
EMMA: The ISAC-II Recoil Spectrometer

• EMMA: recoil mass spectrometer spatially separates heavy products of 
nuclear reactions from beam & disperses according to mass/charge 
ratio

• 4 magnetic quadrupole lenses, 1 dipole magnet, 2 electrostatic 
deflectors, 3 slit systems, target chamber with integral Faraday cup, 
and modular focal plane detection system w/ PGAC, ionization 
chamber, and Si detectors
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Target Chamber Exterior

• Designed to accommodate 12/16 TIGRESS HPGe -ray detectorsγ
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Target Chamber Interior

• Integral Faraday cup with 2 mm 
entrance aperture coincides spatially 
with target position

• Rotary target fan with 3 positions

• Mounts for 2 Si surface barrier 
charged particle detectors 
downstream at 20º for luminosity 
measurements

• Mounts for annular, double-sided 
silicon strip detectors (DSSDs) 
located 33 mm upstream and 
downstream of the target
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Complete ED2 Electrode Assembly

4



TIGRESS@EMMA
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Slits



Focal Plane Detectors
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• Parallel grid avalanche counter (PGAC) measures 
position (m/q) + timing 

• Segmented, transmission-mount ionization chamber 
measures energy losses

• Ion-implanted Si detector measures residual energy



Completed Experiments

• Radiative capture: p(83Rb,γ)84Sr reaction cross section at p process energies (Lotay 
and Davids) ✓

•  transfer: 7Li(17O,t)21Ne to infer 17O(α,γ)21Ne reaction cross section, of interest 
for the s process (Williams, Diget, Laird, and Davids) ✓

• 21Na,Ne(d,p) and (d,n) for isospin symmetry tests (Henderson and Adsley) ✓
• 94Sr(α,n)97Zr for the weak r process (Diget, Laird, and Williams) uses Si-

magnetron-sputtered solid He targets✓
• 21Na,Ne on 40Ca to study EM transitions in 55Ni and 55Co with the TIGRESS 

Integrated Plunger (Asch & Starosta)✓

α

7

Electrostatic 
Def lector #2

Electrostatic 
Def lector #1

Dipole
MagnetQuadrupole 

Magnets Quadrupole 
Magnets

Beam

Target

Decay
Station

1 m



Completed Experiments

•  transfer: 7Li(22Ne,t)26Mg to infer properties of states in 26Mg 
relevant to the 22Ne(α,γ)26Mg reaction cross section, which 
competes with the reaction that serves as the s process neutron 
source 22Ne(α,n)25Mg (Adsley, Diget, Laird, and Best) ✓

• 93Sr(α,n)96Zr and 93Sr(α,2n)95Zr for the  or weak r process (Diget, 
Laird, and Williams) used organic glass scintillator neutron 
detectors ✓
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Transmission Efficiency Measurements

• 6/7 completed experiements require absolute cross 
section determinations; hence the spectrometer’s 
transmission efficiency must be known

• Trajectories within spectrometer depend only upon their 
angles and deviations of mass/charge and kinetic 
energy/charge with respect to central value

• By mistuning spectrometer in kinetic energy/charge, we 
may infer its transmission efficiency as a function of 
relative kinetic energy/charge deviation

• Central value is irrelevant, so a mono-energetic  
source was used for the measurements

α
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Angular Apertures
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Transmission measurements with 148Gd source at the EMMA target position using 6 angular 
apertures, the largest of which subtended ± 3° by ± 3°; counted  particles reaching the focal 

plane that triggered the PGAC and stopped in the Si detector
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Transmission Efficiency Measurements
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Central aperture measurements: ±1.2° by ±1.2°
GIOS: ion optics code used to design EMMA

GEANT 4 simulation of Matt Williams based on as-built components
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Empirical Transmission Efficiency Models

12

• Since ion optics and Monte Carlo codes failed to provide faithful 
representations of transmission efficiency, tried different approach 

• Developed empirical models based on piecewise Gaussian 
functions to describe measurements with 6 angular apertures at 9 
relative kinetic energy/charge deviations δT from -20% to 20%

