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Motivation

Sensitivity  studies  highlight  the  key  reactions  for  understanding  these  bursts
à 61Ga(p,𝜸)62Ge	
  suggested	
  as	
  being	
  particularly	
  important

The  observation  of  X-­ray  
bursts  is  interpreted  as  
thermonuclear  explosions  in  
the  atmosphere  of  a  neutron  
star  in  a  close  binary  system.

As  temperature  and  density  at  
the  surface  of  the  neutron  star  
increase,  the  CNO  cycles  
breakout  into  the  rp process.



R.H. Cyburt et al., Astrophys. J. 830, 2 (2016).

Effect	
  on	
  the	
  X-­‐ray	
  burst	
  light	
  curve	
  
from	
  varying	
  the	
  61Ga(p,𝜸)62Ge	
  
reaction	
  rate	
  within	
  its	
  associated	
  
uncertainties.

Effect	
  on	
  the	
  final	
  abundances	
  from	
  
varying	
  the	
  61Ga(p,𝜸)62Ge	
  reaction	
  
rate	
  within	
  its	
  associated	
  
uncertainties.
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Motivation

down, and tested its effect for those models in which a factor of
10 variation, as discussed in x 3, had an impact (models F08,
K04-B2, K04-B4, and K04-B5). Indeed, only model K04-B2
(where the 12C yield is affected by a factor of 0.47 when this rate
is multiplied by 3) and K04-B5 (where 20Ne and 24Mg are af-
fected by factors of 0.44 and 0.47, respectively, when the rate is
reduced by a factor of 3) reveal changes in the final yields (note
that variation of this reaction by a factor of 10 did not affect the
overall nuclear energy output in any of our models).
2. 18Ne(! , p)21Na: We use the Chen et al. (2001) exper-

imental rate, which agrees to a factor of !3 with the Görres
et al. (1995) Hauser-Feshbach (SMOKER) calculation adopted
in REACLIBv0. There are, however, additional data from
Groombridge et al. (2002). Indeed, using the information from
Chen et al. (2001), forEr < 1:7MeV, and that fromGroombridge
et al. (2002), forEr > 1:98MeV,we find a rate that deviates from
the Chen et al. (2001) rate by 30%, a factor of !3, and a factor of
!7 at 1.0, 1.4, and 2 GK, respectively. Since we found this re-
action to affect yields and/or the total nuclear energy in models
K04-B1 andK04-B6, neither of which reach temperatures above
1.36 GK, we have restricted our analysis to a variation of the
Chen et al. (2001) rate by a factor of 3, up and down. No impact
on the yields is found when varying the rate as such; however,
model K04-B1 shows some variation of the total energy output
when the rate is multiplied by 3.
3. 15O(! , ")19Ne:We use the Davids et al. (2003) rate, which

agrees to a factor of !3 with the Hahn et al. (1996) rate used in
REACLIBv0, over the temperatures spanned by our models. If

TABLE 20

Nuclear Processes Affecting the Total Energy
Output by More than 5% and at Least One Isotope

Reaction Models Affected

15O(! , ")19Nea................. K04, K04-B1, K04-B6
18Ne(! , p)21Naa ............... K04-B1, K04-B6
22Mg(! , p)25Al ................ F08
23Al( p, ")24Si................... K04-B1
24Mg(! , p)27Ala ............... K04-B2
26gAl( p, ")27Sia ................ F08
28Si(! , p)31Pa ................... K04-B4
30S(! , p)33Cl .................... K04-B4, K04-B5
31Cl( p, ")32Ar.................. K04-B3
32S(! , p)35Cl .................... K04-B2
35Cl( p, ")36Ara................. K04-B2
56Ni(! , p)59Cu ................. S01
59Cu( p, ")60Zn................. S01
65As( p, ")66Se ................. K04, K04-B2, K04-B3
69Br( p, ")70Kr.................. S01
71Br( p, ")72Kr.................. K04-B7
103Sn(! , p)106Sb............... S01

Notes.—Nuclear processes affecting the total energy
output by more than 5%, as well as the yield of at least one
isotope, when their nominal rates are individually varied
by a factor of 10 up and /or down, for the given model. See
text for details.

a Reaction experimentally constrained to better than a
factor of !10 at XRB temperatures. See x 5.

