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Nuclear cross sections are basic inputs to any nuclear computation. Campaigns of experiments
are fitted with the parametric R-matrix model of quantum nuclear interactions, and the resulting
cross sections are documented — both point-wise and as resonance parameters (with uncertainties) —
in standard evaluated nuclear data libraries (ENDF, JEFF, BROND, JENDL, CENDL, TENDL):
these constitute our common knowledge of fundamental low-energy nuclear cross sections. In the
past decade, a collaborative effort has been deployed to establish a new nuclear cross section li-
brary format — the Windowed Multipole Library — with the goal of considerably reducing the
computational cost of cross section calculations in nuclear transport simulations.

This article lays the theoretical foundations underpinning these efforts. From general R-matrix
scattering theory, we derive the windowed multipole representation of nuclear cross sections. Though
physically and mathematically equivalent to R-matrix cross sections, the windowed multipole repre-
sentation is particularly well suited for subsequent temperature treatment of angle-integrated cross
sections, in particular Doppler broadening, which is the averaging of cross sections over the ther-
mal motion of the target atoms. Doppler broadening is of critical importance in neutron transport
applications, as it ensures the stability of many nuclear reactors (negative thermal reactivity). Yet,
Doppler broadening of nuclear cross sections has been a considerable bottleneck for nuclear trans-
port computations, often requiring memory-costly pre-tabulations. We show that the Windowed
Multipole Representation can perform accurate Doppler broadening analytically (up to the first
reaction threshold), from which we derive cross sections temperature derivatives to any order —
all computable on-the-fly (without pre-calculations stored in memory). Furthermore, we here es-
tablish a way of converting the R-matrix resonance parameters uncertainty (covariance matrices)
into windowed multipole parameters uncertainty. We show that generating stochastic nuclear cross
sections by sampling from the resulting windowed multipole covariance matrix can reproduce the
cross section uncertainty in the original nuclear data file. The Windowed Multipole Representation
is therefore a novel nuclear physics formalism able to generate Doppler broadened stochastic nuclear
cross sections on-the-fly, unlocking breakthrough computational gains for nuclear computations.

Through this foundational article, we hope to make the Windowed Multipole Representation
accessible, reproducible, and usable for the nuclear physics community, as well as provide the theo-
retical basis for future research on expanding its capabilities.
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I. INTRODUCTION

Our knowledge of nuclear reactions is progressively
built-up by undertaking experiments and analyzing their
outcomes through the prism of a quantum model of nu-
clear collisions called R-matrix theory [1-4]. This is
known as the nuclear data evaluation process. Evalua-
tors conduct campaigns to measure nuclear cross sections
and fit them with R-matrix parameters. To account for
the epistemic uncertainty introduced, evaluators gener-
ate nuclear resonance parameters covariance matrices to
reproduce the variance observed in the measurements.

Other parametrizations of nuclear cross sections ex-

ist — such as the Humblet-Rosenfeld pole expansions
in wavenumber space [5-13] — but none have proven
as practical to document or use as R-matrix theory,
which is why our standard evaluated nuclear data li-
braries (ENDF|[14], JEFF[15], BRONDI16], JENDL[17],
CENDL][18], TENDL][19, 20]) are constituted of R-matrix
parameters (and their covariance uncertainties).
At the end of the 20*" century, R. Hwang from Argonne
National Laboratory found a way to calculate from R-
matrix parameters the Humblet-Rosenfeld pole expan-
sion of neutron cross sections without thresholds, where
the wavenumber is proportional to the square root of
energy k.(E) oc VE. He also showed that this pole rep-
resentation in z 2 \/E space presents a major advantage
for subsequent temperature treatment: integral Doppler
broadening can be accurately computed with analytic ex-
pressions [21-25]. This formalism was further developed
into the windowed multipole representation in order to
perform efficient on-the-fly computations of no-threshold
neutron cross sections with a lesser computational mem-
ory footprint [26-30]. In this article, we extend the win-
dowed multipole representation to all cross sections in the
context of R-matrix theory: be they Coulomb, photon,
neutrons, with or without thresholds. We also provide
means of converting resonance parameters uncertainties
into windowed multipole uncertainties. We thus lay the
foundations to constitute a full Windowed Multipole Li-
brary, encompassing all present nuclear data [31].

