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Oxygen-Novae: An Experimentalist’s
Perspective

Measuring Nuclear Reaction Rates One Step at a Time
Shawn Bishop, TUM
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The Gamma-ray Emitters:

22Na:
26A]:

34mCl:

t,,=2.6yr, E=1.28 MeV
t,, = 717 kyr, E = 1.81 MeV
t,,, = 32 min,

1.18 MeV (14%), 2.13 MeV (42%), 3.30 MeV (12%)

A. Sallaska et al.,
PRC 83, 034611

(2011)
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Observation of Line Emission of the Isotope ??Na
from a Classical Nova
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A Thermonuclear Thermometer....
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34mCl: A Thermonuclear Thermometer

« 3 isomgric state gives rise to 2.12 137ps 2 1230
MeV vy-line ¥4 42% per 3 decay -
* Connected directly to ground by e
M3 transition (45.6% of the time) '
- Radiation field can also connect 9.1ps L ? 666
Isomeric state to ground state by . | | 4ot
induced transitions into higher 5.2ps
states
vt I I I e
« System of coupled differential 225 ‘m——t—t = ‘Mg
equations has been solved 34C| \348
A. Coc et al., PRC 61 (1999)
%
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Presolar Grains from Novae

“Oh, no.... What’s he about to say about
my grains?!”
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Mainstream ~93%

1E+4: 1 111 rangl 1 L1 ||||EI 1 1 . A+B grains 4_5%
. 0 : .
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1E+0 - Fic. 4.—Nitrogen vs. carbon isotopic ratios, predicted by hydrodynamic
] F models for both CO and ONe novae (see Tables 2 and 3 for details). Symbols
- X represent mean mass-averaged ratios. Deviation bars, taking into account the
{E-1 i 5 T ; i gradient of composition in the ejected shells, are also shown for all models.
1E-1  1E+0 1B+l {E%R2

12c/i3c  Mixing line between 1.25 M, ONe WD and
Isotopically-close solar material
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Some Puzzles
 Calculations suggest grains are < 5% nova
material 2 95% coming from companion?

 Astro. observations indicate CO novae produce
much more dust, hence, grains, than ONe. Yet,
grains all appear to be from ONe novae!

* Most observed novae are CO-type, so why are
grains all from ONe type?

LMU Santa Tecla Nuc. Astro. School, 2011 12
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If Companion is AGB Ca|37 38

K 35 |36 37
» 36S is s—process: not nova
. AGE Star: 5Clnpyes  Ar 34 35 |86
» 34S in nova from 34Cl| decay
» Sulfur measurements Cl 33 . .
should be target of grains
1O
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Some Key Nuclear Reactions

« 34mCJ is a “last chance” y-emitter for novae

nucleosynthesis

— Bypassed: 3Cl(p,y)3*Ar
— Produced: 33S(p,y)3*mCl
— Destroyed: 3*mCl(p,y)3°Ar

« Sulfur isotopes affected by these rates

— Measurements of S in presolar grains would help confirm the
novae origin

— Could also help with mixing hypothesis

LMU Santa Tecla Nuc. Astro. School, 2011 14
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Reaction Rates:

Consider the schematic reaction: 1+2 > 3+4

1/2 o0
N1 N E
rio = (8 ) L2 7_3/2/ Eo(F)exp (—) dFE
0

g T

In the case of pure (s-wave) tunnelling, the cross-section is parameterized by the well-
known formula:

F o AP 52 F
S{ ) WA Lol ): S( )mq'_) [_Qﬁn(ﬂ)]

a(lX) = - exXp (— e

1/2
b= (B NN _3/2f S(B) exp _L_E .
T 1—|—(512 \/E

71 7a€? [y 1/2 | ,
thE’ (‘—;) — 31.97Z, Zop'/? keV'/?

b=2m
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Resonant (p,y) Reaction Considerations J

Maxwell-Boltzmann distnibution
Tunnelhing probabilities

Gamow peak ———

1e of Y's
nergy
1es can

10 x

[t
Minimum E, is when rel. energy E = 0. That

TLIrr111'nimum excitation energy is therefore the Q-value.
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Resonant Reaction Rate

