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Spectroscopic factors are important 
§  Inform the single-particle nature of states 
§  Inform direct neutron-capture on stable & unstable nuclei 
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Figure 1.1: Single-particle levels for various potentials. From left to right: (a) Diffuse
surface for neutron-rich nuclei, similar to harmonic oscillator with spin-orbit potential;
(b) Nosc = 4 and 5 harmonic oscillator shells; (c) Woods-Saxon potential; (d) Woods-
Saxon potential with strong spin-orbit potential. Figure adapted from [Dob96].

As a first approximation, the average potential is treated as a harmonic oscillator

potential. The degenerate shell levels for nucleon numbers between Z,N = 40 − 112

in this scheme are shown in Fig. 1.1(b). An improvement to the model is made

by using a more realistic average potential, such as a Woods-Saxon shape which is

similar to the observed shape of mass density distributions in nuclei. Figure 1.1(c)

displays how this potential splits some of the degeneracy, but is unable to reproduce

the observed magic numbers. It was the insight of Mayer [May49] and Haxel, Jensen,

and Suess [Hax49] to include a strong spin-orbit interaction that favors the higher-spin

partner (j = ℓ + 1/2) that led to the theoretical reproduction of all of the observed

magic numbers in the stable isotopes (Fig. 1.1(d)).

A key concept of a shell model is the definite spatial orbital, characterized by its

J. S. Thomas et al., Phys. Rev. C 76, 044302 (2007) 

N=51 
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2. HEAVY ELEMENT FORMATION
Stellar fusion of elements heavier than iron is endothermic: It requires energy. Also, Coulomb
barriers for charged-particle reactions increase at heavy proton number. As a result, the nuclei
beyond the Fe group are generally not formed in charged-particle fusion but instead are created
in n-capture processes; there are no Coulomb barriers. Neutrons are captured onto nuclei that
can then β decay if they are unstable, transforming neutrons into protons. In this manner, element
production progresses through the heaviest elements of the Periodic Table. This process is defined
as slow (rapid) if the timescale for neutron capture, τ n, is slower (faster) than the radioactive decay
timescale, for unstable nuclei. Generally we refer to these as the s-process or the r-process.

The r-process and s-process were initially described and defined in 1957 by Burbidge et al.
(1957) and Cameron (1957a,b). The s-process (τn ≫ τβ ) is defined by virtue of the long times
(hundreds or thousands of years) between successive neutron captures on target nuclei. It thus
operates close to the so-called valley of β-stability, as illustrated in Figure 1 (Möller, Nix &
Kratz 1997, their figure 16). Consequently the properties (e.g., masses and half-lives) of the stable
and long-lived nuclei involved in the s-process can be obtained experimentally. As the s-process
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Figure 1
Chart of the nuclides showing proton number versus neutron number after Möller, Nix & Kratz (1997).
Black boxes indicate stable nuclei and define the so-called valley of β-stability. Vertical and horizontal lines
indicate closed proton or neutron shells. The magenta line indicates the so called r-process path, with the
magenta boxes indicating where there are final stable r-process isotopes. Color shading denotes the
timescales for β decay for nuclei and the jagged black line denotes the limits of experimentally determined
nuclear data at the time of their article.
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041008-9 Surman et al. AIP Advances 4, 041008 (2014)

FIG. 7. Combined results of fifty-five neutron capture rate sensitivity studies run under a range of distinct astrophysical
conditions. The shading indicates the maximum sensitivity measure F obtained in the full set of sensitivity studies, with the
darkest squares indicating maximum F measures of greater than 20. Note nuclei are shaded only if their sensitivity measures
F exceed 0.5 in more than one set of astrophysical conditions.

TABLE II. Nuclei with maximum neutron capture rate sensitivity measures F > 10 from the
combined results of fifty-five neutron capture rate sensitivity studies run under a range of
distinct astrophysical conditions, from Fig. 7.