In section II, we derive the windowed multipole rep-
resentation from general R-matrix theory, showing it is
the meromorphic continuation of cross sections to com-
plex energies, and discuss numerical ways of computing
the mutipoles, either from resonance parameters or point-
wise cross section data. In section I, we expand the win-
dowed multipole representation to account for the epis-
temic uncertainty of the nuclear cross sections [32, 33].
We establish the analytic sensitivities of the windowed
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multipole parameters to the Wigner-Eisenbud R-matrix
resonance parameters. This enables us to convert to
first-order the standard resonance parameters covariance
matrix into a windowed multipoles covariance matrix,
and show the latter reproduces the statistical properties
of nuclear cross section uncertainties. Having done so,
we consider temperature effects in section IV, showing
how to analytically Doppler broaden windowed multi-
pole angle-integrated cross sections, and how to compute
arbitrary-order temperature derivatives that can prove
useful in multiphysics simulations [34, 35].

By deriving conversion methods of R-matrix resonance
parameters and their uncertainties (covariance matri-
ces) to windowed multipoles, and showing how to ac-
count for temperature effects, we thus establish the win-
dowed multipole representation as a general, physically
equivalent parametrization of R-matrix cross sections.
By its efficient on-the-fly treatment of uncertainty and
Doppler broadening, the windowed multipole representa-
tion can achieve considerable computational gains, and
has already found several new nuclear reactor physics
applications, from the establishment of a new analytic
benchmark for neutron slowing down that resolves nu-
clear resonances overlap [36], or explicit resonance treat-
ment for thermal up-scattering of angular cross sections
[37], to differential temperature tallies for higher-order
neutronics-thermohydraulics coupling schemes in nuclear
transport solvers [34, 35|, or enabling new uncertainty in-
ference and propagation methods across intractable nu-
clear systems [32].

II. FROM R-MATRIX TO
WINDOWED MULTIPOLE

We here establish the Windowed Multipole Representa-
tion, deriving it from general R-matrix scattering theory.
In doing so, we show that R-matrix cross sections are
the sum of two phenomena: thresholds and resonances.
Thresholds have a behavior in the wavenumber k. space
of the channel ¢, so that in the vicinity of a threshold the
cross section admits a Laurent expansion in powers of k.
(starting at k_2). Resonances have a behavior in the en-
ergy space F, and can thus be locally expressed as a sum
of Single-Level Breit-Wigner (SLBW) resonances, with
both symmetric and anti-symmetric Lorenztian func-
tions. In [38], we linked the R-matrix parametrization
of the scattering matrix U(E) to its wavenumber k. ex-
pansion, established by Humblet and Rosenfeld in their
Theory of Nuclear Reactions [5-13]. In this article, we
use this connection to establish the Windowed Multipole
Representation, which is the meromorphic continuation
of R-matrix cross sections in z = /E space, locally ex-
pressing open channels as pole expansions. We build
upon our previous work on such expansions [38, 39], using
the same consistent notation as reference.



A. R-matrix cross section parametrization

R-matrix theory models two-body-in/two-body-out
scattering events interacting with a “black-box” Hamil-
tonian [1-4]. Each pair of possible two-body-inputs/two-
body-outputs, along with all the corresponding quantum
numbers that describe then, constitutes a channel c. It
is assumed that for each channel, the Hamiltonian can
be partitioned into two regions: within an “inner region”
sphere of channel radius a., the many bodies interact-
ing through the strong nuclear forces are considered an
intractable “black-box” Hamiltonian; past the channel
radius a., the “outer region” Hamiltonian is well known
(say Coulomb potential or free-wave). For each chan-
nel ¢, R-matrix theory studies the many-body scattering
event into the reduced one-body system, where the solu-
tion of the Schrodinger equation is a superposition of an
incoming wavefunction I. and an outgoing wavefunction
O., both function of the wavenumber k.. The latter can
be multiplied by the arbitrary (but fixed) channel radius
a. to yield the dimensionless wavenumber

Pc = keac (1>

and we define the corresponding diagonal matrix over all
the channels p = diag (p.).