• Separate models for each relative kinetic energy deviation allow for 
calculation of transmission efficiency TE(θ,φ)

• Model parameter determination via χ2 minimization carried out by 
Hanyang University PhD students Kihong Pak & Jaeyoung Jeong

• Interpolating between different δT, we have TE(θ,φ,δT) over the 
full angular acceptance ±3° by ±3° for all relative kinetic energy 
deviations relevant to absolute cross section measurements; 
transmission efficiency beyond 3° estimated via extrapolation of 
each semi-empirical model



Piecewise Gaussian Models

Piecewise Gaussian:

       

Offset Piecewise 
Gaussian:
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Fig. 5. Measured mean transmission efficiency as a function of �T  with statistical errors. The solid curve represents the predicted transmission efficiency calculated 
with GIOS. The dotted curve shows the transmission efficiency calculated with a GEANT4 simulation.

Fig. 6. Measured mean transmission efficiency as a function of �T  for the Full angular aperture described in Table  1 with statistical errors. The solid curve shows 
the transmission efficiency calculated with the best-fitting empirical model calculations at 9 measured �T  settings.

of the manufacturing defects of the electrostatic deflectors described 
in Ref. [2]. Instead, we adopt an empirical approach and estimate 
the transmission efficiency at 9 different �T  values between *0.2 and 
0.2 as functions of ✓ and � using piecewise Gaussian functions whose 
parameters are adjusted to reproduce the measurements. The trans-
mission efficiency as a function of �T  between different �T  values at 
which there are empirical models is obtained by linearly interpolating 
between the empirical models at the nearest �T  settings.

After investigating many possible empirical fitting functions, piece-
wise two dimensional Gaussian functions were found to best fit the 
transmission measurements for the given number of free parameters 
while meeting the physical requirement that the transmission efficiency 
✏(✓,�, �T ) À [0, 1]. Three types of empirical Gaussian fitting functions 
were studied: 4 parameter piecewise Gaussians centred on (✓,�) =
(0, 0), ✏pg(✓,�); 4 parameter horizontally offset Gaussians centred on 
(✓,�) = (✓0, 0), ✏og(✓,�); and 6 parameter, arbitrarily normalized, 
horizontally offset Gaussians also centred on (✓,�) = (✓0, 0), ✏ng(✓,�). 
In the 4 parameter piecewise Gaussian fits, the standard deviations �L, 
�R, �B , and �T  were varied, while in the horizontally offset piecewise 
Gaussian fits, the standard deviations �R, �B , and �T  were varied along 
with the horizontal offset ✓0. The standard deviation �L of the offset 
piecewise Gaussian function was fixed at 10˝, an arbitrarily large value, 
in order to maintain 4 fit parameters. In the 6 parameter fits, the 4 
standard deviations were varied along with the horizontal offset and 
an overall normalization N . The explicit form of the two dimensional 
piecewise Gaussian function appears in Eq.  (13), while that of the offset 
Gaussian is in Eq.  (14), and the normalized offset Gaussian appears in 

Eq.  (15). 
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The empirical Gaussian models were optimized by integrating the 
transmission efficiency of each model over the 6 angular apertures 
according to Eq.  (12) and computing the �2 value with respect to the 
measured mean transmission efficiencies defined in Eq. (11). Initial 
fits were carried out via comprehensive grid searches throughout the 
parameter spaces of each model. Parameters that globally minimize �2
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Fig. 5. Measured mean transmission efficiency as a function of �T  with statistical errors. The solid curve represents the predicted transmission efficiency calculated 
with GIOS. The dotted curve shows the transmission efficiency calculated with a GEANT4 simulation.

Fig. 6. Measured mean transmission efficiency as a function of �T  for the Full angular aperture described in Table  1 with statistical errors. The solid curve shows 
the transmission efficiency calculated with the best-fitting empirical model calculations at 9 measured �T  settings.

of the manufacturing defects of the electrostatic deflectors described 
in Ref. [2]. Instead, we adopt an empirical approach and estimate 
the transmission efficiency at 9 different �T  values between *0.2 and 
0.2 as functions of ✓ and � using piecewise Gaussian functions whose 
parameters are adjusted to reproduce the measurements. The trans-
mission efficiency as a function of �T  between different �T  values at 
which there are empirical models is obtained by linearly interpolating 
between the empirical models at the nearest �T  settings.

