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Applications do not use level densities and gamma strength functions! 
Evaluators do!

Evaluators use experimental inputs and theory tools to calculate 
cross sections and produce evaluations 

Data + Phenomenological E1 gSF

Capote et al, NDS 110(2009)3107

S-wave resonance spacings for LD
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Providing accurate cross section calculations requires a careful assessment of the level 
densities and gamma strength functions inputs

§ Neutron capture is the prime example: (n,g) cross sections 
are important for astrophysics, stockpile stewardship, 
nuclear energy, etc.

§ Hauser-Feshbach calculations rely on optical model, LD, 
gSF inputs

§ Optical model near stability is well-studied; new UQ-
versions of popular models exist now (Pruitt et al, PRC 
107, 014602), microscopic versions under development

§ Cross sections are highly-sensitive to LD and gSF, become 
unreliable without constraints

Neutron capturen

95Zr 
unstable

96Zr*

g
n

Neutron capture rates for 
Zr isotopes

Nikas et al, arXiv:2010.01698
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Providing accurate cross section calculations requires a careful assessment of the level 
densities and gamma strength functions inputs

§ Many applications require cross sections for (n,n’) 
and (n,2n) or g-production (n,n’g) and (n,2ng)

§ Calculation require LDs and gSF for multiple isotopes

§ Calculations of (n,f) cross sections bring additional 
challenges: LDs for fission barriers

89Y

n+88Y

2n+87Y

Sn

S3n

S2n

Etop

(n,xng) reaction

n

88Y
unstable

Capote et al, NDS 110 (2009) 3107
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§ Starting points are RIPL-3 and other ‘prior knowledge’

§ Adjustments are made to reproduce observables -
cross sections, auxiliary quantities

§ Useful constraints: 
— low-E number of levels
— Resonance spacing D0
— Radiative width <Gg>
— Measurements of D0 and <Gg> for stable isotopes only! 

Evaluators make use of compilations, databases, direct and indirect constraints

Provide strong constraints 
for (n,g) cross sections
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Surrogate reaction measurements can be used when no direct constraints are available -
gives (n,g) cross section + LDs and gSF

Evaluators make use of compilations, databases, direct and indirect constraints
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Hauser-Feshbach description of “desired” CN 
reaction

s(n,g) = SJ,p sn+target
CN (E,J,p) . GCN

g(E,J,p)

A Surrogate experiment gives

P(p,dg) (E) =SJ,p F(p,d)CN(E,J,p).GCN
g(E,J,p)
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§ Measuring D0 and <Gg> requires stable targets

§ Convolution of LDs and gSF causes ambiguities when 
extracting components

§ Partial level densities are often needed or measured

§ Brink-Axel hypothesis is liberally used

§ Conflicting results from different methods

§ Too many nuclei to measure them all!

Getting sufficient experimental constraints for all isotopes is a daunting task

Zilges et al, PPNP 122 (2022) 103903
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gSF

§ Microscopic explanation of gSF features? 

§ Dependence on deformation, mass, N?

§ Limits of Brink-Axel assumption(s)?

LD

§ Correlations in LDs? Impact of deformation?

§ Spin-dependence?

§ Non-equal parities?

We need a deeper understanding of the underlying nuclear structure 
(and keep the reaction calculations in mind)

Figure courtesy A. Ramirez
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§ The shell model provides a microscopic predictions for LDs and gSFs

§ Smart truncations and modern computers increase reach of shell model

§ Innovative combination of moments method with Lanczos algorithm enable 
new LD calculations

§ Shell-model advantages: 
— Includes important correlations
— Yields total and partial level densities
— Gives low-energy gSF
— Provides insights into structure

§ Challenges: 
— Model space sizes for very heavy nuclei
— Interactions needed

Advances in nuclear theory enable us to tackle these challenges

Gamma-ray strength function (gSF, M1)
well-reproduced in truncated basis: 70Ge

Level density (LD) is approximated in 
same truncated basis : 70Ge

Smart truncation 
to small fraction of FCI model space

Moments method 
+ Lanczos: 74Ge

Ormand & 
Brown, PRC 
122, 14315

Gorton et al, 
arxiv:2210.05904
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§ DFT-based methods complement the shell model

§ HFB/QRPA provides microscopic predictions 

§ Active theory community pushes developments

§ Modern computational facilities enable large calculations

§ Advantages:
— Modern implementations cover most of isotopic chart, include 

deformation
— Description of structure at  low and high excitation energies
— Provides insights into structure

§ Challenges
— Some correlations are not included (LD)
— Transitions between excited states (gSF)