1.  Wavenumber-Energy mapping

Each wavenumber is related to the total energy E of
the system, which is an eigenvalue of the Hamiltonian in
the reduced center-of-mass frame. In the semi-classical
limit, a two massive particles channel (i.e. not photons)

of respective masses m.,; and m, o will have a wavenum-
ber k. of:

2'rnc,lrnc,Z

ke(E) = \/WW (E - ET.) (2)

where E7, denotes a threshold energy below which the
channel c is closed, as energy conservation cannot be re-
spected (Ep, = 0 for reactions without threshold). In
the same semi-classical limit, a photon particle interact-
ing with a massive body of mass m. i, the center-of-mass
wavenumber k. is linked to the total center-of-mass en-
ergy E according to:

(E—Er) [, N M1
2he (E— Er,) +mc1c?

These two semi-classical limits can be encompassed
within a single relativistic framework as discussed in
equations (4) and (5), section IL.A. of [39]. Because one
must choose the sign of the square root ++/- in (2), these
k.(E) relations engender a wavenumber-energy mapping

plE) «— E (4)
which forms a complex multi-sheeted Riemann surface

with branch-points at (or close to) the threshold energies
Er., as discussed in section IL.A. p.2 of [39].

ke(E) = 3)

2. Transmission matrix and cross section expressions

General scattering theory expresses the incoming chan-
nel ¢ and outgoing channel ¢’ angle-integrated partial
cross section o, (E) at energy E as a function of the
probability transmission matriz T.. (F), according to
eq.(3.2d) VIIL.3. p.293 of [4]:

Too (E) |?

k(E) ®)

UCC/(E) = 47‘1’ng

where the spin statistical factor is defined eq.(3.2¢)
VIIL3. p.293. of [4] as:

N 2J +1

W = L+ 1) (2L + 1) (6)

The transmission matrix is itself derived from the scat-
tering matriz U of the interaction:

A I[ . e—lee—lw

5 (7)

T
where w £ diag (wc) is the diagonal matrix composed of
We = 04,(ne) — 00(ne), that is the difference in Coulomb
phase shift, oy, (n.), which are linked to the phases (argu-

ment) of the Gamma function as defined by Ian Thomp-
son in eq.(33.2.10) of [40] for angular momentum ¢,

o1, (n) 2 arg (T (1+ L. +in.) ) (8)
and dimensionless Coulomb field parameter:

Z1Z5e*Ma
A 142 ale

Note that this transmission matrix (7) definition T, =

800 —e U, e e’

5 is a scaled rotation of the one defined
by Lane and Thomas TCLC‘/&T L Sepete — U (cf.
eq. (2.3), VIII.2. p.292 and eq.(3.2d) VIIL3. p.293 of
[4]). We introduce definition (7) for better physical inter-
pretability, algebraic simplicity and numerical stability.

Unitarity of the scattering matrix entails that
Do [Ocer — e WelJ, e IWer |2 = 2 (1 - R [e’zi““Ucc]),
which in turn leads to the following expression for the
total cross section of a given channel:

R[T(B)]
T B

o.(E) £ ZUCC’(E) = 4mg (10)

In both cross section expressions (5) and (10), the 1/ |k.|*
term links the cross section to the probability of interac-
tion, and expresses the channel reversibility equivalence:

kf, Ocre

= (11)

9Jr gJr,

2
kCO'CC/

The incoming I, and outgoing O, waves are functions
. . A
of the dimensionless wavenumber p. = ack. and are



linked to the regular and irregular Coulomb wave func-
tions (or Bessel functions in the case of neutral particle
channels), defined in eq.(2.13a)-(2.13b) II1.2.b p.269 [4]:

Oc = Hy e ¥ = (G +iF,)e '

. . 12
I. = H_ ¥ = (G, —iF.)e“e (12)

and for properties of which we refer to Ian J. Thompson’s
Chapter 33, eq.(33.2.11) in [40], or Abramowitz & Stegun
chapter 14, p.537 [41]. In polar notation:

H+c = ‘H+c| eid)c

_ 2 2
el = [ViGd + 1 »
£ )
. = arg (H. =2arctan | ————
G = arg (Ho) <H+c| IR

3. R-matriz scattering matriz parametrization

R-matrix theory parametrizes the energy dependence
of the scattering matrix U (F) as:

