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

Sneden, Cowan, Gallino, Annu. Rev. 
Astron. Astrophys. 46:241-288 (2008)
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(d,p) reactions & the r process
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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

(weak) r-process N≈50, A≈80 (n,g) sensitivities
(freeze-out from hot process)

R. Surman, M. Mumpower, R. Sinclair, K. L. Jones, W. R. Hix, and G. C. McLaughlin, 
AIP Advances 4, 041008 (2014)

Near closed shells
• Level density low near Sn
• Direct neutron capture dominates
• Depends on

• Ex of low-ℓ single particle states
• Spectroscopic factor 𝑆

𝑆 = !"
!# $%&

/ !"
!# '()
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Reaction calculations
(d,p) cross sections & spectroscopic factors

Theoretical reaction cross section with FRESCO
Finite Range-ADiabatic Wave Approximation (FR-ADWA)
• Includes deuteron b/up (Johnson-Tandy)
• Global optical model potentials

• Koning-Delaroche
• Bound state parameters for the transferred neutron

• 𝑅 = 𝑟!𝐴 ⁄# $ diffuseness 𝑎 Woods-Saxon potential
• Wave function of transferred particle, e.g., 2d5/2 neutron

Spectroscopic factors valid from peripheral reactions?

S = dσ
dΩ
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Bound state potential & nuclear wave function

Asymptotically if wave function is pure single-particle, e.g., 2d5/2 neutron:
r (fm)

(fm
-3

/2
)

j ! (r )

r (fm)

(fm
-3

/2
)

  

€ 

k hℓ (ikr)bℓj

j ! (r )

Defines the nuclear ANC 𝑪𝟐 (asymptotic normalization 
coefficient) 
• proportional to the spANC 𝒃𝟐
• proportionality constant 𝑺, the spectroscopic factor

𝑟! = 1.30 fm
𝑎 = 0.65 fm𝑟! = 1.20 fm

𝑟! = 1.30 fm

r (fm)

V 
(M

eV
)

Woods-Saxon

𝑅 = 𝑟"𝐴#/%

𝜑ℓ → 𝑏ℓ/𝑘ℎℓ(𝑖𝑘𝑟)
Single particle asymptotic normalization coefficient 𝑏ℓ& reflects potential’s (𝑟!, 𝑎)
But usually wave function is not a pure single-particle, 
Rather overlap with a single particle w.f. 𝐶ℓ/𝑘ℎℓ 𝑖𝑘𝑟 = 𝑆ℓ/

0/2𝑏ℓ/𝑘ℎℓ(𝑖𝑘𝑟)

𝐶ℓ"# = 𝑆ℓ"𝑏ℓ"#
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Most reactions are peripheral

C!j
2 = S!j b!j

2

S = dσ
dΩ
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84Se(d,p) at 4.5 MeV/u; J.S. Thomas et al. PRC 76, 044302 (2007) 

J. S. THOMAS et al. PHYSICAL REVIEW C 76, 044302 (2007)
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FIG. 6. (Color online) DWBA calcu-
lated angular distributions for 83Ge with
varying radial cutoffs in the overlap func-
tions. (a) Ground state; (b) Ex = 280 keV
state.

The normalization of the asymptotic part of the overlap
function, determining the magnitude of the differential cross
section for the peripheral transfer reaction, is divided into
a model-dependent quantity, b!j , and an equally model-
dependent extracted spectroscopic factor, S!j . However, if
the measured reaction is peripheral, the magnitude of the
tail of the overlap function is more directly determined, and
the model-dependent quantities of single-particle ANC, b!j ,
and extracted spectroscopic factor, S!j , combine as in Eq. (2)
to give a model-independent ANC, C!j . As suggested in
Ref. [24], the C!j can be used more reliably than a spectro-
scopic factor in subsequent studies of reactions related to the
one measured, such as the direct radiative capture of a nucleon
involving the same initial and final nuclei.

