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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.
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Effect	
  on	
  the	
  X-­‐ray	
  burst	
  light	
  curve	
  
from	
  varying	
  the	
  61Ga(p,𝜸)62Ge	
  
reaction	
  rate	
  within	
  its	
  associated	
  
uncertainties.
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  on	
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  final	
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  from	
  
varying	
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  reaction	
  
rate	
  within	
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  associated	
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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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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
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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)
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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)
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~2.5 m

Up to 4 T superconducting solenoidal

~0.9 m

Beam 
and 

magnetic 
axis

Si array

Beam

e.g. protons

Target

e.g. recoil

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

Proton	
  energies	
  ~10	
  MeV



Beam	
  composition

7.5	
  MeV/u	
  61Zn	
  beam	
  of	
  minimum	
  intensity	
  4	
  x	
  105 pps

Ga	
  contamination	
  to	
  be	
  suppressed	
  with	
  RILIS	
  ionisation of	
  Zn

Stable	
  61Ni	
  contaminant	
  highlighted	
  in	
  TAC	
  meeting,	
  known	
  spectrum.	
  See	
  below.	
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@ 6 MeV/u 
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Summary	
  of	
  Beam	
  Time	
  Request

To	
  study	
  the	
  61Zn(d,p)62Zn	
  reaction	
  for	
  the	
  first	
  time	
  as	
  a	
  probe	
  of	
  the	
  key	
  rp
process	
  reaction,	
  61Ga(p,𝜸)62Ge.	
  	
  

Obtained	
  spectroscopic	
  factors	
  will	
  be	
  used	
  to	
  determine	
  the	
  properties	
  of	
  
proton-­‐unbound	
  levels	
  in	
  62Ge,	
  therefore,	
  placing	
  the	
  first	
  ever	
  constraints	
  on	
  the	
  
key	
  61Ga(p,𝜸)62Ge	
  reaction	
  in	
  X-­‐ray	
  burst	
  environments.	
  

Complementary	
  to	
  the	
  two	
  previously	
  approved	
  proposals	
  for	
  the	
  ISOL	
  Solenoid	
  
Spectrometer.

We	
  request	
  a	
  total	
  of	
  21	
  shifts	
  with	
  a	
  457.5-­‐MeV	
  61Zn	
  beam	
  (7.5	
  
MeV/u)	
  at	
  a	
  minimum	
  intensity	
  of	
  4	
  x	
  105 pps in	
  order	
  to	
  perform	
  the	
  

experiment.	
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• First	
  experiments	
  in	
  
2018,	
  before	
  LS2.

• Delivery	
  of	
  stable	
  
beams	
  at	
  end	
  of	
  
2017?	
  

ß 2016	
  à

2017	
  à

ß 2017	
  à

Timeline	
  of	
  ISS	
  events



• Demonstrated	
  in	
  multiple	
  
experiments	
  with	
  12	
  <	
  A <	
  136.
• Resolution	
  of	
  75	
  keV achieved.
• In-­‐flight	
  beams	
  ~100	
  keV.

• Array	
  to	
  be	
  used	
  with	
  
ISS@ISOLDE.

D.K.	
  Sharp	
  et	
  al,	
  Phys.Rev.C 87 014312	
  (2013)

142 B.B. Back (HELIOS)

at ATLAS such that the magnetic field axis coincides with the beam line. The 90 cm diam-

eter warm bore of the magnet is enclosed by large end-flanges, which provides a vacuum

enclosure that serves as the target chamber. The beam enters via a 1 cm diameter hole

through the Si detector array support rod, which is clad on the outside with twenty-four 1

× 5 cm2 position sensitive Si detectors. It is planned to upgrade the Si detector array to

forty 2× 5 cm2 wafers in order to achieve almost 100% azimuthal acceptance over a length

of >60 cm. The position of a particle impact is obtained by charge division in the resistive
front electrode of the detectors. A fan-like structure supports up to nine targets, which can

be selected by rotation of the mounting rail located at the bottom of the magnet bore. The

position of the target fan and the Si detector array can independently be adjusted longitu-

dinally. Combined with magnetic field settings up to a maximum of 3 T, this allows for

optimal coverage of excitation energy and scattering angle of interest. A three-dimensional

engineering drawing cut-through of the setup is shown in Fig. 4.