TABLE 19

Summary of the Most Influential Nuclear Processes, as Collected from Tables 1Y10

Reaction Models Affected

12C(! , ")16Oa............................... F08, K04-B2, K04-B4, K04-B5
18Ne(! , p)21Naa ........................... K04-B1b

25Si(! , p)28P ................................ K04-B5
26gAl(! , p)29Si ............................. F08
29S(! , p)32Cl ................................ K04-B5
30P(! , p)33S ................................. K04-B4
30S(! , p)33Cl ................................ K04-B4,b K04-B5b

31Cl( p, ")32Ar.............................. K04-B1
32S(! , ")36Ar ............................... K04-B2
56Ni(! , p)59Cu ............................. S01,b K04-B5
57Cu( p, ")58Zn............................. F08
59Cu( p, ")60Zn............................. S01,b K04-B5
61Ga( p, ")62Ge............................. F08, K04-B1, K04-B2, K04-B5, K04-B6
65As( p, ")66Se ............................. K04,b K04-B1, K04-B2,b K04-B3,b K04-B4, K04-B5, K04-B6
69Br( p, ")70Kr.............................. K04-B7
75Rb( p, ")76Sr.............................. K04-B2
82Zr( p, ")83Nb ............................. K04-B6
84Zr( p, ")85Nb ............................. K04-B2
84Nb( p, ")85Mo ........................... K04-B6
85Mo( p, ")86Tc ............................ F08
86Mo( p, ")87Tc ............................ F08, K04-B6
87Mo( p, ")88Tc ............................ K04-B6
92Ru( p, ")93Rh ............................ K04-B2, K04-B6
93Rh( p, ")94Pd............................. K04-B2
96Ag( p, ")97Cd ............................ K04, K04-B2, K04-B3, K04-B7
102In( p, ")103Sn ........................... K04, K04-B3
103In( p, ")104Sn ........................... K04-B3, K04-B7
103Sn(! , p)106Sb........................... S01b

Notes.—These reactions affect the yields of at least three isotopes when their nominal rates are varied by a
factor of 10 up and/or down. See text for details.

a Reaction experimentally constrained to better than a factor of !10 at XRB temperatures. See x 5.
b Reaction that affects the total energy generation rate by more than 5% at some time interval in this

model, when its rate is varied by a factor of 10 up and/or down. See text and Table 20 for details.
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States of Interest in 62Zn

2186	
  keV 4+
2330	
  keV 0+
2384	
  keV 3+

2744	
  keV 4+
2803	
  keV 2+
2884	
  keV 2+

3043	
  keV 0+

62Zn

Proton  separation  energy  
in  62Ge  is  2053(145)  keV

-­ uncertainty  from  mass  
data

Mirror  energy  differences  
from  theory  

Rate  expected  to  be  
dominated  by  low-­spin  
states



States of Interest in 62Zn

The	
  Spectroscopic	
  factor	
  (C2S)	
  is	
  directly	
  related	
  to	
  the	
  proton	
  
widths	
  and,	
  hence,	
  the	
  resonance	
  strengths.	
  

Will	
  be	
  extracted	
  from	
  the	
  proton	
  yields	
  with	
  the	
  ADWA	
  code	
  
TWOFNR.	
  Recent	
  success	
  for	
  the	
  astrophysically important	
  27Al-­‐
27Si	
  system.	
  V.	
  Margerin et	
  al.,	
  PRL	
  115 062701	
  (2015)

C2S	
  of	
  mirror	
  analog states	
  are	
  expected	
  to	
  agree	
  within	
  20%	
  

N.	
  K.	
  Timofeyuk,	
  R.	
  C.	
  Johnson,	
  and	
  A.	
  M.	
  Mukhamedzhanov,	
  PRL	
  91,	
  232501	
  
(2003)
N.	
  K.	
  Timofeyuk,	
  P.	
  Descouvemont,	
  and	
  R.	
  C.	
  Johnson,	
  Eur.	
  Phys.	
  J.	
  A	
  27,	
  269	
  
(2006).

2.4. Indirect Determination of Resonance Strengths

must be determined as precisely as possible. Ideally, these resonance strengths should
be measured directly but, in practice, such measurements are often not possible due
to insu�cient intensities of radioactive beams for reactions involving unstable nuclei.
Therefore, in order to make progress, indirect methods of determining the key resonance
energies and resonance strengths must be employed, these methods are discussed in
Section 2.4 below.

2.4 Indirect Determination of Resonance Strengths

The concept of a resonance strength was discussed previously, see Section 2.3.2, here we
focus on determining the resonance strength for a radiative capture reaction X(p,�)Y .
In this case, the resonance strength !� is given by

!� = !

�p��

�tot
=

(2J + 1)
(2JX + 1)(2Jp + 1)

�p��

�p + ��
. (2.37)

It is clear that the resonance strength, therefore, depends on the spin of the resonant
state J , the spins of the entrance channel particles Jp and JX and the proton and �-ray
partial widths �p and �� . Thus, if these quantities can be determined the resonance
strength may be estimated without the need for a direct measurement.
Proton capture reactions, at the temperatures relevant to astrophysical events such as
novae, are dominated by capture to resonances lying close to the proton threshold. The
low resonance energies for these states mean that, typically, they have large �-decay
branches, i.e. �p << �� . If this is the case then the expression for the resonance
strength reduces to

!� = !

�p��

�p + ��

⇡ !