In both of the measurements of the present study, the beam
energies placed the reactions approximately 1 MeV above
the respective Coulomb barriers, suggesting the reactions
should have a strong peripheral character. Figure 7 shows
the dependencies of the extracted spectroscopic factors and
ANCs on the single-particle ANCs for the first two states
of 83Ge. Figure 8 is the corresponding figure for the first
two states of 85Se. The single-particle ANCs, b!j , are varied
by changing the bound-state potential geometry through the
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FIG. 7. Dependencies of the extracted spectroscopic factors, S,
and asymptotic normalization coefficients, C2, on the single-particle
ANCs, b, for 83Ge. The single-particle ANCs are themselves functions
of the bound-state potential geometry. (a) Ground state; (b) Ex =
280 keV state.

radius and diffuseness of a Woods-Saxon shape, as suggested
in the method described in Ref. [25]. In each case, the extracted
spectroscopic factor changes by large factors (up to 2 or 3)
whereas the squared ANC, C2

!j , changes by a few percent. The
values determined for the C!j are nearly model independent,
demonstrating the largely peripheral natures of the studied
transfer reactions.

There remains a small dependency of the extracted squared
ANC, C2

!j , on the single-particle ANC, b!j , for the studied
cases of ! = 0 transfers. In comparing the most forward peaks
of Figs. 6(a) and 6(b), it is seen that the remaining dependency
may have been expected, considering the larger influence of
the nuclear interior on the DWBA calculation for the ! =
0 transfers. However, there is a small effect (∼1%) of just
adopting the average value of the C2

!j in these cases. The
squared ANCs, C2

!j , are subject to the same uncertainties as
the extracted spectroscopic factors less the uncertainty from
the ambiguity of the bound-state potential parameters of the
DWBA calculations.

Table II lists the C2
!j values determined for the states

observed in the two measurements of the present study,
along with the now reduced uncertainties (as percentages of
the whole) associated with these quantities. For the Ex =
1.115 MeV state, values in parentheses represent the ANC
value found by assuming the listed level assignment options.
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FIG. 8. Dependencies of the extracted spectroscopic factors, S,
and asymptotic normalization coefficients, C2, on the single-particle
ANCs, b, for the (a) ground state and (b) Ex = 462 keV state in 85Se.
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• Fix nuclear ANC (𝐶ℓ&) using peripheral 
reaction (lower energy)

• Probe the nuclear interior with higher 
energy reaction 
• ANC is property of state NOT reaction

• Constrain single-particle ANC
• 𝑆 dominated by uncertainties in the 

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

Most reactions peripheral → Combined Method

C!j
2 = S!j b!j

2

Measure reactions at TWO different energies: 
A. Mukhamedzhanov and F. Nunes, Phys. Rev. C 72, 017602 (2005)
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D. WALTER et al. PHYSICAL REVIEW C 99, 054625 (2019)

FIG. 4. Differential cross sections from the 5.5 MeV/u
86Kr(d, p) reaction measurement in Ref. [19] as a function of center
of mass angle and compared to FR-ADWA calculations (lines).
(a) 5/2+ ground state of 87Kr (points). FR-ADWA calculations
assume ! = 2, 2d5/2 transfer. (b) 7/2+ excited state of 87Kr (points).
FR-ADWA calculations assume ! = 4, 1g7/2 transfer. Each of the
calculated cross sections varied parameters (r0, a) for the neutron
bound state. The theoretical cross section were scaled using a least
squares fit to the data points for c.m. angles <90◦ to deduce S for
each (r0, a) pair.

For the low-energy results, the spectroscopic factor varies
by about a factor of four as the bound-state potential ge-
ometry changes with increasing spANC. The ANC is rel-
atively constant over the range of b! j , consistent with the
expectation that the reaction is peripheral at 5.5 MeV/u.
Table III summarizes the extracted C2

! j values from the
present FR-ADWA analysis for the ground (2d5/2), first-
excited (3s1/2), and 2.5 MeV (1g7/2) states measured at
5.5 MeV/u in Ref. [19]. Uncertainties come from the least-
squares fit to the data (≈1%), a total systematic error adopted
from Ref. [19] (6%), and an assumed uncertainty for the

FIG. 5. Results from the FR-ADWA analysis with KD optical
model parameters for the 87Kr ground-state from measurements at
5.5 MeV/u (red) and 33 MeV/u (blue). (a) Nuclear ANC C2

! j values
as a function of single-particle ANC b! j . (b) Spectroscopic factors as
a function of single-particle ANC b! j .