U = O_1I+2ip1/20_1RL0_1p1/2 (14)

where the incoming and outgoing wavefunctions, I =
diag (I.) and O = diag (O.), are subject to the following

Wronksian condition for all channel ¢, w, £ 021)1‘6 —

Ic(l)Oc = 2i, and where Ry, is the Kapur-Peierls operator,
defined as (see equation (20) section IL.D of [39]):

Ry 2 [I-RL’] 'R=~"Ay (15)

where R is the Wigner-Eisenbud R-matriz [2]:

N
Reo (B) £ ) 28 (16)
=1 A

parametrized by the real resonance energies E) € R and
the real resonance widths yx. € R — of which we re-
spectively build the diagonal matrix e = diag (E)) of
size the number of levels (resonances) Ny, and the rect-
angular matrix v = mat () of size Ny x N, where
N, is the number of channels. The Kapur-Peierls op-
erator (15) is thus a function of R and L° = L — B,
where B = diag (B.) is the diagonal matrix of real arbi-
trary boundary conditions B, and L = diag (L.) where
L.(p.) is the dimensionless reduced logarithmic deriva-
tive of the outgoing-wave function at the channel surface:

a Pe 90,

Lc(pc) 07 ap

(17)

An equivalent definition (15) of the Kapur-Peierls oper-
ator Ry, can be expressed with the level matriz A (see
equations (17) and (18) of section II.C of [39]):

A1 2 e _FEl—-~(L-B)~" (18)

As such, provided with the threshold energies, the
channel radius, boundary conditions, and Wigner-
Eisenbud resonance energies and widths, which we
can collectively call the set of R-matrix parameters

{ETC,aC,BC,EA,%\’C}, one can entirely determine the

energy behavior of the scattering matrix U through (14),
and therefore the cross sections through (5) and (10).

4. Reich-Moore and Breit-Wigner approximations to
R-matrix theory

In practice, many evaluations in standard nuclear data
libraries are carried out with approximations of R-matrix
theory. The most important and common is the Reich-
Moore approximation. It reduces the R-matrix to only
the channels of interest, and accounts for the effect of
all the other channels not explicitly treated by means of
the Teichmann and Wigner channel elimination method
(c.f. [42] or section X, p.299 of [4]). This approximation
is most useful when many channels are eliminated, such
that the effect on the off-diagonal elements of the level
matrix is small, a scenario often encountered in heavy
nuclei. Usually, photon channels (v “gamma capture”)
are eliminated, so that in practice the Reich-Moore ap-
proximation of R-matrix theory [43] consists of adding a
partial eliminated capture width I'y ,, to every resonance
energy E), shifting the latter into the complex plane (c.f.
section IV.A of [39]):

r
ern. 2 diag (EA - 1;7> (19)

The R-matrix (16) without the eliminated photon chan-
nels becomes:

YA, VA ¢!
RC,C’€% im. £ ’ ;
1 ; Ex—i%r —E (20)

i.e. RR.M. = ’)/T (eR,M, — Eﬂ)il Y
and the Reich-Moore inverse level matrix (18) becomes:
Ry Zera —El-v(L-B)y"  (21)

All the other R-matrix expressions linking these oper-
ators to the scattering matrix (14), and therefore the
cross sections, remain unchanged. Practically, the only
consequence of the Reich-Moore formalism is to intro-
duce complex resonance energies (19). In this sense, one
can consider the Reich-Moore formalism as a generaliza-
tion of R-matrix theory, even though it finds its source
in the elimination of intractable channels. It can thus
also be seen as a compression algorithm. Indeed, it is
possible to convert Reich-Moore parameters into stan-
dard R-matrix ones (not complex resonance energies) by
means of the Generalized Reich-Moore formalism, as es-
tablished in [44]. Yet this comes at the cost of introduc-
ing many more parameters, thereby considerably increas-
ing memory requirements. This is because Generalized



Reich-Moore converts the eliminated channels R-matrix
(Ne x N, with ¢ € ~elim.) into a square R-matrix of the
size of the levels (N x N,), and we often have Ny > N,
specially for large nuclides (c.f. [44]).