Advances in nuclear theory enable us to tackle these challenges

Goriely et al, EJPA 55 (2019) 172

QRPA gSF compared to data

DFT = Density Functional Theory
HFB = Hartree-Fock Boguliubov
QRPA = Quasiparticle Random-Phase Approximation 
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High Intensity Gamma-ray (HIGS) Facility
§ Photon flux of 1x109 g/s
§ 100% linearly polarized photon beam
§ Quasi-monoenergetic beam, tunable 

from 1-120 MeV with fine energy steps
§ Highly segmented and efficient g-ray 

clover detector array

Experimental observables
§ Photoabsorption cross-section 

𝜎!"# = 𝜎$% + 𝜎&'$% ∝ 𝑔𝑆𝐹 ↑
§ Number of dipole state ∝ dipole LDs
§ Ratio method 

𝛾( or (�⃗�, 𝛾′𝛾′′) technique

g.s.
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HIGS
Clover 
array 

Slide courtesy A. Ramirez
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Targeted Experiments
Probe specific properties relevant to resolving existing ambiguities, elucidating underlying structure
Specify (and reduce number of) assumptions made in analysis 

Lots of Theory
Focus on understanding the structure effects responsible for the features observed
Specify assumptions/approximations used
Develop systematics that can be tested
Predict inputs for reaction calculations 

Considered interactions
Between theory and experiment
To advance our understanding of LDs and gSF

Summary
We need some TLC!
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Thank you!
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Capture cross sections from surrogate (p,d) reactions

Hauser-Feshbach description of “desired” CN 
reaction

s(n,g) = SJ,p sn+target
CN (E,J,p) . GCN

g(E,J,p)

A Surrogate experiment gives

P(p,dg) (E) =SJ,p F(p,d)CN(E,J,p).GCN
g(E,J,p)

Escher et al, RMP 84 (2012) 353
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Turning measurement into cross section
1. Use theory to describe Surrogate reaction, 

predict F(p,d)CN
2. Develop rough decay model GCNg
3. Fit uncertain parameters in GCNg to        

reproduce P(p,dg)
4. Use best-fit parameters to calculate desired s(n,g)

Result: Experimentally constrained cross section 
calculation.
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Level density and g strength function for 91Zr
from surrogate (p,d) data

Extracted E1, M1 strengths
QUASICONTINUUM ! DECAY OF 91,92Zr: . . . PHYSICAL REVIEW C 96, 024313 (2017)

Therefore, we calculate instead the mean average of the !
widths and the standard deviation of these values by
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where n is the number of resonances. The index B indicates
that these values are relevant for the determination of the
coefficient B. For 92Zr, we find reasonably consistent values
of the average ! widths in columns 4, 5, and 6 of Table I
and adopt the value !"! 0"B = 140 ± 40 meV. As expected,
the uncertainty in the average ! width for 91Zr is very large.

To constrain the 91Zr data further, we use the photonuclear
reaction data [7,37] around Sn to determine the B value. The
transformation from photonuclear cross section $! to ! SF is
performed by [29]

f (E! ) = 1

3%2h̄2c2

$! (E! )
E!

. (14)

Note that the photoneutron cross section in the direct vicinity
of the neutron threshold is not considered to estimate the
corresponding ! SF, since in this region it remains also
sensitive to the neutron channel and the ! SF can consequently
not be deduced from the cross section in an unambiguous way.

In turn, the dipole ! SF, including both the E1 and
M1 contributions, can be calculated from our measured
transmission coefficient [29] through

f (E! ) = 1
2%

T (E! )
E3

!

. (15)

The corresponding experimental ! SFs for 91,92Zr are displayed
as solid squares in Fig. 8. The figure also includes the ! SFs
derived from 91,92Zr(! , n) cross section data by Utsunomiya
et al. [7] and Berman et al. [37]. As mentioned above, we
have normalized our 91Zr data points to match the (! ,n) data
at Sn, as shown in Fig. 8. The adopted !"! 0"B values used to
normalize the ! SF and estimate the uncertainies are given in
column 7 of Table I.

Since our dipole strength includes both the E1 and M1
contributions, for estimating the average radiative width !"! 0"
as well as the radiative neutron capture cross section of
90Zr, they need to be disentangled, especially in view of
the nonequiparity of the NLD predicted within the HFB
plus combinatorial approach [31]. For this purpose, we have
estimated the spin-flip M1 resonance from two different
approaches, namely the HFB plus quasiparticle random-phase
approximation (QRPA) based on the Gogny D1M interaction
[38] and a Lorentzian function, both guided by a previous ex-
perimental analysis of photoneutron measurements [7] as well
as (p,p$) scattering data on 90Zr close to & = 0 deg [8]. Such
experiments revealed an M1 resonance located at a centroid
energy EM1 % 9–9.5 MeV with a width "M1 % 2.50 MeV.
At almost the same energies, an E1 pygmy resonance with
EPDR1 = 9.2 MeV and "PDR1 = 2.9 MeV has been found.
Such structures at around 9.5 MeV have been reported also
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FIG. 8. (a) Experimental 91Zr ! SFs (solid squares) with its error
band (dotted lines) due to the uncertainty in $ , D0, and !"! 0" (see
Table III). Also shown are the photoneutron data [7,37], the spin-flip
M1 strength derived from either D1M+QRPA calculations (solid blue
line) or a Lorentzian function (dashed blue line), and the M1 upbend
(dotted blue line). The resulting recommended E1 strength is shown
by a solid (dashed) red line and obtained from the total experimental
dipole strength by subtracting the D1M+QRPA (Lorentzian) M1
component. The neutron separation energies are indicated by arrows.
(b) Same for the 92Zr ! SFs.

