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Formation of ONe White Dwarfs

Initial mass of star: 8 - 10 M

> Hydrogen burning (PPI, PPII, PPIIl, CNO): 4p — *He+2€ +2v_+26.73 MeV
> Helium burning (3 cycle): 3 *He - “C+y+7 MeV

- captureon 2C 180

Core contraction > Trisesto Tg 7

> carbon burning ignites: *C +2C - ®Ne+«a
12C+12C N 23Na+ p

further reactions: C O, Ne, Mg

Total mass of stellar core 1.1 - 1.7 M

—> no ignition of oxygen-burning

=>» contract , electron gas becomes degnerate
=» oxygen-neon ( ONe) white dwarf

http://hubblesite.org/newscenter/archive/releases/2004/27/image/a



Nova Explosion in a Binary System

Spill over

. . m
Star lifetime
o< M3
burning

Accretion disk loses kinetic energy, falls into WDs
gravitational well: hot, dense, partially degenerate
layer of H-rich material grows on WD surface

—> high thermal conductivity

=>» quiescent proton-proton burning in base layers
provides heat source

-> proton capture on seed Ne starts

=>» temperature rising , but compact layer does
not expand because of partial degeneracy

-> thermonuclear runaway (TNR)

http://www.nasa.gov/images/content/62486main_Making_a_Nova.jpg



Nova Explosion in a Binary System
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Nova Explosion in a Binary System
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Explosive Reaction Rates

Nuclides up to 4°Ca are formed in a nova

=» starting with cold Ne-Na cycle
=» Hot Ne-Nacycle at1 Tg 2
=» further reaction networks up to 4°Ca

Nova Cygni 1992
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Explosive Reaction Rates

Ne-Na burning cycle

Q=125 keV

Hot Ne-Na cycle

Cold Ne-Na cycle

Unstable

Stable

(p,ot)

N

22NC

1.28 MeV



Theory

Reaction rate of reaction 1 + 2 — 3 +~: 712 = N1 No(ov)

S\'P i [ | Fio
o = N1N2 — T / Elz{)’lg(‘v) exp | — -
0

)ar.

v
U — Relative velocity between 1 and 2
1 o
Eio = i/w Relative kinetic energy of 1 and 2
miq1io
n = Reduced mass of 1 and 2
my + me

T = kBT Reduced temperature




Non-Resonant Cross Section
| 10

o(E) = exp [=27m7(v)]

FE hov F

(v) AVA AV A 7
1) p— p—
g hv h 2E12

S(E) Astrophysical S-factor, contains nuclear
structure effects

S(E) xp (_27rzlzge2> _ S(E)

Rel. Probability

E
exXp [—%] x exp [—271(E12)] ~ Gamow Window

Maxwell-Boltzmann x Penetrability ~ Gamow Window

cm Energy (Arb. Units)



Gamow Window: Shifts with Energy

E

exp [_¥] x exp [—2mn(E12)]

Gamow window for different
temperatures

Rising temperature

- Gamow window shifts to higher
energies and broadens

Rel. Probability Rel. Probability

Rel. Probability
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Resonant Reaction Rate “tNa(p,y)**Mg
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Gamow windows & level scheme for Er Ex J
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Resonant Cross Section

Breit-Wigner formula

Th? 2J,. + 1 I,

g —
2uE12 (2Jp + 1)(2JX + 1) (Elg — ET)Q + F2/4
J, = Spin of resonance state N
J, = Spin of proton E,
Jx = Spinof X 0 |
'), = Partial width for proton-decay X(p,Y)Y

I, = Partial width for y-decay

I'=I,+1T, Total width

2 Energy from mass difference Y

Q= (M x T mp - ITIY)C of educts & product



Resonant Reaction Rate

14|
Forreaction 1 +2 — 3+

9 3/2
T1o = NlNQ (—ﬂ-) 7-12
QT

2J,.+1 I',1I'p @/T
2+ )2+ 1) T

Sy By

Resonance strength K
2J, + 1 L'y,
Wy =
Q-=--- -

Important Points: X(p,Y)Y
 Linear dependence on spins and widths '
 Exponential dependence on resonance

energy E,

- Measure wy Y



Thin Target Yield

Experiment in inverse kinematics:
2INa beam on hydrogen target

ISAC at TRIUMF

Important quantity to be measured:

Yield Y : fraction of beam particles reacting (Y turns outto be 101)

Thin targetyield Y = N;oAx Nt\ e

i
Nt Number density of target atoms . EEE’
AX  Thickness of target monolayer :::

’ 1]
oo

Target



Thick Target Yield

Integrate over target thickness respectively energy:

: B
=>» Thick targetyield Y = NN, / o(F)dr = /

E—A

with Target
Stonn _1dE ; ;
opping power € = Ft% ELBeam __________________________ i i
wh? 2.J, + 1 | §
7 2@2,] T 1)(2Jx V/(E L) +r2/4 § j k ;
E
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Thick Target Yield

Maximumof Yat E=E, +A/2

2h® A

Yiar = e B, w7y arctan (F)

Target thickness (in energy regime)
> resonance width

2h2
A>T Y= 1 oy
ey 1,

=» Delivers resonance strength  wy
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Experimental Setup

Experiment was carried out at ISAC radioactive ion beam (RIB) facility at
TRIUMF in Vancouver, Canada

2INa Beam
Fusion products are detected \o..> 2

with DRAGON facility

- Gas target with y-array DRAG ON

- Mass separator .
. ] Detector of Recoils And
- TOF measurement

Rare fusion products (~ 10-1%) Recoil Detectors
Need to be separated from high Box
intensity beam particles

- High beam suppression
needed (~ 101?)



Gas Target

Gas Out |

Pumps & additional turbopumps on beamline

Windowless hydrogen gas target
~ 4,5 Torr (6 mbar), 300 K

Particles leave target with charge
distribution due to collisional
electron exchange with H, Gas

- Select recoil particles with most
probable charge state



Electromagnetic Separator

Essential formulae for
electromagnetic separators:

Centripetal force F = il
"

Lorentz force (\7 0 I§) F_ =qvB

Electric force (F OF) F.=Fq

Magnetic dipole (MD):
Lorentz force = centripetal force
=» selection by (momentum/charge)

Electrostatic dipole (ED):
Electric force = centripetal force
=» selection by Energy

DRAGON

Detector of Recoils And
Gammas Of Nuclear reactions

Recoil Detectors

) ’j_';l"l
m:g:c : :bs: . Yo
W W
mv* P
=qvB = —=DBr
2r q
2
qf = mv — E= E
r 2



DRAGON Optics Layout

Momentum conservation : Beam &
fusion recoil momentum are equal

Beam particles exit gas target with
charge distribution

—> select particles with highest probability
charge with magnetic dipole

- Select mass with electric dipole

- Second stage for better suppression

- Quadrupoles & sextupoles for beam
focusing...

Windowless

gas target MD]1  Charge state (Q)

selection slit

Radioactive
ﬂ _____
ion beam
Gamma array
R ED1
v‘__ Non reacted
Mass (M) ' beam particles
selection slit
1 S
Final (F)
slits MD2
N\
Recoil particle ED2
detector
axial scale (m)
—_—
0 1 2

(transverse scale x 6)



DRAGON Electromagnetic Separator

Detector

http://dragon.triumf.ca/photos.html



Results: Thick Target Yield Curve
| 23

232
E, E, % v T h
max — E w7
6.248 \ JEy Loy
sqq | 6046 ot & 8r \ Y=5.98 +0.90 v2.5 torr
460 |.5:962 (1" S
R ; 7 | ®4.6 torr
T g e (R O ; C :
512 | 5714 el >b-n 6 _
2 =
Na +p N i
>15.454 ST
Q=5.502 MeV :
— il 4r
o *Mg ¢
3 -
Y, (0)=(5.98£0.90,, 065 . )x102 .|
] —
awy =(1.07£0.16,, +0.13,, )meV

2025 205 2075 210 2125 215 2175 220 2225
c.m. Energy (keV)



Results: Reaction Rate

Dominant resonant state at Nova temperatures
nova burning temperatures ‘ '
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Results: 44Na abundances in novae

WY,os Nigher than adopted prior to the measurement

Model recalculation with new resonance strength:
reduced from 3.5x10#* to 2.8x10*

22Na mass fraction

Q=125 keV

20
Ne

Unstable

t=113s

-

B"

24

!

23

Na

22

Ne

(p, )

- 22Mg is produced early in the TNR,
B-decays to 2“Na

- still hot enough for 22Na(p,y)
- final °Na vyield reduced

—> Consistent with non-detection
(respectively upper limits) of
1.28 MeV 22Na y-line



Recapitulation

White dwarf formation, nova explosions in binary systems
Reaction networks , temperature dependent reaction rates
Knowledge of these rates important for nova modelling

Direct measurement of reaction rates in fixed target experiments with
Inverse kinematics

Determination of maximum thick target yield delivers resonance width
-> reaction rates

Experimental approach:
Radioactive beam
hydrogen gas target
Mass separator with very good suppression
detection of fusion recoils
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