Z A F

26 67 15.8
26 71 11.2
27 68 11.6
27 75 17.3
28 76 17.2
28 81 34.1
29 72 10.4
29 74 15.1
29 76 25.0
29 77 12.5
29 79 10.2
30 76 13.1
30 78 23.5
30 79 15.2
30 81 13.6
31 78 12.8
31 79 12.1
31 80 26.0
31 81 18.8
31 84 10.3
31 86 11.0
32 81 17.5
32 85 13.1
32 87 19.1
33 85 10.5
33 86 22.5
33 87 17.8
33 88 22.6
34 87 18.0
34 88 11.2
34 89 10.3
34 91 15.3

 All article content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported license. See: http://creativecommons.org/licenses/by/3.0/
Downloaded to IP:  35.14.90.196 On: Thu, 27 Feb 2014 15:40:08

Surman et al. AIP Adv. 4, 041008 (2014) 

r-process nucleosynthesis  
and dependence on (n,γ) rates 

Sneden, Cowan, Gallino, Annu. Rev. 
Astron. Astrophys. 46:241-288 (2008) 
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Spectroscopic factors are important 

§  Inform the single-particle nature of states 
§  Inform direct (semi-direct) neutron-capture on unstable 

nuclei including near (weak) r-process path 

SINGLE-NEUTRON EXCITATIONS IN NEUTRON-RICH . . . PHYSICAL REVIEW C 76, 044302 (2007)

rows in Table II, close to the values extracted from the transfer
measurement.

Electric dipole (E1) capture was found to dominate the
DSD capture on 82Ge and 84Se. Incoming p-wave neutrons
are captured via an E1 transition into the lowest 2s and 1d
single-particle states of 83Ge and 85Se. A semidirect capture
via the GDR [35] was found to interfere destructively with the
direct capture, so that the direct-semidirect capture was smaller
than the direct capture alone by ∼10% for both 82Ge and 84Se,
as summarized in Fig. 11. The largest M1 contribution to
the direct capture cross section is smaller by approximately
eight orders of magnitude relative to the E1 contribution in
this single-particle model. The M1 matrix element in the
long-wavelength approximation is proportional to the overlap
of the initial scattering and final bound-state wave functions
[43]. Therefore, for two of the allowed transitions—s-wave
capture to the bound 2s1/2 state and d-wave capture of a d5/2
neutron to the bound 1d5/2 state—the M1 matrix elements
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FIG. 11. (Color online) Calculated total capture cross sections for
the reactions (a) 82Ge(n, γ )83Ge and (b) 84Se(n, γ )85Se. The cross
sections are calculated using the density form of the EM operator
with (blue, dot-dashed) and without the semidirect (SD) contribution
(black, solid) and using the current form of the EM operator with
(green, dashed) and without the SD contribution (red, double dot-
dashed).

involve orthogonal overlaps of wave functions with the same
quantum numbers at different energies. The orthogonality is
not complete as the potential for the bound state has been
adjusted, relative to the initial state, to reproduce the binding
energy. The only other allowed M1 transition, of a d3/2 neutron
captured to the 1d5/2 bound state, is suppressed by an ℓ = 2
centrifugal barrier. The M1 overlap integral in this case of
d-wave capture is three orders of magnitude smaller than the
corresponding p-wave E1 overlap integral. There is also an
additional hindrance factor of (h̄c/2Mnc

2)2 ≈ 0.01 in favor of
E1 relative to M1 transitions [44].

A conventional density form of the EM operator, e · jℓ(qr),
was used, where ℓ is the multipolarity of the EM transition
and jℓ is the spherical Bessel function of order ℓ. Since the
density form of the EM operator is obtained by a (nonrigorous)
application of Siegart’s theorem [45,46] to a single-particle
model [47], a current form of the EM operator, that is, j⃗ · A⃗
[35,47], was also considered. The difference between the two
cross sections was found to be relatively small, on the order
of ≈3%, as seen in Fig. 11. This is encouraging, as it is an
indication that the calculation is as consistent as possible in a
single-particle model; this is related to the fact that the potential
used for the bound states was nearly identical to that used for
scattering states [47].

