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My connection to Paweł
Tolerated me as graduate student from 1993-1997

Taught me most the important physics lessons: 
New ideas are everywhere

and its corollary
Connections are everywhere

• We used geophysics to learn about kriging (a.k.a. 
Gaussian Process Regression, a.k.a. Machine 
Learning) from geophysics textbooks

• We used license plate deblurring to learn about 
image processing

• We used nuclear engineering & neutron transport 
to learn about quantal transport
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Thesis on:
• Non-equilibrium quantum field 

theory applied to QED/QCD
• Femtoscopic imaging using 

machine learning to analyze 
observables constructed from pairs 
of entangled particles



About Me
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Responsibilities
• Head of the NNDC
• Chair USNDP & CSEWG
• Outgoing ENDF Library manager; 

coordinated ENDF/B-VII.1 & 
ENDF/B-VIII.0 library releases

• PI for NCSP, IF Venture, GRIN, 
238U(n,n’g) projects

• Outgoing chair of Expert Group 
on GNDS



NNDC Vision & Mission
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The National Nuclear Data Center (NNDC) vision is to be the premier global resource for nuclear
data and plan to:

q Implement AI/ML algorithms to reduce the time from data publication to integration in a
recommended library to less than two years.

q Establish an open data repository for low-energy nuclear physics.

q Advance dissemination efforts with modern and efficient software tools.

q Sustain a robust nuclear physics research portfolio, including the development of an
experimental program to accelerate isotope production science.

The NNDC is the lead and largest unit of the U.S. Nuclear Data Program (USNDP), whose mission is to
provide current, accurate, authoritative data for workers in pure and applied areas of nuclear science and
engineering. This is accomplished primarily through the compilation, evaluation, dissemination, and
archiving of extensive nuclear datasets. USNDP also addresses gaps in the data, through targeted
experimental studies and the use of theoretical models.
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Nuclear Data Stakeholders
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Medicine

Power generation

Defense

Space exploration

Research



NNDC’s pivotal role
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Nuclear Data Published 
by World-Wide 

community

End Users/Impact

Compilation

Evaluation

Dissemination

National Nuclear Data Center

Leadership of US 
Nuclear Data 
Program • Fundamental 

Science
• National Security
• Medical Isotopes
• Nuclear Energy 

R&D
• Space Exploration

FeedbackNew Experiments



New ideas and new connections

Fission cross section correlations 
and “intermediate structure” High energy heavy ion data
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Animation from A. Bulgac



Fission 
correlation 
functions E. David Davis

(NC State Univ.)
George Bertsch
(Univ. of Wash.)



Resonances are caused by formation of quasi-
bound compound nuclei
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91Zr(n,g)



Basic Definitions 
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3 energy scales: 
• D: average 

spacing
• 𝚪: average 

width
• ΔE: experi-

mental energy 
resolution



Intermediate structure
• Long range (in energy) structure that 

isn’t resolved in experiment
• Wider than a single resonance
• Observed in many reactions/systems
• What could they be?

• May be cluster of resonances 
(either “beats” or coincidence)

• Could be doorway state 
(in same way GDR is a “resonance”)

• Could be an artifact

For 235U(n,f), look around 1-100 keV 
incident neutron energy
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ANALYSIS OF INTERMEDIATE STRUCTURE

It should be noted that the widths of the fine-
structure peaks shown in the lowest curve in Fig. 1 are
of the same order of magnitude as the corresponding
resolution width hE. Thus these "good-resolution"
measurements give only an upper limit for the width of
the fine structure. From these data, however, it is
obvious that there are several levels having widths
&20 keV in the immediate neighborhood of each of the
intermediate-structure peaks.
Angular distribution and polarization measurements