As before;

1/2 00
T2 = - L 7_3/2/ Eo(E)exp L dF
T 14012 0 T

Resonance cross section can be parameterized with a Breit-Wignher
shape: 9

mh I,
2ul (E — E,)? 4+172/4

Assume that both widths are small (total width is narrow) and they are constant (very

weak energy dependence). Sub the above cross section into the integral, treating the T
terms as constants:

(s Y2 ah? NN, __ss2_—p,/-Lal, /1 r/2 .
. 20 1+ y2 " r °J, (E-E)2+T2/4

o(E) =g

J

'~

~



Resonant Reaction Rate (Single Resonance):

r1o = (%)3/2 h’ At > ] Lply e Er/T
jT 14012 (21 +1)(2J2+1) T

We have added the spin-statistical factors (now) to account for the fact that our
theory up to this point has only considered spin zero particles (in entrance channel
and exit channel) in the reaction.

More generally, for particles with spin, we have to multiply the cross section by the
spin-statistical factor to account for the different permutations of spin alignments that

are allowed.

J,. is the spin (intrinsic) of the resonance.

. “beam particle.
), “ target particle.
2J, + 1 r,r,

We define w7y = as the resonance strength.

(2J1 + 1)(2J2 + 1) I

Santa Tecla Nuc. Astro. School, 2011 19



Reaction Yield

Reaction yield dY, passing through target of thickness da

dY = O'Ntd.fﬂ

r

Ny is target number density
o Is the reaction cross section (energy dependent function)

In general, of course, targets are thicker than a mono-layer,
and so the beam energy does change in a finite way, and so
will the cross section. Thus, more generally, the reaction Monolayer

yield per incident beam particle is an integral over mono- Ny_z
layers: E—A N |eee
AT “a © 00
Y = / Nio(E) dx s
2 ooe| O

o0 o,
: : . Pp— N
Use stopping power to integrate over E: Hoora oo
.:. o
1 dEfnh o
e\ Eah) = — 7 —— 9:9:9
(Eian) Ny da T
I

Target



L :
oy, + 1 E : )
Y = T o / n( ) dE USIng: E{:m — ' Ef.ﬂ.r‘}
friy F—A F(E) TR + iy

Recall the Breit-Wigner cross section:

Th° 24, +1 [

o(£) = 2uE (20, + (2 + 1) (E - E,.)2 +T7%/4

For proton, gamma and total widths considered as constants, and when the total
resonance width 1" < A (narrow resonance, like a delta-function), then the above
function can be integrated.

Th® oy 2J, +1 r,r,
= €
2uE, my +my (2J, +1)(2J: +1) T'/2

[arctan (EF_/fT) — arctan (E _57"2_ A)]

Y




This is the thick target yield curve. 1t has a maximumat /" = K, + A/2 . At
maximum, the yield is:

)
h* my ] A
Krm.;;: — . W G arctan -
2p L. my, + My 1

And, as per our conditions on previous page, when ' <& A then:

‘3
wh” My 4 A
}/'rri!,u;;: — . W C arctan -
2pEn. My, + My 1
72h° my 1
}/-’.‘rn.a:r — WG

Ak, my, +my
So:
Once we know the resonance energies of compound nucleus, and the stopping power in

the target (can be measured), we can obtain the resonance strength from the maximum
of the thick target yield curve.



Y /Y max

Thick Target Yield Curve

Y 2
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e L resonance energy y T om, 20 +1 L0,
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Nova T Pyxidis

EXPERIMENTAL APPROACHES: THE
DIRECT METHOD
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The Case for “*Na(p,y)**Mg
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DRAGON Facility at TRIUMF, Canada
Detector of Recoils & Gamma-rays Of Nuclear reactions




It is clear that, for y-ray emission collinear with the incident beam axis, the recoil nucleus
will have maximum (minimum) kinetic energy for backward (forward) emission.