V. SUMMARY

Radioactive ion beams of 82Ge and 84Se were used to study
the 2H(82Ge, p)83Ge and 2H(84Se, p)85Se reactions for the first
time. The low-lying states of 83Ge and 85Se populated in the
(d, p) reactions were studied to reveal their excitation energies,
spins, and parities. From proton differential cross sections and
systematics of N = 51 isotones, the ground and first excited
(Ex = 0.28 ± 0.02 MeV) states of 83Ge are determined to have
J π = 5/2+ and J π = 1/2+, respectively. The measurement
of 85Se confirmed the energies the first three states and the
average excitation energy of a doublet consisting of the third
and fourth excited states, as determined in a previous study of
γ -ray transitions following the β decay of 85As [12]. The spins
and parities of the first two states, determined by analyzing
the proton differential cross sections, support the tentative
assignments of Omtvedt et al. [12] of J π = 5/2+ for the
ground state and J π = 1/2+ for the first excited state. Level
assignments cannot be made for the other states populated in
the present measurement.

Spectroscopic factors were extracted for many of the levels
populated in this study. However, the measurements are of pe-
ripheral reactions, and the usual DWBA analysis of differential
cross sections relies on details to which the measurements
are insensitive. The spectroscopic factors have significant
uncertainties associated with these ambiguities. Asymptotic
normalization coefficients that describe the behavior of the
tail part of the overlap function, but do not suffer from
the same uncertainties as the spectroscopic factors, are also
extracted. It is the ANC that can be used reliably across
measurements or calculations that are more sensitive to, for
example, bound-state potential geometries.

Shell-model calculations were performed in the N = 51
region above a core of 78Ni with the shell-model code ANTOINE

044302-9
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this single-particle model. The M1 matrix element in the
long-wavelength approximation is proportional to the overlap
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involve orthogonal overlaps of wave functions with the same
quantum numbers at different energies. The orthogonality is
not complete as the potential for the bound state has been
adjusted, relative to the initial state, to reproduce the binding
energy. The only other allowed M1 transition, of a d3/2 neutron
captured to the 1d5/2 bound state, is suppressed by an ℓ = 2
centrifugal barrier. The M1 overlap integral in this case of
d-wave capture is three orders of magnitude smaller than the
corresponding p-wave E1 overlap integral. There is also an
additional hindrance factor of (h̄c/2Mnc

2)2 ≈ 0.01 in favor of
E1 relative to M1 transitions [44].

A conventional density form of the EM operator, e · jℓ(qr),
was used, where ℓ is the multipolarity of the EM transition
and jℓ is the spherical Bessel function of order ℓ. Since the
density form of the EM operator is obtained by a (nonrigorous)
application of Siegart’s theorem [45,46] to a single-particle
model [47], a current form of the EM operator, that is, j⃗ · A⃗
[35,47], was also considered. The difference between the two
cross sections was found to be relatively small, on the order
of ≈3%, as seen in Fig. 11. This is encouraging, as it is an
indication that the calculation is as consistent as possible in a
single-particle model; this is related to the fact that the potential
used for the bound states was nearly identical to that used for
scattering states [47].

V. SUMMARY

Radioactive ion beams of 82Ge and 84Se were used to study
the 2H(82Ge, p)83Ge and 2H(84Se, p)85Se reactions for the first
time. The low-lying states of 83Ge and 85Se populated in the
(d, p) reactions were studied to reveal their excitation energies,
spins, and parities. From proton differential cross sections and
systematics of N = 51 isotones, the ground and first excited
(Ex = 0.28 ± 0.02 MeV) states of 83Ge are determined to have
J π = 5/2+ and J π = 1/2+, respectively. The measurement
of 85Se confirmed the energies the first three states and the
average excitation energy of a doublet consisting of the third
and fourth excited states, as determined in a previous study of
γ -ray transitions following the β decay of 85As [12]. The spins
and parities of the first two states, determined by analyzing
the proton differential cross sections, support the tentative
assignments of Omtvedt et al. [12] of J π = 5/2+ for the
ground state and J π = 1/2+ for the first excited state. Level
assignments cannot be made for the other states populated in
the present measurement.

Spectroscopic factors were extracted for many of the levels
populated in this study. However, the measurements are of pe-
ripheral reactions, and the usual DWBA analysis of differential
cross sections relies on details to which the measurements
are insensitive. The spectroscopic factors have significant
uncertainties associated with these ambiguities. Asymptotic
normalization coefficients that describe the behavior of the
tail part of the overlap function, but do not suffer from
the same uncertainties as the spectroscopic factors, are also
extracted. It is the ANC that can be used reliably across
measurements or calculations that are more sensitive to, for
example, bound-state potential geometries.