made with neutron beams having an energy spread of
125—150 keV have been reported previously. ~ These
data are used in the present report in a phase-shift
analysis to test for several general properties of doorway
states. For example, a doorway state will have many of
the properties of a stationary state; in particular, the
spin and parity of a doorway state are good quantum
numbers. Further, in the neighborhood of an isolated
doorway state, the scattering matrix, when averaged
over an energy interval considerably larger than the
widths and spacings of compound-nucleus states but
smaller than the width of the doorway states, can be
written in the form
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Here (S(E)) is the energy-averaged scattering matrix
element for elastic scattering in the channel with total
spin J, channel spin s, and relative orbital angular
momentum /; I'~t is the width of the doorway state for
decay into this channel; Fz is the total width of the
state; Ed is the apparent resonant energy; and S~ is the
matrix element for potential scattering. More specific-
ally, at energies below the inelastic threshold, Sq
describes the scattering from the single-particle poten-
tial defined as the expectation of the total Hamiltonian
of the system with respect to the ground state of the
target nucleus. Thus, in practice, S~ is somewhat model-
dependent. In the calculations described below, S~ is
set equal to exp(—2+JI ) where pzI, is the phase shift
for scattering from a hard sphere of radius aq~, . Initial
values of the a«, were determined by fitting the
measured angular distributions and polarizations at
energies as far removed as possible from the inter-
mediate-structure peaks. The values thus obtained fell
in the interval 4.5 F&aJ~, &~ 5.0 F for all of the "non-
resonant" channels.
The above-mentioned properties of a doorway state

are characteristic also of an isolated compound-nucleus
resonance in the presence of an open reaction channel.
Thus it is not possible to distinguish between these
alternatives by means of a phase-shift analysis alone.
However, in the present case the evidence (shown in
Fig. 1) that the intermediate structure is a coherent
superposition of fine structure would favor the doorway-
state interpretation.

The phase-shift analysis of the "F data was carried
out in terms of the real parameters g(E) and. lI(E)
defined by

(~(E))=~(E)e p{—2i&(E))
or equivalently, from Kq. (1), by

4(E Ed)I'gt—
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k4(E—Ed)'+I'd (I'g—21'„t)
and

4 (E Ed,)'+ (I'g—21'g g)'—
4(E—E„)+I „ (3b)

In principle this analysis should give estimates for the
widths I'~t and F~ associated with each state d. It might
be noted that from the behavior of q(E) alone it is not
possible to distinguish between the values 2+c(0 &~ c&~9')
for the ratio I'zt/I'z. To resolve this ambiguity, it is
necessary to consider the behavior of (h—IfI). As E
increases past E~, the phase shift (5—It) decreases
through an odd-integer multiple of 9./2 if I'qg/I'q) —', or
increases through an even-integer multiple of 9/2 if

E,1(Mev)

FIG. 1. The total neutron cross section of "F.The lowest curve
shows the observed results, measured with neutron-beam energy
spreads of 15—20 keV. The other curves show the result of averag-
ing the observed data over successively larger averaging intervals
AE. The points on the curve with hE =125 keV indicate the values
of the integrated scattering cross sections obtained in the measure-
ment of the differential cross section and polarization as described
in Ref. 7.
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12.5 Isobaric Analog Resonances (IAR) 215

Fig. 12.7 Total (n,n) and
sub-barrier (n,f ) isomeric
fission cross sections in the
energy range from 0.5 to
3.0 keV [BNL11, MIG68]

can therefore be studied in excitation functions e.g. of proton scattering and com-
pared to the low-lying excitations of the T < states studied in transfer reactions such
as (d,p). This will be explained for the case of states of 208

82 Pb. Three neighboring
nuclei have to be considered, the target nucleus, to which either a proton is added to
form the compound system with the IAR, and the final nucleus of adding a neutron
to the target, e.g. via the (d,p) reaction, see Fig. 12.8.