�p��

��
⇡ !�p. (2.38)

The proton partial width �p can then be estimated through the expression;

�p = C

2
S�sp, (2.39)

where C is the Clebsch-Gordan coe↵cient and S is the single particle spectroscopic
factor. Together the C

2
S term is known as the spectroscopic factor and gives a measure

of the overlap between the initial state, p + X, wave function and the final state, Y ,
wave function. The spectroscopic factor may be determined through transfer reaction
studies. The quantity �sp is the single-particle reduced width and is given by

�sp = 2
h̄

2

mR

2
PC✓

2
sp. (2.40)

25
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~2.5 m

Up to 4 T superconducting solenoidal

~0.9 m

Beam 
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magnetic 
axis

Si array

Beam

e.g. protons

Target

e.g. recoil

ISS – ISOLDE Solenoid Spectrometer

• 4T	
  superconducting	
  solenoid.
• Obtained	
  as	
  MRI	
  magnet	
  
from	
  Brisbane.
• Arrived	
  @	
  CERN	
  in	
  April	
  2016.

• Dedicated	
  to	
  transfer	
  
reactions	
  with	
  HIE-­‐ISOLDE.

• New	
  Si	
  array	
  designed	
  and	
  
under	
  construction	
  (ready	
  after	
  LS2).
• First	
  experiments	
  with	
  ANL	
  
array.

DSSSD	
  array
ASIC	
  readout

ANL	
  Si	
  array



ISS – ISOLDE Solenoid Spectrometer

-1 -0.5 0 0.5
Distance from target, z (m)

0

10

20

30

r (
cm

)

d(61Zn,p)62Zn, 7.5 MeV/u, 2.5 T

10o

10o

30o

30o

Monitor detector

Array

(d,p)

(d,d)

24.5o

Black,	
  ground	
  state

Red,	
  excited	
  state	
  
at	
  3.5	
  MeV

10° <	
  θCM <	
  30° =>	
  protons	
  emitted	
  at	
  backward	
  lab	
  angles

Proton	
  energies	
  ~10	
  MeV



ISS – ISOLDE Solenoid Spectrometer

-1 -0.5 0 0.5
Distance from target, z (m)

0

10

20

30

r (
cm

)

d(61Zn,p)62Zn, 7.5 MeV/u, 2.5 T

10o

10o

30o

30o

Monitor detector

Array

(d,p)

(d,d)

24.5o

Black,	
  ground	
  state

Red,	
  excited	
  state	
  
at	
  3.5	
  MeV

10° <	
  θCM <	
  30° =>	
  protons	
  emitted	
  at	
  backward	
  lab	
  angles

Proton	
  energies	
  ~10	
  MeV

gauss
Entries  492000

Mean     2767

Std Dev     634.1

Excitation Energy (keV)
1000 1500 2000 2500 3000 3500

# 
Co

un
ts

0

200

400

600

800

1000

1200

gauss
Entries  492000

Mean     2767

Std Dev     634.1
Simulated (d,p) spectrum

Astrophysically important/ region

Know/62Zn/level/scheme/folded/with/75<keV/resolution/ obtained/with/HELIOS/type/
device/and/detectors



ISS – ISOLDE Solenoid Spectrometer

7.5	
  MeV/u	
  61Zn	
  beam	
  of	
  minimum	
  intensity	
  4	
  x	
  105 pps (ZrO2 target)

Ga	
  contamination	
  to	
  be	
  suppressed	
  with	
  RILIS	
  ionisation of	
  Zn	
  

Stable	
  61Ni	
  contaminant	
  highlighted	
  in	
  TAC	
  meeting,	
  known	
  spectrum.	
  See	
  below.	
  

61Ni(d,p)62Ni 
@ 6 MeV/u 

O. Karban et al., Nucl. Phys. A366, 68 (1981).

Problems	
  from	
  transfer	
  on	
  light	
  elements	
  from	
  EBIS	
  charge	
  breeder?	
  



‘Feedback’ from the INTC

"the	
  proposal	
  is	
  premature	
  considering	
  that	
  the	
  instrument	
  to	
  be	
  used	
  will	
  not	
  be	
  
available	
  in	
  2017	
  and	
  furthermore	
  two	
  proposals	
  for	
  the	
  same	
  setup	
  have	
  already	
  
been	
  approved	
  in	
  2016"	
  

“The	
  presented	
  physics	
  case	
  is	
  certainly	
  of	
  great	
  interest”

BUT



Extensions and other reactions of Astrophysical 
Interest

• With	
  beam	
  intensities	
  >	
  105 pps can	
  look	
  for	
  p-­‐𝜸 coincidences	
  with	
  a	
  
suitable	
  array.	
  

• (d,p)	
  reactions	
  on	
  the	
  neutron-­‐rich	
  isotopes	
  as	
  a	
  surrogate	
  for	
  neutron-­‐
capture	
  reactions

• New	
  beams	
  of	
  neutron-­‐deficient	
  isotopes	
  becoming	
  available	
  with	
  ZrO2

targets.	
  
• Transfer	
  around	
  56Ni	
  (t1/2 =	
  6	
  days),	
  rp-­‐process	
  waiting	
  point?
• Germanium/	
  gallium	
  isotopes	
  along	
  the	
  rp-­‐process	
  path



Thank	
  you	
  very	
  much!
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