FR-ADWA calculation (10%). The spectroscopic factors re-
ported in Ref. [19] were deduced from optical-model pa-
rameters based on a fit to elastic scattering and a tradi-
tional DWBA approach, which does not account for deuteron
breakup.

054625-6

86Kr(d,p) g.s.
D. Walter et al. PRC 99, 054625 (2019)  
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(d,p) reactions & the r process
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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

Measure (d,p) reaction with 84Se (𝑡#/( ≈ 3m)
beams 
Reduce uncertainties in theory
• Measure reaction at 2 different energies
Ø Extract 𝑆 with uncertainties dominated by 

exp rather than theory
𝑆 = !"

!# $%&
/ !"

!# '()

R. Surman et al., AIP Advances 4, 041008 (2014)
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(d,p) studies with 4.5 MeV/u & 45 MeV/u 84Se beams

• 4.5 MeV/u at HRIBF
• 45 MeV/u at NSCL
• 85Se states: 2d5/2 and 3s1/2
• Probes different parts of wave function

• Low energy = peripheral (only tail)
• Higher energy = less peripheral (more interior)

• FR-ADWA cross sections with FRESCO
• Includes deuteron b/up (Johnson-Tandy)
• Global optical model potentials

• 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

H.E. Sims PhD Dissertation (2020)
H.E. Sims, D. Walter et al., in preparation for PRC (2022)

neutrons

d5/2

g7/2
s1/2

d3/2
h11/2

50

82

g9/2

𝑆 = !"
!# $%&

/ !"
!# '()

Excitations in 85Se
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• 4.5 MeV/u at HRIBF (ORNL former facility)
• Silicon detector array (SIDAR)
• Ion chamber recoil detector
• J.S. Thomas et al. PRC 76 044302 (2007)

(d,p) studies with 4.5 MeV/u 84Se beam

recoil

proton

silicon detector array

IC

Ex (MeV) 𝑱𝝅 ℓ 𝑪ℓ𝒋𝟐 𝑺ℓ𝒋 (DWBA)

0.000 5/2+ 2 6.11±1.43 0.33±0.10
0.462 1/2+ 0 25.3±5.9 0.30±0.09
1.115 (3/2+) (2) (0.42±0.11) (0.06±0.02)

(7/2+) (4) (0.049±0.012) (0.77±0.27)
1.438+1.444

SINGLE-NEUTRON EXCITATIONS IN NEUTRON-RICH . . . PHYSICAL REVIEW C 76, 044302 (2007)
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FIG. 2. 2H(84Se, p)85Se Q-value spectrum (all angles). The solid
line is a fit for the states of 85Se at the energies taken from Ref. [12],
including the ground state, the states at Ex = 462 and 1115 keV, and
an unresolved doublet (Ex = 1438 + 1444 keV).

In particular, the angles of SIDAR strips were determined so
that protons from the population of either the ground or first
excited state (Ex = 462 keV [12]) yielded a correct Q value
for the corresponding state (see Fig. 2).

With this method, the excitation energies of all four groups
populated in the present measurement were found to be
consistent with those measured previously. Figure 2 shows
the kinematically reconstructed Q-value spectrum for the
2H(84Se, p)85Se reaction. (Excitation energy in 85Se runs from
right to left.) The ground and first excited (Ex = 462 keV)
states are clearly separated, and the c.m. energy resolution
is !Ec.m. ≈ 220 keV. There is also evidence of the second
excited state at Ex = 1115 keV (Q = 1.21 MeV) and a
group centered at Ex = 1441 keV (Q = 0.88 keV), most
likely two unresolved states with Ex = 1438 keV and Ex =
1444 keV [12].