The IAR in excitation functions e.g. of proton elastic and inelastic scattering
correspond to simple excitations, i.e. of single particle/single hole or particle-hole
states near magic-number nuclei. This explains their typical widths. The total width
of the IAR ! consists of two parts, the spreading width of ! ! taking into account
the decay of the IAR into the T < CN states by isospin mixing, and the escape
width ! " describing the proton emission into the exit channel. The IAR can be
described by the classical Breit-Wigner theory, except that—due to the spreading
over energy regions of varying CN-level density—the resonance shape becomes
asymmetric. Figure 12.9 is a good example showing the IAR in the compound

Fully expect it to see intermediate 
structure in fission

Complex 
intermediate 
states are 
observed in 
240Pu and 232Th; 
partial 
motivation for 
two-hump 
fission model



The worlds collection of fission data



The worlds collection of fission data



Focus on best data



Focus on best data

FIG. 1. Experimental fission cross sections in the range 10 - 25 keV. Circles: from Ref. [3]; squares:

from [2]; diamonds: from [1]. The latter two data sets have been shifted upward for clarity in the

plotting of the figure.

energy-dependent averaged cross section, with the details to be specified later. To keep the

number of entrance channels to a minimum, we limit the analysis to neutron energies below

100 keV, which is su�cient to span the structure of interest at 22 keV.

The organization of this article is as follows. In Section II, we review the interpretation

of the autocorrelation function and its parameterization. In Section III, we confirm the

expected behavior of the autocorrelation function in the isolated-resonance region at the

lowest energies. The data in the higher energy region of unresolved resonances is analyzed

in Sect. IV. Section V summarizes the two main conclusions of our analysis. The first

conclusion is that the eV-scale correlations due to compound nucleus resonances are present

and a↵ect the correlation function far beyond the isolated resonance region. Second, only a

limit can be placed on any systematic correlation structure at the one-keV energy scale. Thus

the peaking seen in Fig. 1 is an isolated feature of the energy-dependent cross section. We

argue for a campaign of new measurements to pinpoint the origin of the observed structure

and to see if it occurs in above-barrier fission of other nuclei.
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Perez et al. (ORELA)

Moore et al. (ORELA)

Bowman et al. (LLNL)

Interesting 
bumps!
Bigger than 
resonances! 
Are they 
intermediate 
structure? 
Or noise?



Make a correlation function

This should look familiar::  σ(E) ∝ |S(E)|2

It is an intensity-intensity correlation, just like in femtoscopy or HBT 
interferometry

From scattering theory (R-matrix), can compute R(ε) (or related C (ε))

21

I. INTRODUCTION

The fluctuations in reaction cross sections convey important information about the reac-

tion dynamics. Low-energy reactions on heavy nuclei are typically described by the Hauser-

Feshbach extension of Bohr’s compound nucleus model, and contain as parameters the den-

sity of the compound nucleus resonances and the e↵ective number of channels participating

in the reaction. When the properties of the resonances cannot be individually measured,

one relies on a fluctuation analysis such as we use below to gain information about their

properties. Understanding the neutron-induced fission reaction is even more challenging

because there is no reason to believe that a simple compound nucleus picture is adequate

to deal with the large-amplitude shape changes the excited nucleus undergoes. This gives

a strong motivation to characterize as quantitatively as possible the fluctuations associated

with the reaction, in order to better understand the reaction dynamics.

Part of the complexity of the reaction is due to the presence of multiple fission barriers.

At energies below the barriers, the cross section can fluctuate due resonant states located

between the barriers. Above the barriers, the situation remains unclear. There is evidence

for structure on the keV energy scale from experiments carried out in the 1970’s on the

235U(n,f) reaction with neutron energies in the range 1–100 keV. The compound nucleus

energies exceed the barrier top by ⇠ 1 MeV, so below-barrier resonances could not be the

cause. Many experimental measurements have been made encompassing that energy range,

as detailed in Appendix A. Three of them have the resolution and documentation to make

a case for the presence of fluctuations on a keV energy scale. Their measured cross sections

between 10 and 25 keV are shown in Fig. 1 All three show a clear peak at 22 keV, having a

width about 1 keV. There may be correlated peaking at lower energies as well. The abstract

of one of the papers (Ref. [1]) states: “The previously reported intermediate structure in the

fission cross section in the keV region is confirmed by the results of this work.” Nevertheless,

such structures have not be documented as a general feature of cross sections at energies

above the barrier. The aim of this work is to analyze the cross section fluctuations in a

systematic way to see if quantitative information about them can be extracted.