After investigating many possible empirical fitting functions, piece-
wise two dimensional Gaussian functions were found to best fit the 
transmission measurements for the given number of free parameters 
while meeting the physical requirement that the transmission efficiency 
✏(✓,�, �T ) À [0, 1]. Three types of empirical Gaussian fitting functions 
were studied: 4 parameter piecewise Gaussians centred on (✓,�) =
(0, 0), ✏pg(✓,�); 4 parameter horizontally offset Gaussians centred on 
(✓,�) = (✓0, 0), ✏og(✓,�); and 6 parameter, arbitrarily normalized, 
horizontally offset Gaussians also centred on (✓,�) = (✓0, 0), ✏ng(✓,�). 
In the 4 parameter piecewise Gaussian fits, the standard deviations �L, 
�R, �B , and �T  were varied, while in the horizontally offset piecewise 
Gaussian fits, the standard deviations �R, �B , and �T  were varied along 
with the horizontal offset ✓0. The standard deviation �L of the offset 
piecewise Gaussian function was fixed at 10˝, an arbitrarily large value, 
in order to maintain 4 fit parameters. In the 6 parameter fits, the 4 
standard deviations were varied along with the horizontal offset and 
an overall normalization N . The explicit form of the two dimensional 
piecewise Gaussian function appears in Eq.  (13), while that of the offset 
Gaussian is in Eq.  (14), and the normalized offset Gaussian appears in 

Eq.  (15). 
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The empirical Gaussian models were optimized by integrating the 
transmission efficiency of each model over the 6 angular apertures 
according to Eq.  (12) and computing the �2 value with respect to the 
measured mean transmission efficiencies defined in Eq. (11). Initial 
fits were carried out via comprehensive grid searches throughout the 
parameter spaces of each model. Parameters that globally minimize �2
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Model Contour Plots

• Transmission efficiency model contour plots over full angular aperture for the δT = 0 case

• 4 parameters:  , or 

• 6 angular aperture measurements

•  and  for the 2 models

σL, σR, σT, σB θ0, σR, σT, σB

χ2
ν = 0.79 χ2

ν = 0.62 14

B. Davids et al.

Table 3
Fitted parameters of the piecewise Gaussian model that best fits the mean transmission efficiencies measured with the 6 angular apertures at each specified �T
setting.
 �T Gaussian model �L �R �B �T ✓0 N  
 *0.2 Normalized Offset Piecewise 1.93˝ 0.00002˝ 4.73˝ 0.60˝ 2.21˝ 0.204 
 *0.15 Normalized Offset Piecewise 2.88˝ 5.02˝ 7.89˝ 0.92˝ 1.71˝ 0.641 
 *0.1 Piecewise 1.87˝ 9.55˝ 2.77˝ 1.43˝  
 *0.05 Piecewise 2.64˝ 32.94˝ 2.84˝ 1.83˝  
 0 Piecewise 5.36˝ 3.57˝ 2.15˝ 1.86˝  
 0.05 Offset Piecewise 5.72˝ 2.12˝ 2.29˝ *3.68˝  
 0.1 Offset Piecewise 3.93˝ 1.84˝ 2.79˝ *3.25˝  
 0.15 Offset Piecewise 3.12˝ 1.45˝ 2.65˝ *3.07˝  
 0.2 Offset Piecewise 2.43˝ 1.17˝ 3.02˝ *3.03˝  