for the 92,94,96Zr isotopes [39]. For our sensitivity analysis,
we consider both options, i.e., possible M1 representations,
including a strong M1 Lorentzian with a peak cross section
$0 = 7 mb [7], as well as the D1M+QRPA strength, as shown
in Fig. 8. The D1M+QRPA strength is seen to be signif-
icantly less than the phenomenological Lorentzian strength
inferred in Ref. [7], giving rise to a stronger possible E1
counterpart.

Finally, our measurements at the lowest energies (i.e.,
around 2 MeV) also suggest the presence of a low-energy
enhancement (the so-called upbend) that has been suggested
by shell-model calculations to be of M1 nature [40,41]. For
nuclei studied in this mass region with the Oslo method, we
find a low-energy enhancement (upbend) of the ! SF [42–46].
The upbend has also been verified for 96Mo using another
technique [47].

To describe the low-energy enhancement, it is therefore
important to include below 2 MeV an M1 upbend that may
influence not only the estimate of the total radiative width
!"! 0", but also the radiative neutron capture cross section.
The upbend structure is described by the exponential function
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where n is the number of resonances. The index B indicates
that these values are relevant for the determination of the
coefficient B. For 92Zr, we find reasonably consistent values
of the average ! widths in columns 4, 5, and 6 of Table I
and adopt the value !"! 0"B = 140 ± 40 meV. As expected,
the uncertainty in the average ! width for 91Zr is very large.
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as solid squares in Fig. 8. The figure also includes the ! SFs
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contributions, for estimating the average radiative width !"! 0"
as well as the radiative neutron capture cross section of
90Zr, they need to be disentangled, especially in view of
the nonequiparity of the NLD predicted within the HFB
plus combinatorial approach [31]. For this purpose, we have
estimated the spin-flip M1 resonance from two different
approaches, namely the HFB plus quasiparticle random-phase
approximation (QRPA) based on the Gogny D1M interaction
[38] and a Lorentzian function, both guided by a previous ex-
perimental analysis of photoneutron measurements [7] as well
as (p,p$) scattering data on 90Zr close to & = 0 deg [8]. Such
experiments revealed an M1 resonance located at a centroid
energy EM1 % 9–9.5 MeV with a width "M1 % 2.50 MeV.
At almost the same energies, an E1 pygmy resonance with
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FIG. 8. (a) Experimental 91Zr ! SFs (solid squares) with its error
band (dotted lines) due to the uncertainty in $ , D0, and !"! 0" (see
Table III). Also shown are the photoneutron data [7,37], the spin-flip
M1 strength derived from either D1M+QRPA calculations (solid blue
line) or a Lorentzian function (dashed blue line), and the M1 upbend
(dotted blue line). The resulting recommended E1 strength is shown
by a solid (dashed) red line and obtained from the total experimental
dipole strength by subtracting the D1M+QRPA (Lorentzian) M1
component. The neutron separation energies are indicated by arrows.
(b) Same for the 92Zr ! SFs.

for the 92,94,96Zr isotopes [39]. For our sensitivity analysis,
we consider both options, i.e., possible M1 representations,
including a strong M1 Lorentzian with a peak cross section
$0 = 7 mb [7], as well as the D1M+QRPA strength, as shown
in Fig. 8. The D1M+QRPA strength is seen to be signif-
icantly less than the phenomenological Lorentzian strength
inferred in Ref. [7], giving rise to a stronger possible E1
counterpart.

Finally, our measurements at the lowest energies (i.e.,
around 2 MeV) also suggest the presence of a low-energy
enhancement (the so-called upbend) that has been suggested
by shell-model calculations to be of M1 nature [40,41]. For
nuclei studied in this mass region with the Oslo method, we
find a low-energy enhancement (upbend) of the ! SF [42–46].
The upbend has also been verified for 96Mo using another
technique [47].

To describe the low-energy enhancement, it is therefore
important to include below 2 MeV an M1 upbend that may
influence not only the estimate of the total radiative width
!"! 0", but also the radiative neutron capture cross section.
The upbend structure is described by the exponential function
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