Our analysis tool is the autocorrelation function R defined as [12, 13]

R(") =

⌧
(�(E+)� �̄(E+))(�(E�)� �̄(E�))

�̄(E+)�̄(E�)

�
(1)

where E± = E ± "/2. The angle brackets denote an average over the energy E and �̄ is an
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II. THE AUTOCORRELATION FUNCTION

Before discussing practical details of calculating and interpreting cross section fluctua-

tions, we review the analytic statistical theory of the autocorrelation function C("). It is

defined

C(") = (�(E+)� �) (�(E�)� �)
�
�2 . (2)

Here the overline denotes an average over an ensemble of S-matrix elements that enter

the cross sections, Eq. (3) below. The ensemble is generated from a statistical model of

compound nucleus resonances. The ensemble averages are calculated at fixed energy, but

by construction they do not depend on that energy. It is implicitly assumed that the energy

averaging in R(") is equivalent to the ensemble averaging in C(").

The first step in calculating C(") is to express the cross sections in terms of their S-matrix

elements,

� =
⇡

k2
n

X

i,c

gJ |Sic|2. (3)

Here i denotes the quantum numbers specifying an incident (s-wave) neutron channel of

angular momentum J and parity ⇡, c denotes the quantum numbers of an exit fission channel

(of the same J⇡), and gJ is the usual spin statistical factor. C(") can then be written as the

incoherent superposition

C(✏) =
X

i,c,c0

wicwic0Cicc0(✏), (4)

of the autocorrelation functions for each channel i,

Cicc0(") =
|Sic(E + ✏/2)|2|Sic0(E � ✏/2)|2 � |Sic|2 |Sic0 |2

|Sic|2 |Sic0 |2
(5)

together with the weighting factors

wic =
gJ |Sic|2P

i,c0
gJ |Sic0 |2

. (6)

The correlations of interest are determined by the Cicc0 , but their amplitude in C(") depends

on the number of fission channels and other information carried by the weights.

We will see later that the "- and wic-dependence are easy to disentangle in the isolated

resonance regime, as well as the regime with strongly overlapping resonances.

4



R-matrix predictions
Cross section written in terms of S-matrix, poles are resonances

Average over known GOE distributions of resonance energies, 
Porter-Thomas distribution of widths 

23

A. The statistical Breit-Wigner model

Our derivation of Cicc0(") proceeds by modeling the S-matrix by a sum of Breit-Wigner

resonances,

Sab(E) = �ab � i
X

k

�ak�kb
E � ek

. (7)

The poles are at complex energies ek = Ek � i�k/2, where the widths �k are related to the

real-valued partial width amplitudes �ck by �k =
P

c
�2
ck
. Evaluation of Eq. (5) requires

assumptions about the distribution and correlations of �ck and Ek. Here we are guided by

the empirical success of the Gaussian Orthogonal Ensemble (GOE) of Hamiltonian matrices.

According to the GOE model, partial width amplitudes �ak are distributed for di↵erent res-

onances k as a Gaussian random variable of zero mean; the corresponding variance depends

on the choice of channel a alone. Furthermore, partial width amplitudes relating to di↵er-

ent open channels a are completely uncorrelated. As a consequence, for inelastic processes

(a 6= b), the ensemble average of Sab in Eq. (7) yields Sab = 0.

Our treatment of the ek in the energy denominator deviates from a strict application

of GOE level correlation statistics. Instead of using Dyson’s celebrated result for the two-

level cluster function Y2 [18], we follow Ref. [17] and adopt the simplified but e↵ective

parameterization

Y2(�E/D̄) ⇡ 1

1 + (⇡�E/D̄)2
(8)

where �E is the di↵erence of two resonance energies of the same spin and parity, and D̄ is

the average level spacing for that spin and parity. The imaginary part of ek, namely �k/2

is assumed to be constant. Neglect of fluctuations in the total widths �k will be a source of

inaccuracy if there are only a few open fission channels. (We return to this point below.)

Note that the analysis of the ensemble is at a fixed energy and thus not able to deal

with secular variations of the parameters with respect to energy. Thus the theory does not

address e↵ects related to penetrability factors in the amplitudes �ak or to increase of level

densities with excitation energy.