Table 4
Total �2 value and the relative measurement and modelling uncertainties associated with the piecewise Gaussian model that best fits the mean transmission 
efficiencies measured with the 6 angular apertures at each specified �T  setting. Due to the poor quality of the fit of the �T = *0.2 data, we assign a 100% relative 
modelling uncertainty to that model.
 �T Gaussian model �2 Relative measurement error Relative modelling error 
 *0.2 Normalized Offset Piecewise 31.6 0.042 1.000  
 *0.15 Normalized Offset Piecewise 3.03 0.065 0.169  
 *0.1 Piecewise 1.50 0.049 0.151  
 *0.05 Piecewise 0.32 0.042 0.053  
 0 Piecewise 1.58 0.043 0.050  
 0.05 Offset Piecewise 2.56 0.048 0.075  
 0.1 Offset Piecewise 4.92 0.053 0.131  
 0.15 Offset Piecewise 8.46 0.043 0.193  
 0.2 Offset Piecewise 6.67 0.054 0.321  

Fig. 12. Contour plot of the EMMA transmission efficiency for �T = 0 calculated according to models whose parameters best fit the 6 angular aperture 
measurements as a function of ✓ and �, plotted over the Full angular aperture.

Fig. 13. Contour plot of the EMMA transmission efficiency for �T = *0.1 calculated according to models whose parameters best fit the 6 angular aperture 
measurements as a function of ✓ and �, plotted over the Full angular aperture.
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Semi-empirical Model Fidelity: Central Angles

15
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Example: 94Sr(α,n)97Zr*

16

• 94Sr(α,n)97Zr: the first cross section measurement of a 
reaction important in the weak r process with an RIB

• Also measured 86Kr(α,n)89Sr
• Used magnetron-sputtered thin film amorphous Si:He 

targets on 8 µm Al backings made in Seville, Spain
• Like previous radiative proton capture measurements, 

recoil-γ ray coincidences are required for background 
rejection, and transmission efficiency must be known

• Measured 86Kr(α,n)89Sr at 9 and 10.4 MeV and 
94Sr(α,n)97Zr at 9.9 MeV, within the Gamow windows 
for the reactions at a temperature of 5 GK 



86Kr(α,n)89Sr* 
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TABLE I. Summary of parameters used to deduce partial cross-sections for the 86Kr(↵, n)89Sr and 94Sr(↵, n)97Zr reactions.
The e↵ective center-of-mass energy takes into account the energy dependence of each �-ray production cross section across the
target. The integrated luminosity is the product of the total number of beam ions and the areal density of helium target atoms.
The detection e�ciency is the product of the recoil detection e�ciency, charge state fraction and �-ray detection e�ciency.

Reaction Ecm (MeV) E� (keV) Events E�ciency (%) Integrated Luminosity (µb�1) Partial Cross-section (mb)

86Kr(↵, n)89Sr 10.31(5) 1032 168± 20 1.03± 0.12 3.48± 0.43sys ± 0.25stat 4.60± 0.77sys ± 0.63stat
10.47(6) 1473 234± 35 0.85± 0.10 7.8± 1.3sys ± 1.3stat
10.45(6) 2079 238± 22 0.686± 0.081 9.8± 1.6sys ± 1.1stat
9.05(3) 1032 43± 7 1.14± 0.17 5.55± 0.43sys ± 0.14stat 0.67± 0.10sys ± 0.11stat
9.05(4) 1473 58± 21 0.95± 0.14 1.09± 0.16sys ± 0.39stat

94Sr(↵, n)97Zr 9.91(5) 407 162± 28 1.17± 0.26 8.86± 0.50sys ± 0.19stat 1.57± 0.36sys ± 0.24stat
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FIG. 1. Coincident �-rays detected ↵rom the 86Kr(↵, n)89Sr
(top) and 94Sr(↵, n)97Zr (bottom) reactions. The insets dis-
play the respective time-of-flight spectra between EMMA and
TIGRESS events.