Therefore, the maximum/minimum momentum of the fusion recoils is given by:

E.
Py = p* :i:pﬁ}.. — 2??’13,11&, (l = —Ir)

‘Zm;,,i k

Square both sides, and divide by 2#12,. for the max/min recoil kinetic energy

M 2E. /¢ N Ef/r;f’j
My " Y 21, I’!Jlﬂ} 2???;;,'1})

cr
T =

Around a few % Order 104

This result, written in this form, shows us that the fusion recoil particles will have
max/min kinetic energies ~ several percent different from that of the unreacted
beam particles.

How do we use these facts to separate the unreacted beam from the fusion
particles?
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Dipole magnet works on principle of Lorentz

DRAGON

Q = quadrupoie

MO = maognefic dipole

ED « elechic dipole

SX = sextupole

FC = Faraday cup

BCM = beam monitor

S = horizonial & vestical steerer

Focal Plane F
Final Slits

| .
BC
End Detector

Stainless Steel Ti Electrodes
Field C|amp 2 4
Stainless Steel N\ | ;f ,« L Ceramic
Vacuum Tank ’ '” ' m- ¢ Insulator
u’ I:n ‘=' = mlli
SF. G
e _|| .tmmwu-l—
== -——- ——— =
)
l ...:-:'I
//' l" ‘== I -
High Voltage 'g' - S Pressurlzed SF;
Multiplier Stack , g Container
/ e (Nylon)
Stainless Steel -1
Support and BEAM

Alignment Structure

force. (p = bending radius)

2
y
F=¢gvxB=gB=m—

I

(circular trajectory)

= p=qBp

Momentum selector, but in reaction, P is
conserved. Will not separate beam from
fusion product.

Separation happens with the electrostatic
deflector:

V2 qE R
- —— ' -
qE mR — >
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Log,(Ny<av>)(s'mol™ cm?®)

Nova Temperature Range
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)Measuring Astrophysical Rates one Step at a Time

STABLE BEAMS
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MLL Overview

* 14 MV Terminal voltage

* Pulsed beam
— 200 ns between pulses
— Pulse width ~ 1 ns
« Cesium sputtering ion source
— Negative ion beams
— No Nobel gas ion beams
(except 34He)

* |sobaric separation at 9(°
bending magnet

LMU Santa Tecla Nuc. Astro. School, 2011 32
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Accelerator Laboratory: Overview

Doppler Shift
// tifetime Station

©

a a 8 El 8 3,

(1) Polarized Hydrogen Source {2 GSF
) AMS lon Source ERD/RES Matesial Analysis

) Witra Cloan lon Source Transient Fiekds
Negative lon Injector Scattering Chamber
030 Spectrograph CRESST Scattaring E xperiment
Heawy lon I adistion RFO-Testbench
Micro Lens Electron Conversion Chamber
Biophysics Experiment MLL Trap
AMS Gas-Filed Magnet @ Radistion Measuring Poit
Heawy lon Laser
AMS Bragg Chamber
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) Extracting exp(-E/KT)

MAPPING EXPLOSIVE
REACTION RATES: THE Q3D

Santa Tecla Nuc. Astro. School, 2011
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Q3D High Resolution Spectrograph at TUM

Momentum resolution:

Ap/p = 10—4

Dipol
\\ \Dipol 3
\ JTE Ex
N |
Quadrupol @ ‘ XY
Vertikale Fokussierung Q-Va lue
Y

Used to search for, and study, excited states of nuclei by populating those
states using one-step transfer reactions: X(3He,t)Y, as an example

Position of triton along Focal Piarie€isatreasure ofihe excitation energy. 35
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A Relevant Example: to the 34Cl y-ray
Emitter: 33S(p,y)3*Cl

gt ot
Ar| 33
Cl| 31 |32
Tos
S129 30 |31
1.18 ms
P 27 128 129 30
4145\ 2.5mi
si 26 27 B8

Ca 37 38
?5_ 36 37
1
34 35
{845m

33

2.5

hool, 2011

37
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34S(3He,t)34Cl, E,, = 25 MeV, 6 = 15°