B. Analytic approximations for Cicc0(")

Compact integral representations of the averages in Cicc0(") can be derived using the

method presented in Ref. [17]. Our replacement of the di↵erent total widths �k by a single
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total width � permits us to infer explicit expressions which capture many of the essential

features of Cicc0("). In terms of the ratio x = D̄/⇡�, our full result for Cicc0(") reads

Cicc0(") ⇡ 3(1 + 2�c,c0)
x�2

"2 + �2

�
✓

x

x+ 1

◆
�2

"2 + �2
� x(x+ 1)�2

"2 + (x+ 1)2�2
�

✓
x

x+ 1

◆
�2

"2 + (x+ 1)2�2

+ �c,c0
�2

"2 + �2
.

(9)

In the limit " = 0 and c = c0, Eq. (9) reduces to the second line of Eq. (B12) in Ref. [17],

when allowance is made for the di↵erent grouping of terms, the identification of � with the

Weisskopf estimate �W for the correlation width, and a typographical error [19].

The three lines in Eq. (9) correspond to three physically distinct contributions to Cicc0("):

on the first line, a resonance self-correlation piece, dominant when D̄ � � (isolated resonance

regime); on the second line, negative terms arising from level repulsion correlations between

pairs of distinct resonances, and; finally, on the third line, a cross section auto-correlation

function of the kind derived by Ericson [11], dominant when D̄ ⌧ �, i.e., in the strongly

overlapping resonance regime.

In the limit of large or small x, Eq. (9) depends on " only by an overall factor �2/("2+�2).

In Appendix VB we show that the factorization can be extended over the entire range of x

with only a slight degradation of accuracy with the formula

Cicc0(") ⇡ Cicc0(0)
�2

"2 + �2
, (10)

where

Cicc0(0) ⇡
h
(1 + 6x)�cc0 + (3x� 1)⇥(3x� 1)

i
(11)

and ⇥(x) is the Heaviside step function.

With the above approximations, it is easy to carry out the sum of c and c0 in Eq. (4).

C(") has the form

C(") = C(0)
�2

"2 + �2
(12)

where

C(0) ⇡ (1 + 6x)
X

i,c

w2
ic
+ (3x� 1)⇥(3x� 1)

X

i,c,c0

wicwic0 , (13)

Note that the two sums depend on the number of significant entrance and exit channels.

The sum
P

i,c
w2

ic
in the first term of Eq. (13) appears in the theory for strongly overlapping
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The three lines in Eq. (9) correspond to three physically distinct contributions to Cicc0("):

on the first line, a resonance self-correlation piece, dominant when D̄ � � (isolated resonance

regime); on the second line, negative terms arising from level repulsion correlations between

pairs of distinct resonances, and; finally, on the third line, a cross section auto-correlation

function of the kind derived by Ericson [11], dominant when D̄ ⌧ �, i.e., in the strongly

overlapping resonance regime.

In the limit of large or small x, Eq. (9) depends on " only by an overall factor �2/("2+�2).

In Appendix VB we show that the factorization can be extended over the entire range of x

with only a slight degradation of accuracy with the formula

Cicc0(") ⇡ Cicc0(0)
�2

"2 + �2
, (10)

where

Cicc0(0) ⇡
h
(1 + 6x)�cc0 + (3x� 1)⇥(3x� 1)

i
(11)

and ⇥(x) is the Heaviside step function.

With the above approximations, it is easy to carry out the sum of c and c0 in Eq. (4).

C(") has the form

C(") = C(0)
�2

"2 + �2
(12)

where

C(0) ⇡ (1 + 6x)
X

i,c

w2
ic
+ (3x� 1)⇥(3x� 1)

X

i,c,c0

wicwic0 , (13)

Note that the two sums depend on the number of significant entrance and exit channels.

The sum
P

i,c
w2

ic
in the first term of Eq. (13) appears in the theory for strongly overlapping

6



Determining local average to make 
correlation was tricky



FIG. 7. Autocorrelation spike for the data of Ref. [1], showing several energy windows, beginning

with 2–5 keV and ending with 70–90 keV. Error bars are computed from the quoted experimental

errors in the data. The dashed line shows the value expected from the compound-nucleus resonance

fluctuations. The blue square shows the reconstructed value for the 70–90 keV window as described

in the text.

rather than new physics.