beam exposure after each target move. For the measure-
ment of the 94Sr(↵, n) reaction, the 94Sr component of
the radioactive beam was determined through particle-
identification at the EMMA focal plane with and without
TRILIS laser ionization. This procedure was repeated
several times over the course of the experiment to control
for any changes in the 94Sr composition, which was mea-
sured at 75(5)%. The remaining 25% of the beam was a
mixture of 94Rb and 94Mo. It is important to note that
these contaminants do not impact the 94Sr(↵, n) mea-
surement due to the unique identification of 97Zr � de-
cays.
Figure 1 shows the �-ray spectra obtained in coinci-

dence with heavy-ion recoils from the 86Kr(↵, n)89Sr and
94Sr(↵, n)97Zr reactions, respectively. The characteris-
tic time of flight peaks, produced by correlated �-rays
and recoils, which are shown in the insets of Fig. 1, a
used to discriminate the reactions of interest from back-
ground. The time-random background is higher in the
case of 94Sr(↵, n)97Zr due to the decay of radioactive
beam ions scattered into the target chamber. Consid-
ering the 86Kr(↵, n)89Sr reaction, several strong �-ray
transitions in 89Sr are observed at 1032, 1473, and 2079-
keV. This is consistent with reported �-ray intensities
for a prior measurement of the same reaction at higher
energies [30], and indeed this is also in-line with theo-
retical calculations, obtained using the TALYS Hauser-
Feshbach code [31]. However, at the lowest bombarding
energy performed here for the 86Kr(↵, n)89Sr reaction,
the transition at 2079 keV is not observed due to limited
statistics. In the case of 94Sr(↵, n)97Zr, the identification
of characteristic transitions in 97Zr presents a significant
experimental challenge. In particular, the strongest ex-
pected transition in 97Zr (from TALYS calculations) at
1102 keV was obscured by �-delayed background induced
by the decay of 94Sr. Moreover, the next strongest ex-
pected transition is associated with the isomeric state at
1264 keV (t1/2 = 102.8 ns), which is too long-lived to be
detected in-flight. Fortunately, the known transition at
407 keV in 97Zr was clearly observed above background,
as displayed in Fig 1, allowing a partial cross-section for
the 94Sr(↵, n)97Zr reaction to be measured.
All parameters used to determine partial cross sections

for each reaction, pertaining to observed �-ray transi-



94Sr(α,n)97Zr* 
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TABLE I. Summary of parameters used to deduce partial cross-sections for the 86Kr(↵, n)89Sr and 94Sr(↵, n)97Zr reactions.
The e↵ective center-of-mass energy takes into account the energy dependence of each �-ray production cross section across the
target. The integrated luminosity is the product of the total number of beam ions and the areal density of helium target atoms.
The detection e�ciency is the product of the recoil detection e�ciency, charge state fraction and �-ray detection e�ciency.

Reaction Ecm (MeV) E� (keV) Events E�ciency (%) Integrated Luminosity (µb�1) Partial Cross-section (mb)

86Kr(↵, n)89Sr 10.31(5) 1032 168± 20 1.03± 0.12 3.48± 0.43sys ± 0.25stat 4.60± 0.77sys ± 0.63stat
10.47(6) 1473 234± 35 0.85± 0.10 7.8± 1.3sys ± 1.3stat
10.45(6) 2079 238± 22 0.686± 0.081 9.8± 1.6sys ± 1.1stat
9.05(3) 1032 43± 7 1.14± 0.17 5.55± 0.43sys ± 0.14stat 0.67± 0.10sys ± 0.11stat
9.05(4) 1473 58± 21 0.95± 0.14 1.09± 0.16sys ± 0.39stat

94Sr(↵, n)97Zr 9.91(5) 407 162± 28 1.17± 0.26 8.86± 0.50sys ± 0.19stat 1.57± 0.36sys ± 0.24stat
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FIG. 1. Coincident �-rays detected ↵rom the 86Kr(↵, n)89Sr
(top) and 94Sr(↵, n)97Zr (bottom) reactions. The insets dis-
play the respective time-of-flight spectra between EMMA and
TIGRESS events.