A. Differential cross sections

Absolute differential cross sections as a function of angle
for the observed states were determined from the data through
the relationship

dσ (θi)
d$

= N (θi)
I!$(θi)n

·
!$lab

i

!$c.m.
i

, (1)

where θi is the average angle of the ith angular bin; N (θi) is
the number of recoil-coincident protons observed in the ith
angular bin; I is the integrated beam current measured in the
ionization chamber (see Fig. 1); !$(θi) is the laboratory solid
angle subtended by the silicon detectors in the ith angular bin;
n is the areal density of target deuterons; and !$lab

i /!$c.m.
i is

the Jacobian of the transformation from the laboratory to c.m.
coordinates for the ith angular bin. In both measurements an
angular bin consisted of four consecutive annular strips in the
lampshade portion of the silicon array. The CD detector was
partitioned into two, 8-strip bins. This grouping was done to
improve the statistics for each point of the distributions.

The differential cross sections determined from the present
measurements were analyzed within the framework of the
distorted waves Born approximation (DWBA). Because elastic
scattering was not measured in the two reactions, global optical
model parameter sets were used in the DWBA analyses. The
deuteron parameters of Lohr and Haeberli [13] and the proton
parameters of the UNC group [14] were found to be well
suited for the data from both reactions. These same parameters
also reproduced well the published angular distributions and
spectroscopic factors of (d, p) transfer reactions to even-
Z,N = 51 isotopes from 87Kr to 91Zr [15]. Table I summarizes
the optical model parameters used in the DWBA calculations.

First reported in Ref. [8], the c.m. distributions for transfer
to the first two states of 83Ge are shown again in Fig. 3. The
uncertainties on the data are statistical. The solid curves are
fitted distorted waves calculations for the reaction from the
TWOFNR code [16] for % = 2 transfer to the ground state and
% = 0 transfer to the first excited state in 83Ge, both consistent
with the empirical angular distributions. The % = 2 transfer
to the ground state of 83Ge supports a level assignment of
J π = 3/2+ or J π = 5/2+, but the energy-level systematics of
N = 51 isotones [18] suggest a J π = 5/2+ assignment, which
has been adopted [8]. The % = 0 first excited state can only
be assigned J π = 1/2+. The distorted waves calculations of
Fig. 3 were made by assuming the population of the 1d5/2
neutron orbital for the ground state and the 2s1/2 orbital for the
first excited state (with the convention, e.g., 0s1/2 for the first
s state).

Proton angular distributions from the 2H(84Se, p)85Se
reaction have been extracted for the groups in the Q-value
spectrum of Fig. 2. The extracted angular distributions for
transfer to the ground and first excited states of 85Se are

TABLE I. Global optical model parameters of Lohr and Haeberli [13] (deuteron) and Varner et al. [14] (proton), as input
into the DWBA code TWOFNR [16]. The reader is referred to the original works for the functional forms of the optical model
potentials and their dependencies on energy, atomic number, and atomic mass.

V a r0 a0 W WD rW aW Vso rso aso rC

(MeV) (fm) (fm) (MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) (fm)

82Ge+d 107.33 1.05 0.86 0.0 11.55 1.43 0.749 7.0 0.75 0.5 1.3
83Ge+p (g.s.) 56.14 1.195 0.69 0.84 9.59 1.226 0.72 5.9 1.062 0.65 1.268
84Se+d 108.21 1.05 0.86 0.0 11.37 1.43 0.749 7.0 0.75 0.5 1.3
85Se+p (g.s.) 55.31 1.195 0.69 0.92 9.14 1.227 0.72 5.9 1.062 0.65 1.268
n b 1.25 0.65 0.0 0.0 – – 6.0 1.25 0.65 1.25

aThe parameter definitions here follow the normal conventions and correspond to those found in Ref. [17].
bFit to reproduce the binding energy of the neutron.