Also, note that some older evaluations are made in the
Multi-Level Breit-Wigner approximation, which simply
consists of assuming the level matrix (18) is diagonal.
This can be expressed using the Hadamard product “ o
” with the identity matrix as:

Alpgw = A7 ol (22)

Apart from these modified expressions of the level ma-
trix, neither the Reich-Moore nor the Multi-Level Breit-
Wigner approximations have any further incidence on
how to convert R-matrix cross sections to Windowed
Multipole Representation: it suffices to take the corre-
sponding level matrix and proceed as follows.

5. Parametrizing R-matrix cross sections

By substituting the R-matrix parametrization (14) of
the scattering matrix U into the transmission matrix T'
definition (7), and noticing that wavefunction relations
(12) entail % = F', one finds the transmission ma-
trix can be decomposed into the rotated (by a factor of
imaginary i) difference between a diagonal potential ma-

triz D and a full resonance matriz Z:
T=i(D-2)
Z é H;lpl/QRLpl/QH—i—_l
I-Y (23)
2i

A —1lpp
D—H+F—
A& pr-1
Y—H+H_

From cross section expression (5), the transmission prob-
abilities from channel ¢ to channel ¢’ are then the square-
modulus |T,|*. Decomposition (23) expresses this as:

|ch’ |2 = |ch/|2 + |l)c|2 5cc’ — 2R [ch’DZ] (5cc/ (24)

where [ -]" designates the complex conjugate. For the
total cross section (10), it is the real part of the trans-
mission matrix that appears: R [T.] = R[1D.] — R [iZcc]-
Note that D definition (23) entails 2D* =i (I—Y™*) and
|D|> = R[iD], since definition (13) yields

2
| Fel = |D.|* = sin? (¢.) (25)

R[iD] = — < —
i |Gel” + | Fef?

We can thus decompose the cross sections into the fol-
lowing components, all expressed as the real part of some
matrix elements calculable from R-matrix theory:

e Potential cross section (of channel c):

2 R [iD.]

ot (E) = dmg ;s =4mg;

(26)

ke

e Total cross section (of channel c):
R[—1Z..]

O'C(E) 4L Jgot(E) +47Tg,jgr |k |2

o Self-scattering cross section (of channel c):

R [_2ZCC‘D:]

o_scat(E) S Zjlf]'rngr |k |2

C

e Interference cross section (of channel c):

. —1Z.. Y}
O'ént(E) L 47Tngr W

e Reaction cross section (from channel ¢ to ¢):

2
Z cc’

. (30)

cc!

O.react (E) L 477ng

e Partial (angle-integrated) cross section (from chan-
nel ¢ to ¢):

0 (B) £ (02°(B) + 025" (E) ) O + 0225 (E)
_ (O,tot(E) _ Uint(E))(;cc/ ForEat(E) (31)

c c cc’

Writing these expressions as functions of the dimen-
sionless wavenumbers of each channel, p,. £ keae, cross
sections appear as proportional to the area of the chan-
nel radius disc 0.(E) o 4wa?, and the modulation of
this area is linked to both the transmission matrix ampli-
tudes |Toe (E)|* — which exhibit the resonance behavior —
and the 1/k? wavenumber effect that dominates the total
cross section close to the zero-energy threshold.

B. Kapur-Peierls operator pole expansion in
Siegert-Humblet radioactive states

The first step towards the Windowed Multipole Rep-
resentation consists of performing the pole expansion of
the Kapur-Peierls operator Ry into what are called the
Siegert-Humblet radioactive states [45-49]. We here sum-
marize this process for the usual case of non-degenerate
solutions, and we refer to sections II and IV of [38] for a
detailed study.