Shell-model calculations were performed in the N = 51
region above a core of 78Ni with the shell-model code ANTOINE
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Reaction theory input 
(d,p) cross sections & spectroscopic factors 

§  Absolute exp cross sections ⇐ normalization of data from 
elastic scattering of deuterons 
§  Theoretical calculations of elastic scattering 

 
§  Input for theoretical reaction cross section output 

§  Optical model potentials 
§  Incoming deuteron, outgoing proton, neutron bound state 
§  Traditionally:  empirical, not microscopic 

§  Wave function of the deuteron 
§  Nucleon-nucleon vs composite  

§  Wave function of transferred particle, e.g., 2d5/2 neutron 
§  Woods-Saxon potential for s.p. wave function 
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PHYSICAL REVIEW C 72, 017602 (2005)

Combined method to extract spectroscopic information

A. M. Mukhamedzhanov1,∗ and F. M. Nunes2,†
1Cyclotron Institute, Texas A & M University, College Station, Texas 77843, USA

2National Superconducting Cyclotron Laboratory and Department of Physics and Astronomy,
Michigan State University, East Lansing, Michigan 48824, USA

(Received 28 September 2004; published 27 July 2005)

Spectroscopic factors (SFs) play an important role in nuclear physics and astrophysics. The traditional method
of extracting SFs from direct transfer reactions suffers from serious ambiguities. We discuss a modified method
that is based on including the asymptotic normalization coefficient of the overlap functions into the transfer
analysis. In the modified method the contribution of the external part of the reaction amplitude, typically
dominant, is fixed and the SF is determined from the fitting of the internal part. We illustrate the modified method
with (d,p) reactions on 208Pb, 12C, and 84Se targets at different energies. The modified method allows one to
extract the SFs, which do not depend on the shape of the single-particle nucleon-target interaction, and has the
potential of improving the reliability and accuracy of the structure information. This is specially important for
nuclei on dripline, where not much is known.

DOI: 10.1103/PhysRevC.72.017602 PACS number(s): 21.10.Jx, 24.10.−i, 24.50.+g, 25.40.Hs

Spectroscopic factors (SFs) were introduced by the shell-
model formalism and are typically related to the shell
occupancy of a state n in one nucleus relative to a state
m in a nearby nucleus [1]. Today, phenomenological SFs
are extensively used in a variety of topics, from nuclear
reactions to astrophysics or applied physics, yet the procedure
for their extraction from the data has remained essentially
the same for decades. For more than 40 years since the
dawn of nuclear physics, direct transfer reactions, such as
(d,p), (d,t), (3He, d), and (3He,α), have been the central
tools for determining SFs [2–4]. Extracting SFs with good
precision from data is very important to test the validity of
today’s many-body theories. For conventional nuclei there
are many experiments available that provide SFs, which
are often lower than those predicted by shell model [1].
Electron-induced knockout or electron scattering is supposed
to provide a better accuracy in extracting SFs than transfer
[5,6]. However, for exotic nuclei near or on the driplines,
transfer reactions are a unique tool and hence can have a large
impact on the programs of the new-generation rare-isotope
laboratories. Given the experimental difficulties faced with
measurements on the driplines, it is crucial to have a reliable
method for analyzing and extracting useful information from
each single data set.

Usually transfer angular distributions are analyzed within
the framework of the distorted-wave Born approximation
(DWBA). The SF determined by normalization of the calcu-
lated DWBA differential cross section to the experimental one
(e.g., Refs. [7–9]) is compared with the SF predicted by shell
model. Even when error bars in the experimental cross section
are low, the uncertainty of the extracted SF resulting from
the normalization of the DWBA cross section is often large,
regardless of whether it agrees with the shell-model prediction.
The reasons for this inaccuracy are typically (i) optical

∗Electronic address: akram@comp.tamu.edu
†Electronic address: nunes@nscl.msu.edu

potentials ambiguity, (ii) the inadequacy of the DWBA reaction
theory, or (iii) the dependence on the single-particle potential
parameters. The first point has been the object of a recent
systematic study [10]. The second point needs to be addressed
case by case, and examples of improved reaction models
are the coupled-channel Born approximation (e.g., Ref. [11])
or the continuum discretized coupled-channel method
(e.g., Ref. [12]). This paper critically reviews the standard pro-
cedure of extracting SFs from transfer reactions by focusing on
the third point; the modified method eliminates the dependence
of the extracted SFs on the single-particle potentials, the main
advantage of the method.