044302-3
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84Se(d,p)85Se at 45 MeV/u

Figure from: http://www.nscl.msu.edu/
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• 45 MeV/u at NSCL + 1.2 mg/cm2 CD2 target 
• SIDAR
• Oak Ridge Rutgers University Barrel Array (ORRUBA)

• Upstream of the target

(d,p) studies with 45 MeV/u 84Se beams

FIG. 1. Schematic of the silicon detectors surrounding the target for the NSCL measurement

of 84Se(d,p) at 45 MeV/u. Beam direction is left to right. Upstream of the target is SIDAR

followed by ORRUBA (covering angles 159�-171� and 157�-126�, respectively, in the laboratory

frame). Downstream of the target, two 1000 µm ORRUBA detectors were deployed to measure

elastic scattering. All upstream silicon detectors were mounted in a �E - E configuration for

particle identification (65 µm �E layer followed by 1000 µm E layer for SIDAR and the upstream

ORRUBA barrel, 500 µm �E layer followed by 1000 µm E layer for the downstream ORRUBA

barrel).

carbon in the target. To further understand the background, data were recorded using a

non-deuterated CH2 target for 10 hours. The resulting proton spectrum was scaled to the

CD2 data at proton energies above 9 MeV, where no (d,p) transfer data are expected. The

shape of the background spectrum taken with the CH2 target is in good agreement with

the CD2 data, confirming that the background originates from carbon-beam interactions.

Although (d,p) transfer peaks can be identified in the singles CD2 data, the statistics of the

CH2 background data are insu�cient to do a background-subtracted analysis. Requiring a

8

Heavy recoils 
S800 spectrograph

H.E. Sims PhD Dissertation (2020)
H.E. Sims, D. Walter et al., in preparation for PRC (2022)
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S800 beam-like recoil detection critical

• Gating on protons in SIDAR & ORRUBA
Ø identify 85Se recoils vs 84Se beam
• Gating on 85Se in S800 => (d,p) protons in SIDAR & ORRUBA

FIG. 2. Energy loss in the S800 ion chamber as a function of time-of-flight between the S800 E1

scintillator and the Cyclotron RF to provide particle identification and recoil tagging. The color

scale represents all data observed in the S800; coincidences with protons observed in ORRUBA

and SIDAR are displayed in red, indicating the location of the 85Se recoil.

85Se recoil nucleus in the S800 focal plane to veto any other reaction channels is, therefore,

critical to extracting the neutron-transfer cross section.

The energy-angle systematics of the protons can be seen in Figure 3, with the expected

kinematics for transfers to the 5/2+ ground state, and events coincident with the recoil

detected in the S800 overlaid. The Q-value resolution is sensitive to the energy and angular

resolution of the detected protons, especially for reactions at higher beam energies. The

event-by-event extracted Q-value resolution is dominated by finite target thickness e↵ects

and the momentum spread of the beam (1% dp/p). An increase in the observed width

of the states is predicted at smaller scattering angles, due to the increased sensitivity of

the Q value to the measured angle, and the decreasing distance between the target and

the detector faces. The expected Q-value resolution as a function of scattering angle was

calculated using the Monte Carlo simulation code VIKAR 4.4 [18, 19]. These calculations

9
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S800 beam-like recoil detection critical

• Gating on 85Se in S800 
Ø (d,p) protons in SIDAR & ORRUBA 

FIG. 2. Energy loss in the S800 ion chamber as a function of time-of-flight between the S800 E1

scintillator and the Cyclotron RF to provide particle identification and recoil tagging. The color

scale represents all data observed in the S800; coincidences with protons observed in ORRUBA

and SIDAR are displayed in red, indicating the location of the 85Se recoil.
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kinematics for transfers to the 5/2+ ground state, and events coincident with the recoil

detected in the S800 overlaid. The Q-value resolution is sensitive to the energy and angular

resolution of the detected protons, especially for reactions at higher beam energies. The

event-by-event extracted Q-value resolution is dominated by finite target thickness e↵ects

and the momentum spread of the beam (1% dp/p). An increase in the observed width

of the states is predicted at smaller scattering angles, due to the increased sensitivity of

the Q value to the measured angle, and the decreasing distance between the target and

the detector faces. The expected Q-value resolution as a function of scattering angle was

calculated using the Monte Carlo simulation code VIKAR 4.4 [18, 19]. These calculations
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FIG. 3. Energy and angle of protons in the laboratory frame measured in the silicon detectors.