beam exposure after each target move. For the measure-
ment of the 94Sr(↵, n) reaction, the 94Sr component of
the radioactive beam was determined through particle-
identification at the EMMA focal plane with and without
TRILIS laser ionization. This procedure was repeated
several times over the course of the experiment to control
for any changes in the 94Sr composition, which was mea-
sured at 75(5)%. The remaining 25% of the beam was a
mixture of 94Rb and 94Mo. It is important to note that
these contaminants do not impact the 94Sr(↵, n) mea-
surement due to the unique identification of 97Zr � de-
cays.
Figure 1 shows the �-ray spectra obtained in coinci-

dence with heavy-ion recoils from the 86Kr(↵, n)89Sr and
94Sr(↵, n)97Zr reactions, respectively. The characteris-
tic time of flight peaks, produced by correlated �-rays
and recoils, which are shown in the insets of Fig. 1, a
used to discriminate the reactions of interest from back-
ground. The time-random background is higher in the
case of 94Sr(↵, n)97Zr due to the decay of radioactive
beam ions scattered into the target chamber. Consid-
ering the 86Kr(↵, n)89Sr reaction, several strong �-ray
transitions in 89Sr are observed at 1032, 1473, and 2079-
keV. This is consistent with reported �-ray intensities
for a prior measurement of the same reaction at higher
energies [30], and indeed this is also in-line with theo-
retical calculations, obtained using the TALYS Hauser-
Feshbach code [31]. However, at the lowest bombarding
energy performed here for the 86Kr(↵, n)89Sr reaction,
the transition at 2079 keV is not observed due to limited
statistics. In the case of 94Sr(↵, n)97Zr, the identification
of characteristic transitions in 97Zr presents a significant
experimental challenge. In particular, the strongest ex-
pected transition in 97Zr (from TALYS calculations) at
1102 keV was obscured by �-delayed background induced
by the decay of 94Sr. Moreover, the next strongest ex-
pected transition is associated with the isomeric state at
1264 keV (t1/2 = 102.8 ns), which is too long-lived to be
detected in-flight. Fortunately, the known transition at
407 keV in 97Zr was clearly observed above background,
as displayed in Fig 1, allowing a partial cross-section for
the 94Sr(↵, n)97Zr reaction to be measured.
All parameters used to determine partial cross sections

for each reaction, pertaining to observed �-ray transi-
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• Partial cross section is 60% of prediction with TALYS reaction model
• Correlation with Ru abundance implies reduced production

4

tions, are listed in Table I. The e↵ective center-of-mass
energy, Ee↵

cm, was determined for each transition by solv-
ing Equation 1 for Ee↵

cm. In this way, the energy loss
across the target and energy dependence of the reaction
cross-section (as predicted by TALYS) is taken into ac-
count. The di↵ering energy-dependence for each tran-
sition leads to slightly di↵erent Ee↵

cm, even for the same
incoming and outgoing beam energies, Ei and Ef , re-
spectively.

h�(E)i =

R Ei

Ef
�(E) dE

R Ei

Ef
dE

= �(Ee↵
cm) (1)

The resulting partial cross-sections are compared with
predictions from TALYS v2.0 [31] in Figs. 2a and 2b
for 86Kr(↵, n)89Sr and 94Sr(↵, n)97Zr, respectively. All
measured cross-sections are systematically lower than
predicted. Furthermore, the observation of character-
istic � rays provides additional information with which
to test theoretical calculations. Intriguingly, for the
86Kr(↵, n)89Sr reaction, only the microscopic nuclear
level density (NLD) model of Goriely, Hilaire & Koning
[32] predicts that the 1473 keV �-ray should be populated
more than the 2079-keV transition at a center-of-mass en-
ergy of ⇠ 10.4 MeV. Therefore, we adopt this NLD model
in the current study for both reactions, as opposed to the
default, phenomenological, constant temperature model.

TABLE II. Total cross-sections (�tot) inferred from this work
and predicted values from TALYS-v2 with default inputs for
the ↵ optical model and �SF, but using the nuclear level den-
sity of Ref[32]. The fraction of the total cross-section for each
observed �-ray transition is also provided. See text for de-
scription of how the fraction was calculated using TALYS,
along with the associated uncertainty. The uncertainty in the
predicted fractions were not propagated to the Inferred �tot

so as not to double-count the 30% and 50% model uncertainty
ascribed to the ratio of measured to theoretical cross-section
for 86Kr(↵, n)89Sr and 94Sr(↵, n)97Zr, respectively.