The radioactive states problem consists of finding the
poles {&;} and residue widths vectors {r;} of the Kapur-
Peierls operator Ry, that is solving the following gener-
alized eigenvalue problem [45-49]:

RN (E)|p_g =0 (32)

where the residue widths vectors {r;} are subject to the
following normalization:

-1
(5

) r;=1 (33)
E=E;



which can be calculated using

OR;! _ OR™! oL

(34)

if the R-matrix R is invertible at £;, whence

IR —1.T -2 _ -1
(E)=—-R"'v (e—EI) 7R (35)
OF
If the R-matrix R is not invertible at &;, these
radioactive poles {&;} and  radioactive  widths
T .
{rj = [rj’cl, N ,rjﬁNc] }7 jointly called

the Siegert-Humblet parameters, can be obtained by
solving the level matrix A radioactive eigenproblem:

ATN(E)| peg, @ =0 (36)

where the eigenvectors a; are subject to normalization:

0A~!
T _
a; < 57.> a; =1 (37)

which is readily calculable from

DA~ oL . .
5E (&) =-1 —Vﬁ(gj)v

(38)

The level-matrix residues widths vectors are then linked
to the radioactive widths by the following relation:

rj =~"a; (39)

The radioactive energy poles are complex and usually
decomposed as:

T.
& 2 E;— igj (40)

It can be shown (c.f. discussion section IX.2.d pp.297-
298 in [4], or section 9.2 eq. (9.11) in [5]) that funda-
mental physical properties (conservation of probability,
causality and time reversal) ensure that the poles re-
side either on the positive semi-axis of purely-imaginary
k. € iRy — corresponding to bound states for real sub-
threshold energies, i.e. E; < Ep, and I'; = 0 — or that
all the other poles are on the lower-half k. plane, with
I'; > 0, corresponding to “resonance” or “radioactively
decaying” states. All poles enjoy the specular symmetry
property: if k. € C is a pole of the Kapur-Peierls op-
erator, then —k¥ is too. Additional discussion on these
radioactive poles and residues can be found in [4], sec-
tions IX.2.c-d-e p.297-298, or in [45-49].

For our purpose of constructing the Windowed Multi-
pole Representation for R-matrix cross sections, the key
property of the radioactive states is that they allow, by
virtue of the Mittag-Leffler theorem [50, 51], to locally de-
compose the Kapur-Peierls operator into a sum of poles
and residues and a holomorphic entire part Holg, (E), in
the neighborhood W(E) (vicinity) of any complex energy

E € C away from the branch points (threshold energies
Er.) of mapping (4):
RL(E) "iTi | Holm, (E)  (41)
= O
L wE) E-¢; Re

Theorem 1 of [38] presents the branch structure of the ra-
dioactive poles £; on the Riemann surface of the energy-
wavenumber mapping (4). We also show that when solv-
ing in dimensionless wavenumber space p., there are Np,
number of solutions to the radioactive problem (32). In
the case of massive neutral particles (neutrons and neu-
trinos) we have

N.
Ny = <2N,\ + Z£C> > 2(NETC¢ETC/ -1) (42)

c=1

where Ng, xp,  denotes the number of channels with
different thresholds. For charged particles, there is an in-
finite number (countable) of radioactive poles: N = co.
In essence, this is because for each different sheet of

the energy-wavenumber mapping (4), of which there are

N - . . .
2( ETe 7P, 1), the R-matrix contributes 2Ny poles in

wavenumber space (each resonance energy E) yielding
two p.(E) space poles), and in addition each pole of the
reduced logarithmic derivative L.(p.) yields another ra-
dioactive pole in p. space (c.f. theorem 1 of [38] for more
detailed discussion).

Be that as it may, radioactive poles usually have the
following characteristics (as can be observed in table I for
the case of xenon 134Xe as well as in TABLE I of [38]):
for each resonance energy E) there are two radioactive
poles nearby, usually on opposite sheets, close to but not
exactly the specular symmetric of one another across the
imaginary axis in wavenumber p. space (i.e. near oppo-
site complex conjugates); moreover, for each root w,, of
the outgoing function O.(p.), there is a radioactive pole
nearby. Often, only one of the two radioactive poles &;
close to the E) is responsible for most of the cross sec-
tion resonance behavior, while all the other radioactive
poles are more akin to non-resonant “background levels”,
though they are still necessary to fully describe the cross
section.