Events where the 85Se recoil was also detected in the S800 magnetic spectrograph are shown in

red. The dotted line shows the predicted ground-state transfer kinematics.

constrained the widths of the fits to the states for each angular bin, as shown in Figure

4. A detailed spectroscopic analysis has only been applied to the 5/2+-ground state and

1/2+-first excited state. At higher excitation energies, the density of states is too high for

the resolving power of the charged-particle detectors. However, fits to states at Ex = 1.531,

2.003 and 2.451 MeV were included (but not analyzed).

Total beam current was calculated using Micro-Channel Plate detectors (MCPs) located

upstream of the target. The MCP timing signal provided high-e�ciency beam counting

(98.3(8)%) and accurate time-of-flight measurements (4 ns resolution). The e�ciency of the

upstream MCP was calculated using the percentage of events that triggered the upstream

MCP when a recoil was seen in the S800, as a beam particle must have been present. The

purity of the beam was deduced using two separate time-of-flight measurements - between

the XF-scintillator and the upstream MCP, and between the Cyclotron RF and the upstream

10
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Q-value spectra for 85Se

Q-value spectra vs angle

FIG. 3. Energy and angle of protons in the laboratory frame measured in the silicon detectors.

Events where the 85Se recoil was also detected in the S800 magnetic spectrograph are shown in

red. The dotted line shows the predicted ground-state transfer kinematics.

constrained the widths of the fits to the states for each angular bin, as shown in Figure

4. A detailed spectroscopic analysis has only been applied to the 5/2+-ground state and

1/2+-first excited state. At higher excitation energies, the density of states is too high for

the resolving power of the charged-particle detectors. However, fits to states at Ex = 1.531,

2.003 and 2.451 MeV were included (but not analyzed).

Total beam current was calculated using Micro-Channel Plate detectors (MCPs) located

upstream of the target. The MCP timing signal provided high-e�ciency beam counting

(98.3(8)%) and accurate time-of-flight measurements (4 ns resolution). The e�ciency of the

upstream MCP was calculated using the percentage of events that triggered the upstream

MCP when a recoil was seen in the S800, as a beam particle must have been present. The

purity of the beam was deduced using two separate time-of-flight measurements - between

the XF-scintillator and the upstream MCP, and between the Cyclotron RF and the upstream
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FIG. 4. Q-value spectra for each of the four angular bins: (a) Downstream ORRUBA 1 (125�-136�),

(b) Downstream ORRUBA 2 (136�-147�), (c) Upstream ORRUBA (147�-156�), (d) SIDAR (159�-

171�). Peak widths were fixed to those predicted by VIKAR for each angular bin, reducing the

phase space to be minimized. The peak positions were also fixed. The fits included 5 Gaussian’s,

with the positions fixed at Q = 2.312 MeV (g.s.), 1.850 MeV, 0.781 MeV, 0.309 MeV, -0.139 MeV.

MCP. The upstream MCP to cyclotron RF time-of-flight includes a flight path of the beam

at the pre-degrader energy and the post-degrader energy (before and after the beam passes

through the degrader wedge at the image-two position of the A1900). The upstream MCP

to XF scintillator flight path only includes the post-degrader energy of the beam. An event-

by-event comparison of the two time-of-flights provides separation of the beam species.

A diagonal projection of the relationship between the two time-of-flight measurements is

displayed in Figure 5. The beam composition was therefore determined to be 76.4(3)%

84Se and 14.3(3)% 84Br, with traces of other beam contaminants making up the final 9.3%.

11
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45 MeV/u Angular distributions & FR-ADWA

• Fit 4-point angular distributions with range of bound state 
parameters (𝑟6, 𝑎) ↔ range of spANC 𝑏ℓ/

Ø For each fit: deduce 𝑆 and 𝐶ℓ/2 = 𝑆𝑏ℓ/2

• Repeat for 4.5 MeV/u data

FIG. 6. Absolute di↵erential cross section for the 84Se(d,p)85Se(g.s.) at 45 MeV/u (points) with

normalized FR-ADWA calculated cross sections for a range of bound-state parameters.