Reaction Ecm E� Fraction Inferred Predicted
(MeV) (keV) (%) �tot (mb) �tot (mb)

86Kr(↵, n)89Sr 10.31(2) 1032 9.7+1.7
�0.8 47(18) 67.3

10.47(6) 1473 18.5+0.8
�5.1 42(16) 73.4

10.45(4) 2079 17.6+5.4
�0.5 56(20) 75.7

9.05(3) 1032 12.2+3.6
�1.3 5.5(20) 13.8

9.05(4) 1473 15.8+1.4
�3.4 6.9(34) 13.7

94Sr(↵, n)97Zr 9.91(5) 407 12.3+6.1
�1.4 12.8(74) 23.0

Considering the comparison between predicted and
measured partial cross-sections for the 86Kr(↵, n)89Sr re-
action further, a global ⇠ 60% scaling of the theoreti-
cal cross-section was found to best fit the experimental
data. The same scale factor is found to match the present
94Sr(↵, n)97Zr reaction partial cross-section. In order to
assess the astrophysical implications of the present work,
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FIG. 2. Partial cross-sections for transitions observed from
the a) 86Kr(↵, n)89Sr and b) 94Sr(↵, n)97Zr reactions. The
solid lines indicate predictions from TALYS, with the dashed
lines showing the same prediction with a 60% scale factor
applied. The TALYS calculations were performed using the
default alpha optical potential and �-ray strength function
models, but with the nuclear level density model of Ref. [32].

total cross-sections were inferred using the predicted frac-
tion of partial to total cross-sections from TALYS. All
possible combinations of NLD and �-ray Strength Func-
tion (�SF) models were explored. However, the adopted
fraction is taken from TALYS calculations using the NLD
model of Ref [32] and the default ↵ optical model and
�SF. The uncertainty in the fraction results from the
minimum and maximum spread of values from all com-
binations of �SF and NLDs. The fractions, associated
uncertainty, and inferred total cross-sections are listed in
Table II, alongside the predicted total cross-sections from
TALYS with default model inputs. The maximum rela-
tive uncertainty in the calculated partial cross-sections as
a fraction of the total cross-section was found to be 30%
for observed transitions in 86Kr(↵, n)89Sr, and 50% for
the 407 keV transition in 94Sr(↵, n)97Zr, which we conser-
vatively adopt as the model uncertainty for the respective
total inferred cross-sections. The average scale factor be-
tween the experimentally inferred cross-section and the-
oretical cross-section is then found to be (58± 14)% and
(56± 32)% for the 86Kr(↵, n)89Sr and 94Sr(↵, n)97Zr re-
actions, respectively, from which we extract the resulting
thermonuclear reaction rate using the EXP2RATE code by
T. Rauscher [33]. This is a significant constraint beyond
previous sensitivity studies, which sample all (↵, n) reac-
tion rates from log-normal distributions spanning factors
of 0.1 and 10 [17] and 0.3 and 3 [18], respectively, within

TALYS calculations with
scaling factors of 1.0 and 0.6
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• Integral transmission efficiency measurements of EMMA recoil mass spectrometer 
carried out over the angular and energy ranges needed for astrophysical reaction cross 
section measurements

• Ion optical and Monte Carlo simulations of spectrometer failed to reproduce integral 
measurements

• Mathematical models created to describe angular and energy dependence of differential 
transmission efficiency

• Monte Carlo simulations of reactions produce distributions of recoil trajectories that 
enable transmission efficiency determinations for cross section measurements, with 
relative precision circa 10%, varying with the energy and angular distributions

• 6/7 EMMA experiments completed thus far require reaction cross section determinations
•  and  reaction cross sections measured in inverse kinematics with 

TIGRESS -ray spectrometer, the 1st p-process and weak r-process reactions ever 
measured with radioactive ion beams

83Rb(p, γ) 94Sr(α, n)
γ
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