The 10-25 keV energy window in shown in Fig. 6 is exceptional: there is a peak at small "

that has no simple explanation. Fig. 8 shows the autocorrelation function with an expanded

vertical scale. Besides the presence of a finite-width peak beyond the R(0), the autocor-

relation function becomes negative around " ⇡ 1 keV. Theoretically, the autocorrelation

function in Eq. (9) can be negative due to the repulsion between levels in the GOE level

density. However, this is a very mild e↵ect and the compound-nucleus resonances would

only a↵ect R(") on the 1 eV energy scale.

V. CONCLUSION AND OUTLOOK

While we confirm the e↵ect of compound-resonances on the autocorrelation function up

to near 100 keV in neutron bombarding energy, we see no evidence for correlations on the

scale of 1 keV, contrary to the claim of Ref. [1]. Indeed, the structure we see at all is isolated

in the 10–25 keV energy window.

Neutron-induced fission is very di↵erent below the barrier. There states in the second

14

FIG. 6. Autocorrelation function for the 235U(n,f) reaction over the energy range 2 < E < 90 keV,

using the cross section data of Ref. [1] as given in Ref. [4].

bin size is much larger than the compound nucleus resonance width, we expect Eq. (15)

to apply to the R(0) enhancement over the nearby " bins. With the given D and �E,

Eq. (15) gives R(0) ⇡ 0.022, indicated in the Figure by the dashed line. It agrees with the

experimental R(0) for the two lowest energy windows, but tapers o↵ at higher energy. A

possible explanation is the finite energy resolution of measurements. If the resolution is of

the order of the bin size, the R(0) peak will spill out into neighboring bins. For example, R(")

for the 70-90 keV window is significantly above the axis for all the bins up to " = 0.25 keV.

Assuming that the cause is a spill-out, we should recover the original R(0) by summing over

these bins. The summed value is shown as the square symbol in Fig. (7). The agreement

with the expected value is good enough to ascribe the finite-width enhancement to spill-out

13

What we found
• Could not resolve much more than first bin 

or so, so plot R(0), but that is interesting 
enough!

R(0) using 𝚪, D 
from RRR 

R(0) assuming 
partial spillover 
into higher bin



FIG. 8. Autocorrelation function for the 235U(n,f) reaction over the energy range 10 < E < 25

keV, using the cross section data of Ref. [1] as given in Ref. [4].

well mediate barrier penetration producing broad resonances in the fission cross sections.

It might be that these resonances persist above the barrier in an attenuated form. That

could be a plausible explanation of the 22 keV structure, provided the resonance spacing in

the second well is compatible with the non-observation of other structure in the 2–100 keV

energy range. Perhaps more experimental study of fission cross sections around the barrier

top would clarify the situation. In that respect photofission is a good tool, because it can

reach excitation energies below those accessible by neutron-induced fission.
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What we found
Second energy we may have spotted the a 

predicted correlation dip

The R(0) requires more study
* Might be artifact
* Might be unexpected variation of 
average width (intermediate structure?)

New observable is very flakey and will take 
time to perfect this form of analysis
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About me
• Michigan State University Ph.D. (1990)

• LBNL Post-Doc (1990-1992)
• Part of the original Letter of Intent for STAR
• Contributed to Revised Letter of Intent
• Contributed to Conceptual Design Report
• First visited BNL in 1991

• University of California – Davis, Faculty (1992-Present)
• Principle Author: Beam Energy Scan Proposal (2009)
• Principle Author: BES-II Proposal (2015)
• Principle Author: Fixed-Target Program (2017)
• Deputy Project Manager: iTPC upgrade (2017-2019)

And…  a frequent visitor at Brookhaven Lab
• Sabbatical Leave (1990)
• Sabbatical Leave (AY 2018/2019)
• Many summers
• Shifts at RHIC every year

Why I am her:
The RHIC/STAR Fixed-Target program may be able to meet 
some of the Nuclear Data needs identified in Lee’s and 
David’s presentations.