The momentum spread of the beam together with the similarity in magnetic rigidity between

the unreacted beam and the recoil necessitates a blocker in front of the S800 focal plane so

as to not overwhelm these detectors with the unreacted beam. Therefore, a fraction of the

recoil of interest was also blocked. The S800 acceptance was calculated to be 26.75% ± 2.50%

using the integrated counts from the S800 coincident and the background-subtracted non-

coincident data.

Figures 6 and 7 show the deduced di↵erential cross section for the 5/2+-ground state

and 1/2+-first excited state, respectively. Finite-Range ADiabatic Wave Approximation

(FR-ADWA) predicted cross sections for a range of bound-state geometries (as described in

Table III) are overlaid. Due to the relatively low statistics for the cross sections, only four

angular bins were used: one each for SIDAR and the upstream ORRUBA barrel, and two

bins in the downstream ORRUBA barrel.

Historically, single-particle transfer reactions are analyzed and interpreted through the

Distorted Wave Born Approximation (DWBA). This framework does not, however, consider

13

FIG. 7. Same as Figure 6, but for the first excited state in 85Se.

the deuteron breakup in the reaction process. ADWA does include the deuteron breakup as

an intermediate step - which becomes more important with increasing beam energy [21, 22].

A full Finite-Range version of ADWA was developed by Johnson and Tandy [23], which takes

into account the relative proton-neutron locations. This improves upon previous formalisms,

which either used a zero-range approach or a local-energy approximation. As the analysis for

the combined method requires a consistent theoretical framework for both the low and high-

energy reactions, Finite-Range ADWA (FR-ADWA) calculations were used to generate the

theoretical cross sections for both reaction energies. The optical model parameterization

used in this study is that of Koning-Delaroche [24], summarized in Table I. All transfer

calculations were performed using FRESCO [25].

IV. RE-ANALYSIS OF 4.5 MeV/u 84Se(d,p) MEASUREMENT

The previous measurement of 84Se(d,p) by Thomas et al. [8] was also performed in inverse

kinematics, at 4.5 MeV/u using radioactive ion beams of 84Se produced at the Holifield

14
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(d,p) studies with 4.5 MeV/u & 45 MeV/u 84Se beams

• 4.5 MeV/u at HRIBF
• 45 MeV/u at NSCL
• spANC ↔ unknown Woods-Saxon potential (𝑟!, 𝑎) 
• 𝑆 is property of state, independent of reaction

H.E. Sims PhD Dissertation (2020)
H.E. Sims, D. Walter et al., 

in preparation for PRC (2022)

neutrons

d5/2

g7/2
s1/2

d3/2
h11/2

50

82

g9/2

FIG. 11. FR-ADWA analysis of the 84Se(d,p)85Se(g.s) reaction at 4.5 MeV/u (red) and 45 MeV/u

(blue). (a) Spectroscopic factors as a function of single particle ANC. (b) Many-body (nuclear)

ANC as a function of single particle ANC.

FIG. 12. Same as Figure 11, but for the 85Se first excited state at 0.462 MeV.
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FIG. 11. FR-ADWA analysis of the 84Se(d,p)85Se(g.s) reaction at 4.5 MeV/u (red) and 45 MeV/u

(blue). (a) Spectroscopic factors as a function of single particle ANC. (b) Many-body (nuclear)

ANC as a function of single particle ANC.

FIG. 12. Same as Figure 11, but for the 85Se first excited state at 0.462 MeV.
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(d,p) studies with 4.5 MeV/u & 45 MeV/u 84Se beams

• 4.5 MeV/u at HRIBF
• 45 MeV/u at NSCL
• 𝑆 is property of state, independent of reaction 
• While spANC constrained NOT (𝑟!, 𝑎) Woods-Saxon potential

H.E. Sims PhD Dissertation (2020)
H.E. Sims, D. Walter et al., 

in preparation for PRC (2022)

5/2, Ex = 0 𝑆 = 0.28 (4)
1/2, Ex = 0.462 MeV 𝑆 = 0.26 (6)

FIG. 13. Spectroscopic factor S, and many-body ANC C2
`j surfaces as a function of both bound

state radius, r0, and di↵useness, a, parameters for the 84Se(d,p)85Se ground state (5/2+) reaction.