We address a modified approach to spectroscopy from
transfer reaction that includes the asymptotic normalization
coefficient (ANC) in the analysis [2]. For simplicity, in the
following formulation, we consider the A(d,p)B reaction
and disregard spins (naturally these are included in the
applications). The DWBA amplitude for this reaction is
given by

M =
〈
ψ

(−)
f IB

An

∣∣#V
∣∣ϕpn ψ

(+)
i

〉
, (1)

where #V = Vpn + VpA − UpB is the transition operator in
the postform, Vij is the interaction potential between i and
j, and UpB is the optical potential in the final state. The
distorted waves in the initial and final states are ψ

(+)
i and ψ

(−)
f ,

respectively, ϕpn is the deuteron bound-state wave function,
and IB

An(r) is the overlap function of the bound states of nuclei
B and A that depends on r, the radius vector connecting
the center of mass of A with n. The overlap function is not
an eigenfunction of an Hermitian Hamiltonian and is not
normalized to unity [13]. The square norm of the overlap
function gives a model-independent definition of the SF:

S = N
〈
IB
An

∣∣IB
An

〉
. (2)

Here, N is the antisymmetrization factor in the isospin
formalism (N is included in the overlap function from
now on).

0556-2813/2005/72(1)/017602(4)/$23.00 017602-1 ©2005 The American Physical Society
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Reaction calculations 
(d,p) cross sections & spectroscopic factors 

 

Theoretical reaction cross section with FRESCO (TWOFNR) 
Finite Range-ADiabatic Wave Approximation (FR-ADWA) 
§  Wave function of the deuteron 

§ Reid soft-core 
§  Global optical model potentials 

§ Johnson-Tandy and Koning-Delaroche 
§  Bound state parameters for the transferred neutron 

§  R=r0A1/3  diffuseness a   Woods-Saxon potential 
§  Wave function of transferred particle, e.g., 2d5/2 neutron 

Spectroscopic factors valid from peripheral reactions? 
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Bound state potential & asymptotic normalizations 

§  Determining Spectroscopic factor S 
§  Dependence on single-particle parameters:  
    radius (r0) & diffuseness (a) 
§  Changes shape of bound-state potential 
§  Changes shape of calculated  
    single particle wave function 

§  Peripheral reaction probes tail of WF 
§  Change in geometry => change in  
    single particle asymptotic normalization coefficient spANC bℓj

§  Nuclear asymptotic normalization coefficient ANC Cℓj =  Sℓj1/2 bℓj 

   ϕ ℓ ( r ) → b ℓ j k h ℓ ( ikr ) 
Asymptotically: 

I An 
B 
→ C ℓ j k h 

ℓ i k r ( )    = S ℓ j 
1 / 2 b ℓ j k h ℓ i k r ( ) 

   C ℓ j 
2 
= S ℓ j b ℓ j 

2 

a = 0.65 fm r =1.30 fm 
r =1.20 fm 
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V
 (M
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/2
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Haravu et al. Phys. Rev. C 1, 938 (1970) 
 
 

86Kr(d,p) E(d) = 11 MeV  
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§  Changing r0 and a in bound state 
potential 

§  bℓj from shape of potential 
§  S from ratio to theoretical calculation  

86Kr(d,p)87Kr  at 5.5 MeV/A 

State SHaravu Spresent Clj
2[fm-1] 

Ex=0 MeV d5/2+, ℓ=2  0.56 0.43 ± 0.05 18 ± 3 

Ex=0.53 MeV s1/2+, ℓ=0 0.46 0.31 ± 0.04 52 ± 6 
Ex=2.52MeV g7/2+, ℓ=4 0.49 0.40 ±0.05 0.011 ± 0.002 

Data from: Haravu et al. Phys. Rev. C 1, 938 (1970) 

Koning Delaroche Global 
Optical Model Parameters 

 
C ℓ j = S ℓ j 

1 / 2 b ℓ j 
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•  Vary the bound state parameters, r and a0  
•  S strongly depends on bℓj  
•  Cℓj nearly independent of bℓj 

