) & (p,7) reactions
Na'v(lgl(le) ] 14
- o AR ] 24Mg(a, p)?7Al reaction
O (8 . .
vo*® HfER'S H burning via &
C (6)
BG) [ 7 8
Be (4) . °
iE  triple a reaction
He (2) I 15 6

H@1) | [z 2 6
Q12
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T (GK)

Sensitivity study

24Mg(a, p)?’Al reaction affects on the final
abundances of 34S and 3°Si, and the total
nuclear energy of burst

TABLE 20

S01 ] NucLEAR PROCESSES AFFECTING THE ToTaL ENERGY
— QOutrut BY MoORE THAN 5% aND AT Least ONE IsoToPE
7] Reaction Models Affected
04 1 T T T 129(0, f_.-)'ZNeﬂ;............... K04, K04-B1, K04-B6
0 5 100 150 200 250 ;I\e(a,p) ;Na K04-B1, K04-B6
time (s) 2;.\/[g(a-, pL“AI FO8
« A. Parikh er al, ApJS 178 110 (2008) 24@(% '?"J);?;-l; ---------------- Egjg})
"The effects of variations in nuclear processes on type | 26_;}A‘Ei$: f))z—sl,, """ FOS' -
x-ray burst nucleosynthesis” zgsi(ajp)},lpa ___________________ KO04-B4
_ 30S(ev, pPPCl K04-B4, K04-BS
« Koike et al 2004 (KO4) model: SICI p, V) 2AT oo K04-B3
- a spherically symmetric, multizone model of accretion 328(, pYSCloeeee K04-B2
onto a 1.3 M, neutron star 35CI p, V)AL K04-B2
- peak temperature of 1.36 GK SNi(ar, p)*°Cu e S01
- densities ranging from 0.54-1.44 g/cm3 ICu(p, 1)Zn.oe. S01
- burst duration of ~ 100 seconds OSAs(p, )Se o K04, K04-B2, K04-B3
“Br(p, 7) KT oo S01
« investigates the effect of reaction rate variations in 'Br(p, M) Koo K04-B7
final abundance ratios by a factor of 10 (up and down) "%38n(a, p)'%Sb...cccnv S01
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The 2*Mg(a, p)?’ Al reaction

Gamow window for the reaction
x-ray bursts (7 < 2 GK)

E_ =15-3.3MeV 13.3 MeV
£, < ~ 2 MeV (Lab.) : N\
11.6 MeV
2
9.984 MeV B Al + p
Mg + a £ Ve

The lowest energy in direct
measurement stops at ~ 2.8 MeV

ZSSi
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24Mg(a, p)>’ Al measurement at U. of Notre Dame

e o beams (/ ~ 2 nA) from 10 MV FN tandem accelerator
¢ boeam = 3 - 5 MeV (£, = 2.6 —4.3 MeV)

« evaporated #*Mg solid targets (~ 50 ug/cm? thick) on thin
12C backing material (~ 5 pg/cm? thick)

o A eam ~ 30-40 keV, about 40 beam energies

« ~ few hours per beam energy
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Preliminary results

X blank_ - ] 4 X 24 X D=900- E vs Position - O
- 18 r 1000
C 12 m C 537 m
- 10 m C 289 m
i LN ot
: i -~ Protons from 2 m
500 2. 500 1= 7.
g 1 - 24Mg(a,p)P’Al i
400:— Q i 400:—
- H -
- QO . C
- ; -
F 2
300_— A 300’_—
2003— 2005—
1003— 1005—
i Distance from target :
- > C
:||||||||||||||||||||||||||||||||||||||||1|||||||||||||| :IIIIIIIII|IIIIIIIII|I|IIIIIII|IIIIIIIII|IIIIIIIII|IIIII
2 EO0 800 1000 200 400 800 1000
Blank frame 24Mg target
se“w’wo%
%n 1398 ;2
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Future Plan

« develop simulation code for SSNAP

« extract differential cross section values

at £, =26-43 MeV

nucleosynthesis calculation

R-matrix fitting for resonance parameters

24Mg(a,p)?’Al reaction rate calculation

identify populated resonances in 24Mg+«a (?°Si) system

" = exp

Cross Section (barns)

0.01
o5 3 Center 95Mass Energy (MeV) 45 5

27Al+p [Nelson et al. PRC 29, 1656 (1984)] and
24Mg(a,a) [Nucl. Phys. A 385, 43 (1982)]

24Mg(a,p) --- R-matrix estimate

1.00E-01 |\A
S 1.00E-03
[14]
==
™ =0 5 L
.- @  1.00E-05
p—— v
S —ap0
S s ap
1.00E-07 —ap’
ap2
Gyoungmo Gu /
SKKU 1.00E-09 '
15 25 3.5 4.5 55
Center of Mass Energy (MeV) B ;}
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Korea Broad acceptance Recoil spectrometer and Apparatus

Q8 Q7

Q12 Qlo

\

- Wien filter - Curved-edge bending
Small quadrupole magnet magnet D2
« Rl beam production at a few MeV/u or at about _—
. tu t
20-40 MeV/u using stable beams ©arge quadrapcle magne
 Recoil mass separator (with the use of stage 2) Beam dump system ————» 44
(movable beam dumps, i
E Faraday cup, iron blocks) :
ﬂ_ _ Curved-edge bending magnet D1 Q2
1 Collimator chamber Ql
KoBRA Stage 1 Rotating target system4>.'F0

[
¢ High energy
i experimental hall B

lons are accelerated
up to about 40 MeV/u for 4 < 40, .
up to about 20 MeV/u for A = 100 i J

i B |

$\‘-WAN

S
=
S
Zz
>

.

Contents taken from Dr. Tshoo
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Kna® SS._NAP. wa_s"-'l;.lse'd__-jcd_h_neaSu-k-e-'as'tr_b;ahys-i'cal .24M'g"(a,p)2_1|\]-a  Sattig

Summary- '

: W;':-ff. 4

K SolenOJd based detector syste.m SSNAP was or|g|nally developed

for transfer reactlon studles

",
L % - .. -
Lo N . i . . S0

5 Exutatnon functlon for the reactlon WEN obtamed at Ec m. = 2.6-

4.3 MeV by using a beams at. varlous beam energles from FN
tandem accelerator o8 e D

r Bk
ot e R
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