A critical property of the radioactive poles &; is that
these are exactly all the poles of the scattering matrix
U(E) (proof in theorem 3 of [38]). From decomposition
(23), this entails that the transmission matrix readily
admits the following Mittag-Leffler expansion:

T
TjT<

T(EF) = -—i —2_ | Holyp(E 43

B) ooy L g gy PHRB) (@)

where the residue width vectors are obtained by evaluat-
ing the functions in (23) at the pole values:

i =H{"(&)p'? (&) 7; (44)



C. Transmission matrix 7" and resonance matrix Z
expansions in square root of energy z-space

Though energy E-space expansion (43) is correct, we
will nonetheless also introduce expansions in the square
root of energy z-space:

22 VE (45)

We do this to better express the behavior of massive par-
ticles (not massless photons) near the zero-energy thresh-
old, and in order to perform analytic Doppler broaden-
ing of massive particles. Indeed, for the zero threshold
Er, = 0, the wavenumber of massive particles is simply
proportional to the square root of energy: k o« z. Hwang
noticed this entails a remarkable property: for neutral
particles without threshold, the Kapur-Peierls operator
Rp(z) is a rational function of z (c.f. [21]), and therefore
the radioactive problem (32) can be completely solved
using polynomial root finders (c.f. section IIF).

The general Mittag-Leffler expansion (41) of the
Kapur-Peierls operator in z-space is

R B RJFLT
AONS 2 —

p;j

+ Holg, (2) (46)

where square root of energy z-space poles are

pi = VE (47)
and the residue widths are connected to the poles as:
Tj
K; =
] 2;

This is readily obtained from previous FE-space expres-
sions using partial fraction decomposition of simple poles:

>

(48)

T T
rj ’I‘J 5 ’I"J

ity 2E, NG
E-&  VE- \f VE +./€;

The poles p; come in opposite pairs (pj+ = +4/&; and

p; =/ &;), and the corresponding residue widths are
thus rotated by +7/2 (multiplication by =i): 2

b]
ri/\/2p; = —ir;/ 2pj. The same 7; is shared by both
poles p;L and p;, so that KjKj — ktrT

Alternatively, Mittag Leffler expansion (46) can also
be directly obtained by solving the radioactive problem
in square-root-of-energy z space:

R;'(2)|,_ k;j=0 (49)

Z=Dpj

where the residue widths vectors {k;} are subject to the
following normalization:

-1
(%

) kj=1 (50)

which yields relationship (48) (from z = v/E), and can
be calculated directly using

OR;! _OR! 1 0L

Z=DpPj

where R is invertible at z-space radioactive poles {p;} as

OR™!
0z

(2) = —2:R'4" (e = 2°I) AR™'  (52)
and where the partial derivatives %—f(pj) can be derived

from the Mittag-Leffler expansion of L(p) established in
theorem 1 of [39]:

p dp
—lis el 53
7; P= (p— wn)2 0z %3)

where {w,, } are the roots of the O.(p) outgoing wavefunc-
tions, also roots of H; .(p) from (12): Vn, Hy (w,) = 0.
For neutral particles, there are a finite number of such
roots, reported in TABLE I of [39].

Equivalently, we can solve for the level matrix A ra-
dioactive problem in z-space:

A 2)|,_ a;j=0 (54)

z=pj

. . A . . . .
with eigenvectors o; = \/azjf subject to normalization:
Pj

oAt
ajT < 92 Z_pj) Qg = 1 (55)

which is readily calculable from

0A~1 oL
W(Pj) =—221— ‘Ya(pj)’YT (56)

The level-matrix residues widths vectors are then linked
to the radioactive widths by the following relation:

ki =7 a; (57)

Regardless of the method deployed to obtain (46), the
latter entails the following Mittag Leffler expansion for
resonance matrix Z

26) - S U w9

W J—
(2) i1 Z—=Dj

Where the residue widths are connected to the poles as:

T
Cj:\/%
=H."(pj) p"? (p;) - k5 (59)
=H."(p;) p"* (p;) T;pj



This links back to the transmission matrix Mittag Leffler
expansion (43), which in z-space entails:

T(z) = —
@) oo

T
iy 243_74} + Holp(2) (60)
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This transmission matrix Mittag Leffler expansion (60)
corresponds to the Humblet-Rosenfeld scattering matrix
expansion in equation (1.54) section 1.1.4, p.538, of [5],
where they denote the holomorphic (entire) part Holr(2)
as Q(k). As they discuss, the natural variable for this
non-resonant part is indeed the wavenumber k.. Equa-
tions (60) and (59) thus explicitly link the residues of the
Humblet-Rosenfeld expansions to the Wigner-Eisenbud
R-matrix parameters. Unfortunately, there exists no sim-
ple general method to express the expansion coefficients
of this entire part directly from R-matrix parameters.