–  Peripheral reaction 
 86Kr(d,p)87Kr ground state calculation at 5.5 MeV/u 

Extracting ANC at low energy 

C ℓ j    = S ℓ j 
1 / 2 b ℓ j 

I An 
B 
→ C ℓ j k h 

ℓ i k r ( )    = S ℓ j 
1 / 2 b ℓ j k h ℓ i k r ( ) 
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§  Fix external part with correct ANC (Clj) 
using peripheral reaction (lower energy) 

§  Probe the nuclear interior with higher 
energy reaction and extract the SF 
consistent with that ANC 

§  Constrain single-particle ANC 
§  SF dominated by uncertainties in the 

experimental cross-section measurement 
rather than uncertainties in the bound 
state potential 

 

The Combined Method 

R = dσ
dΩ
"

#
$

%

&
'
exp

Cℓj
2 =σ DW bℓj

2

   C ℓ j 
2 
= S ℓ j b ℓ j 

2 

Mukhamedzhanov and Nunes. Phys. Rev. C 72, 017602 (2005) 
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 86Kr(d,p)87Kr at 35 MeV/u 

Figure from: http://www.nscl.msu.edu/ 
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Experimental Setup 

•  Coupled to the S800 magnetic 
spectrograph at the NSCL for 
detecting the heavy recoils 

§  SIDAR 
§  Silicon Detector Array 
§  Segmented Si strip 

detector  

§  ORRUBA 
§  Oak Ridge Rutgers 

University Barrel Array 
§  Position sensitive Si strip 

detectors 

Figure from: http://www.nscl.msu.edu/  
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SIDAR ORRUBA 

Side view schematic 

Experimental Setup 
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Preliminary Singles Data 

Beam 

90° 
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86Kr(d,d) 
86Kr(p,p) 
86Kr(12C,12C) 

ground State 
1st Ex (0.532MeV) 
2nd Ex (1.42MeV) 
Ex (2.519MeV) 

Preliminary Singles Data 
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Preliminary Angular Distributions 

87Kr(g.s.) with ( ADWA) 

§  5/2+ ground gtate, ℓ=2 2d5/2 transfer 
§  Fit to data 

§  Least squares method to extract SF 
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Preliminary Angular Distributions 

Spectroscopic Factor 

ANC C2 

§  5/2+ Ground State 2d5/2 transfer 
§  Crossing point between two 

data sets bℓj ≈ 6.5 fm-1/2 

 => r0 ≈ 1.28 fm     a ≈ 0.66 fm 
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g.s. 

E=0.53MeV 

E=2.52MeV 

Preliminary Angular Distributions 

7/2+ Ex = 2.5 MeV 
ℓ=4 1g7/2 transfer 
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Preliminary Angular Distributions 
7/2+ Excited State,  ℓ=4 1g7/2 transfer  Ex = 2.5 MeV 

Even at 35 MeV/u ℓ=4 transfer is peripheral 
•  Large centrifugal barrier? 
•  ℓ<3 transfer important for DSD capture 
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Next steps 

§  Demonstrated that by measuring (d,p) at different energies 
(and using modern reaction analysis) can constrain bound 
state potential parameters for ℓ<3 configurations 

§  Constraining properties of 85Se states 
§  Combine 4.5  MeV/u previous data 
§  Approved to measure 84Se(d,p) at 40 MeV/u 
§  Goal: constrain bound state potential for ground (5/2+) and 1st 

excited (1/2+ states) 
§  Recalculate DSD (n,γ) 

§  Going beyond direct capture 
§  Valid surrogate for (n,g) = (d,pg) 
§  Plans to measure 80Ge(d,pg) at NSCL with ORRUBA + HAGRiD 
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Next steps 

§  Demonstrated that by measuring (d,p) at different energies 
(and using modern analysis) can constrain bound state 
potential parameters for l<3 configurations 

§  Constraining properties of 85Se states 
§  Combine 4.5  MeV/u previous data 
§  Approved to measure 84Se(d,p) at 40 MeV/u 
§  Goal: constrain bound state potential for ground (5/2+) and 1st excited 

(1/2+ states) 
§  Recalculate DSD (n,g) 