I 1 Parikh et al. PRC 80 (2010)

2- 5805
A+ - 3 ———5785 e T 5606 I
1,24 5763 2 21D o ’ S 3
(1.2)+ / \ 300+ 212 ~ o ¥
; 5673 ~ g SR 2 =
> [|® s 18 o o
1, 2+ 5635 2501 B ||© ’ o | 8
3 5576 ©
%) © - N
4, 5- 5541 ‘g‘ 200} § ‘ @ g, ’S% H l
<
(@) A o WO ‘ O _ N~
O 150H|B( [ 15 E 3Bl gl |
| L A w9l YPCHISZ [ IS
/ @© * ":gog o))
4-6- 5387 3 N/ Sd0I| =
1ooi [ A S
7+ 5315
¥ h Jr w*‘l‘ ‘“ oi’),w
(5-7)+ 5280, 50 ¥ | N
(5761 (5671) (5388) o
4 5172 0 — ! ' R
Q=5143 v
A R
| |
32+ 12+ 1 Cl ' Ag,S Target
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2011




2
L}
|_J Lehrstuhl E12 Technische Universitat Minchen

~ 2J; + 1 DY i mm
(U]/—(pr_l_l)(zjx_l_l)rp_'_l—:v_g( p) D

By =Tp/(Tp + 1)

) Extracting the A/t term

DOPPLER LIFETIME STATION

Santa Tecla Nuc. Astro. School, 2011 39
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Si Detectors

Target Foll /7/

Ef'ﬁ: Ji’i
i, Jo ! v (] — .,L"HE)UE
2 Vo= . o — : .
1 (1 — Fcos @) 1 —Scoso
"E'.r'l j]_ e L
, (1 —3=yl/=
— = FE_ =Lk, '

1 — 3cosg

~ FL(1—-1/28°+ .. )(1 4+ FJeosdp+...)
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Silicon AE-E
telescopes
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Commissioning Aug. 2011

« Chose the %2S(3He,«)3!S reaction
— 1stand 2" excited states previously observed

172+

— Lifetimes known 52+ —13

— 325 beam energy: 85 MeV

* Level energy-spacing large

— Gammas easily distinguishable
— Alpha particles well-separated kinematically

» Target:
— Au foil, 6 micron thick
— 15t 0.3 micron implanted with 3He at FZ Dresden

- Analysis presently underway 12

372+

3079

2235.6 220 F5

1248.9 300 F5

—0 25725 €:100%

31
16715

~ TUM
|

MU
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Preliminary Doppler Shifted Spectra

1800 F

2 2 2
o L o 1800 | o [
: 1600 | 90 deg. -
1400 |- [
1400 | 1600 |
1200 |- [
1200 | 1400 |
1000 - 1000 |- 1200 |
800 | i 800 | 1000 |
800
600 600 | 0/’
600
i 400 \ ' 3
400 Wﬁw .MWW . | .L:J,nffl‘:w -
L s s 200 . . . -
1150 1200 1250 1150 1200 1250 1150 1200 1250 130(

Approximately 50% of total data
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Summary

* Nova reaction rates important
— Gamma-ray yields
— Potential for future detectability
— Presolar grain provenance and mixing hypothesis
* 33S overproduction
» 36S content

 Methods

— Direct, as it happens in explosion

— Indirect: using stable-beam reactions to obtain resonance
properties for rate

« TUM

— Commissioned Doppler station

~Tumn

LMU

Excellence Cluster
|Universa
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Summary Continued

* QOctober 2011:

— Try to get some lifetimes and/or strengths of 34Cl resonances in
the Gamow Window for 33S(p,y)34Cl

350

= T : T
S o | 5606
2 2|8 ) ®
300(-] 21 g1 A
— || © © B © To)
250 @ 7 =
©
) wn N
€ 200 2 3 3 B ol M-
2 Y g
© 150t 5 5 0l
/ 2
100 |
S
<
50 ~
(5761) (5671) (5388) 3
0 ! e ! s
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