The GCR background spans a huge mass and energy 
range covering virtually all of Nuclear Physics 

• Galactic Cosmic Rays include nuclei as heavy as 
56Fe and E/A up to 50 GeV

• For reference, Ebinding(56Fe) ≈0.5 GeV
• The range of 1 GeV proton in Al is > 1 m.

• It’s even worse near the gas giants where their 
magnetic field meets the solar wind.

• These high-energy particles create cascades of 
hundreds of secondary, tertiary etc. particles 

• The shielding itself can contribute to the variety 
of secondary particles produced.

• Charged secondary particles deposit a portion 
of their energy more locally than neutrons

The solar system beyond the atmosphere and the 
earth’s magnetic field is a tough neighborhood!

Space exploration requires appropriate shielding over a wide range of energy

T.C. Slaba et al.  
Life Sciences in Space Research 
12  (2017) 1–15
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Transport codes for 
shielding applications 

30

Figure 1: Photograph of a BLIP target stack ready 
for proton bombardment. (courtesy of C. Cutler)

FLUKA simulation of the BLIP target stack showing the 
primary proton beam and secondary neutron production (N. 
Simos (2016))

FLUKA INFN 
(Italy)

http://www.fluka.org/fluk
a.php Free reg.

PHITS JAEA 
(Japan) https://phits.jaea.go.jp Open Source

MCNP LANL https://mcnp.lanl.gov EC, RSICC

GEANT4 CERN https://geant4.web.cern.
ch Open Source

HZETRN NASA https://software.nasa.go
v/software/LAR-18803-1

EC, NASA, 
Free reg.

All codes have built in models that 
cover different physical regimes

http://www.fluka.org/fluka.php
https://phits.jaea.go.jp/
https://mcnp.lanl.gov/
https://geant4.web.cern.ch/
https://software.nasa.gov/software/LAR-18803-1
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The effects of shielding* from neutrons and ions

*T.C. Slaba et al.  Life Sciences in Space Research 12  (2017) 1–15
rAl=2.7 g/cm3 rPE=0.97 g/cm3

…but adding shielding can 
increase dose!

Slide from Lee Bernstein



John Norbury et al.* have shown that large gaps exist in 
experimental data needed for shielding optimization

“All” projectiles signify 
He, C, O, Si, Fe

This is where STAR 
@ RHIC can really 

help!

*J.W. Norbury et al. 
Radiation 
Measurements 47 
(2012) 315e363

Slide from Lee Bernstein



What data do these codes need to 
produce meaningful results?
Cross sections: Only total cross section and elastic/reaction cross section 

needed to first approximation
Particle multiplicities
Outgoing particle distributions: dN/dE’dΩ

Flow, femtoscopy, jets, etc. are unimportant, but coellecense yields are 
essential!
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Two opportunities!

• Modeling support for shielding applications!
• Additional fixed target run at RHIC before EIC



There are gaps in data compilation: 
no heavy-ions, not enough high energy
Evaluated (this is what goes in transport codes):

• PDG only elementary particle properties
• CSEWG’s ENDF only < 150 MeV + decay data
• Three major regional data projects (JAEA, US, EU) have made forays into HE

Experimental data compilation:
• EXFOR/NSR partial tabulation of data/references most comprehensive but poor 

HE coverage
• Smaller scale projects with basic science focus: HEPdata, nn-online, GWU DAC
• 3 year ROSSINI3 project (ESA-NASA-GSI) (see 

https://www.gsi.de/work/forschung/biophysik/fragmentation, https://crosssection-
db.herokuapp.com)

• Pilot project to compile RHIC/AGS data @NNDC circa 2000, but data appears lost

41

Opportunity to collaborate to meet data needs for space physics

https://www.gsi.de/work/forschung/biophysik/fragmentation
https://crosssection-db.herokuapp.com/


About Paweł
New ideas are everywhere

and its corollary
Connections are everywhere

He also taught me a couple of other things:
you can check in a bathtub as carryon 

luggage, ski physics is non-trivial and that 
theorists can build real-life equipment
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