§  Going beyond direct capture 
§  Valid surrogate for (n,γ) = (d,pγ) – see Jutta Escher talk 
§  Plans to measure 80Ge(d,pγ) at NSCL with ORRUBA + HAGRiD 
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FIGURE 1 (color on line).  Direct and direct semi-direct (DSD) p-wave neutron capture cross sections 

on 
82

Ge and 
84

Se.  Cross sections with the density form of the electromagnetic (EM) operator are black, 

solid lines with only direct contributions and blue, dot-dashed lines with DSD included; with the current 

form of the EM operator green, dashed lines represent only direct contributions and red, double dot-

dashed lines include DSD.  Taken from [8]. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 (color on line).  Hartree Fock compound nucleus neutron capture cross sections combined 

with DSD capture on 
82

Ge and 
84

Se.  The vertical lines indicate the limits of validity of the HF 

calculations.  See text for details. 
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Next steps 

§  Demonstrated that by measuring (d,p) at different energies 
(and using modern analysis) can constrain bound state 
potential parameters for l<3 configurations 

§  Constraining properties of 85Se states 
§  Combine 4.5  MeV/u previous data 
§  Approved to measure 84Se(d,p) at 40 MeV/u 
§  Goal: constrain bound state potential for ground (5/2+) and 1st excited 

(1/2+ states) 
§  Recalculate DSD (n,g) 

§  Going beyond direct capture 
§  Valid surrogate for (n,γ) = (d,pγ) – see Jutta Escher talk 
§  Plans to measure 80Ge(d,pγ) at NSCL with ORRUBA + HAGRiD 

FIG. 5. (color online). Calculated DSD cross sections (black curve) for the 80Ge(n, �)81Ge reaction.

Individual contributions are also plotted with the green curve for the 3s 1
2
orbital and the brown

curve for the 2d 5
2
orbital. The cross sections are calculated for the E

x

= 679 keV level using the

density form of the EM operator with the semidirect (SD) contribution. The lower limit of the

red hashed band shows the calculation with S0 1
2
= 0.16 and S2 5

2
= 0.39, and the upper limit was

calculated with S0 1
2
= 0.38 and S2 5

2
= 0.39. A dashed light red band represents calculated cross

sections for the E
x

= 679 keV case with spectroscopic factor S
lj

= 1 (top, blue) and 0.1 (bottom,

purple). The uncertainty of the cross section is ⇠ 30%, similar to the uncertainties in the measured

spectroscopic factors.

are consistent with a previous �-decay measurement of 81Ga and calculations from a unified

theoretical model, expanding our knowledge of shape coexistence to exotic nuclei. Further

study of the intruder levels in 79Zn and 77Ni are important to confirm theses conclusions.

Using these experimental results, the DSD capture cross sections for the 80Ge(n,�)81Ge

have been calculated and the uncertainties are reduced by a factor of three from previous

estimates before our spectroscopic factor results were available. This new result provides a

more realistic (n,�) cross section needed for r-process nucleosynthesis simulations.

Note that neutron capture on 80Ge via a compound nucleus (CN) followed by statistical

decay could be significantly larger than the DSD process we have calculated, since (n,�)

cross sections on the 82Se isotone have been measured [44] to be 2.3 mb at about 500 keV.

However, predicting such processes on a weakly bound nucleus near a shell closure, such

as 80Ge is highly uncertain. To inform the CN (n,�) cross section on 80Ge would require a

validated surrogate [45] for neutron capture on radioactive ion beams. Such e↵orts are in

progress [46].
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Summary and Outlook 
§  Combined method  

§  Treating the ambiguities in S that arise from shape of bound state 
potential 

§  86Kr(d,p) proof of principle 
§  Preliminary ground state results show constrained region of single 

particle ANC => determine r0 and a 
§  Challenge:  not valid for ℓ>2 
§  However, low-ℓ most important for (n,γ) surrogate 

§  Perspectives 
§  Use method with radioactive ion beam of 84Se(d,p) at ~40 MeV/u 

§  Proposal has been approved at NSCL, to be run in 2018 

§  Combine with previous measurements at 4.5 MeV/u at the Holifield 
Radioactive Ion Beam Facility (HRIBF)  
§  J.S. Thomas et al., Phys. Rev. C 76, 044302 (2007) 

§  Going beyond direct-semi-direct (n,γ) via (d,pγ) surrogate 
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