(a) and (b) show the spectroscopic factors for the high and low-energy reaction, respectively. (c)

and (d) show the extracted many-body ANC for the high- and low-energy reaction, respectively.

Where the surfaces of the high and low-energy reactions cross is represented by the red line. The

(r0,a) values from Table III used to calculate the crossing points in Figure 11 (red triangles) are

also shown.

TABLE V. Deduced radius and di↵useness parameters constrained within the set of proportionally

varying (r0, a) parameters described in Table III.

Ex [MeV] J⇡ b`j [fm�1/2] r0 [fm] a [fm]

0.0 5/2+ 3.28± 0.30 1.14+.04
�.06 0.59+.02

�.03

0.462 1/2+ 7.57± 0.81 1.16+.06
�.09 0.60+.04

�.04

23

𝒂 [fm]𝒓𝟎 [fm]
𝒂 [fm]

𝑺 𝑺



DREB 2022

Direct capture cross sections on 84Se

H.E. Sims PhD Dissertation (2020)
H.E. Sims, D. Walter et al., in preparation for PRC (2022)
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FIG. 19. (a) Individual DSD reaction rates for 84Se(n,�) to the 5/2+ ground state, using both

the canonical (light blue) and newly constrained (dark blue) (r0,a) parameters (as in Table V) for

the bound-state potential. (b) The same as (a), but for the 1/2+ first excited (0.426 MeV) state

- orange is canonical, and red is newly constrained (r0,a) parameters. (c) Sum of 84Se neutron

capture cross sections to the ground- and first excited-states for direct-semi direct capture (orange),

and direct capture only (cyan) using the newly constrained values for (r0, a). All uncertainties

represent the uncertainty in the deduced spectroscopic factors.
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(d,p) studies with 4.5 MeV/u & 45 MeV/u 84Se beams

H.E. Sims PhD Dissertation (2020)
H.E. Sims, D. Walter et al., 

in preparation for PRC (2022)
J.A. Cizewski et al, 

AIP CP 1090, 463 (2009) 
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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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)Direct-semi-direct capture
• Cross sections small ≈20 µb/sr at 

30 keV for 𝑝-wave capture
• Statistical capture? 𝜎 much larger?
Ø Need measure g rays
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Plans for (d,pg):  ORRUBA + GRETINA at FRIB
• (d,pg) with ≈45 MeV/u 80Ge (N=48) beams + GRETINA + 

ORRUBA + S800
• High impact on (weak) r-process nucleosynthesis
• 4.5 MeV/u 80Ge(d,p) Ahn et al. Phys. Rev. C 100, 044613 (2019) 
• Fast beam:  Approved for FRIB - prelim schedule in Early 2023

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/
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Plans for (d,pg):  ORRUBA + GRETINA at FRIB
• (d,pg) with ≈45 MeV/u 80Ge (N=48) beams + GRETINA + 

ORRUBA + S800 and FRIB
• Significant progress in developing infrastructure to couple 

ORRUBA+GRETINA/GRETA
• Builds on 2019+2021 ATLAS 

GRETINA+ORRUBA campaigns
• Smaller target chamber

• Can fully close GRETINA/GRETA
• Upstream (gas) beam tracking 

detectors
• New (smaller footprint) annular 

QQQ6 detectors

H. Sims, private communication
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Summary and conclusions
• Unknown (n,g) rates impact understanding (weak) r process 

abundances and site of r process(es)
• Near shell closure direct (n,g) dominates

• Need properties of low ℓ excitations including 𝑆 factors
• To deduce 𝑆 with uncertainties dominated by exp statistics 

rather than unknown bound state
• Theory: Mukhamedzhanov and Nunes, Phys. Rev. C 72, 017602 (2005)
• Measure (d,p) reaction at two different energies

• (d,p) with 84Se beams
• Demonstrated can perform (d,p) measurements with ≈40 MeV/u RIBs 

with ORRUBA + S800
• Deduced 𝑆 from combined measurements of 4.5 & 45 MeV/u beams
• Calculated direct (semi-direct) s(n,g) 

Poised to measure (d,pg) with 80Ge RIBs and 
ORRUBA+GRETINA+S800
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