6. First Results

The spectrometer was commissioned in August 2008 using a stable 28Si beam incident

upon an 84 µg/cm2 CD2 target to measure single neutron states in
28Si using the d(28Si,p)

reaction. The magnetic field was 1.915 T. Figure 5 shows a 2-dimensional spectrum of

the proton energy, Ep, versus the longitudinal position zp (the distance from the target)

for several longitudinal target positions. The top diagonal trace corresponds to the ground

Fig. 5. The energy of protons, Ep , is plotted vs. zp for the d(
28Si,p) reaction. The

diagonal traces represent states in 29Si, whereas horizontal lines arise from a short-lived

α-contamination in the chamber. Horizontal gaps of about 1 cm between the detectors

are evident, and a proton background from fusion-evaporation on the carbon in the CD2
target is seen.
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II. EXPERIMENT

The measurement was performed at the ATLAS facility
at Argonne National Laboratory. A beam of 136Xe was
delivered at 10 MeV/u in bunches ∼2 ns wide (FWHM) every
82.47 ns, derived from the intrinsic radio frequency (RF) of
the accelerator. At this beam energy, cross sections for transfer
to high-ℓ states are larger by a factor of ∼2 compared with
yields at ∼6 MeV/u, the energy used in the previous (d,p)
studies [17–19]. Typical beam intensities in this measurement
were ∼5×106 ions per second; the current was limited to
extend the useful life of the deuterated polyethylene [(C2D4)n]
targets. Several such targets were used with thicknesses
ranging between 125 and 175 µg/cm2. Outgoing protons,
emitted at forward center-of-mass (c.m.) angles (θlab > 90◦)
were analyzed in HELIOS, at a field strength of 2 T. Their
energy, distance #z from the target, and time of flight were
recorded by an array of position-sensitive Si detectors (PSDs)
surrounding the magnetic axis, which corresponds to the beam
axis (see Ref. [6]). A schematic of the experimental setup for
this measurement is given in Fig. 1.

FIG. 1. (Color online) Schematic of the detector and target
arrangements in HELIOS. Positions I and II are discussed in the text.
The beam enters, on axis, from the left. The radial distance, r , and
longitudinal coordinate, z, are given for sample proton trajectories
(solid lines). Trajectories of elastically scattered ions, used for
monitoring luminosity, are shown by dashed lines for deuterons (blue
online), and dotted lines for 12C ions (red online). The z axis is both
the beam axis and the magnetic axis where z = 0.0 m is the center of
the solenoid.

In this measurement, absolute cross sections for the (d,p)
reaction are measured to allow for a quantitative comparison
with other well-studied N = 82 isotones [14]. This was
achieved by measuring the luminosity—the product of the
beam intensity and the areal density of deuterons in the
target—in the arrangement of Fig. 1. The total beam dose was
determined from the integrated charge collected in the Faraday
cup on the z axis, while elastically scattered deuterons were
counted by a Si surface-barrier detector centered on, and with
its surface perpendicular to, the z axis. At this z, elastically
scattered deuterons intercept the surface of the detector at
θc.m. = 34.9◦. To determine the absolute cross-section scale,
elastic scattering in the Rutherford regime was measured with
the beam energy lowered to 5 MeV/u, where the elastic cross
section at this laboratory angle (θc.m. = 29.2◦) is within ±3%
of the Rutherford scattering cross section.

From previous studies with standard polyethylene targets,
it is known that these can degrade under beam irradiation [20].
Elastically scattered carbon ions (charge state q = 6+) are also
detected in the luminosity monitor but with approximately six
times the energy. This allowed a continuous monitoring of both
the target thickness and composition. Typically, the targets
would lose carbon and deuterium at similar rates, reaching
50% of the original number of atoms after a dose of ∼5×1011

136Xe ions with a beam spot of ∼3-mm diameter.
Data were collected over 59 hours of beam on target.

Of the 24 PSDs on the array, 18 were functional for this
experiment. A composite plot of data from the PSD array
is presented in Fig. 2. Two target positions were used to cover
the largest possible c.m.-angle range; for ℓ = 5 and 6 transfer,
the peak cross sections were expected to be at θc.m. ∼ 32◦

and 40◦, respectively. The positions of the target are shown
schematically in Fig. 1; data from the two positions are labeled
in the upper portion of Fig. 2. For each PSD, the slope in energy
versus position was corrected using a fourth-order polynomial
to account for nonlinear responses. The internal excitation-
energy calibration was performed on a detector-by-detector
basis, using well-known states in 137Xe. This procedure was
cross checked with an absolute energy calibration using a
multiline α source (148Gd-244Cm) performed before and after
the experiment. The α source also served as a check of
the detector-to-detector efficiency. In principle, the α source
should irradiate each PSD with the same number of α particles
as each PSD subtends the same solid angle and the α particles
are emitted isotropically. Due to varying PSD performance and
possible small misalignments of either the PSD array or the
target assembly, this is not the case. Data from the α source
provided a normalization to correct for these variations.

Events corresponding to one proton cyclotron period could
be clearly identified; these correspond to a time difference of
32.8 ns between the accelerator RF and a proton intercepting
the array (the timing resolution was ∼8 ns FWHM). Peaks
were also seen at 65.6 and 98.4 ns, corresponding to protons
that had performed two and three cyclotron periods before
intercepting the array, respectively, and these were readily
eliminated. Protons from fusion evaporation of the xenon
beam with carbon in the target were indistinguishable from
the protons of interest and account for the overall background
seen in the upper part of Fig. 2. This background contribution
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