D. Hwang’s conjugate continuation

The Windowed Multipole Representation is essentially
an analytic continuation of R-matrix cross sections into
the complex plane, in z-space. R-matrix cross sections
(5) and (10) are the square moduli and real parts of the
transmission matrix T, (F) and the wavenumber k.(F),
yielding real cross sections. Yet one can analytically con-
tinue these cross sections by performing the conjugate
continuation of all R-matrix operators, which consists of
taking the value of the modulus and real parts on the real
axis z € R, and continuing them to the complex plane.
This was the key insight introduced by Hwang in [21].

For any meromorphic function f(z), we define its con-
tinued conjugate f*(z) as:

fr(z) & f) (61)

As such, the continued conjugate real part is defined as

Reons [7(2)) & TS D (62)
and the continued conjugate square modulus as
[ Fleons (2) 2 £(2)  £(2) (63)

These are meromorphic complex functions: Reonj [f(2)] €

Cand |f \ionj (z) € C. They are the analytic continuation
to complex z € C of the real part and the square modulus,
which they match on the real axis z € R. Consider a
meromorphic function f(z) with simple poles and Mittag-

Leffler expansion

f(z) e Z &

Z— Py

+ Z anz" (64)

n>0

Its continued conjugate square modulus is thus

r
J —|—§ anz"

2 j—
|f|conj (Z) W_(z) Z -

—pj
>1 >0
’ ! (65)
r*
J * N
X
DR
j=>1 J o n>0

The unicity of poles and residues entails all the poles
of |f|§Onj (z) are the poles p; of f(z) and their complex
conjugate pj. By evaluating the corresponding residues,
one finds the following Mittag-Leffler expansion for the
conjugate continuation:

*

|f|3onj (Z> W:(z) Z . f(pj) + Tj ' f(l?k]) + Z cnzn

Z—p; z—pt
=1 Dj p;

where

. é?R Zanikal’;+2z ry- [f(p 7a/n:| (67)
k=0

;)
i1 Pi

which can be obtained by developing (65) and applying
Cauchy’s residues theorem to (66) with contour integra-
2
tions of % . In (66), one recognizes the remarkable
property that the continued square modulus can be ex-

pressed as a continued conjugate real part

R Z cnz2" (68)

ZP; n>0

2
|f|conj (Z) W:(z) §RCon_]' Z

i>1
with

7 =20 f(p))" (69)

Therefore, by using Hwang’s conjugate continuation,
one can express all R-matrix cross sections as the contin-
ued conjugate real part of conjugate continued R-matrix
operators: this is the key to converting R-matrix cross
sections to Windowed Multipole Representation.

E. Windowed Multipole Representation

The Windowed Multipole Representation is the ana-
lytic continuation of the pole expansion of R-matrix cross
sections. For open channels (energies above thresholds
E > Er.), the energy dependence of R-matrix cross sec-
tions — described by equations (5) and (10) — is expanded
along the real energy axis £ € R, and the correspond-
ing expressions are analytically continued to all complex
energies £ € C. The Windowed Multipole Represen-
tation can thus be seen as a generalization of R-matrix
cross sections to the complex plane, for open channels,
as shown in figure 1. As such, windowed multipole cross
sections only match R-matrix cross sections for real en-
ergies above the channel threshold: E > E7,.



1. Windowed Pole Representation: Transmission matrix
approach

The most straightforward approach is to consider the
transmission matrix T'(E) Mittag-Leffler expansion (43),
and apply Hwang’s conjugate continuation in energy
space, which yields:

) ~
T (B) i, Reom | 35— + Holzpa ()
7>1
(70)
where we use the Hadamard product “ o ” to express the

residues as:
2277 oT () (71)

Thus, for real energies with open channels, the partial
and total cross sections can be expressed respectively as

4rg - —1[75] 0
O () = —=Reoms ———< + Hol E
( )W(E) ko (B))? ; E—¢ 2 (B)
(72)
and
; T
dmtg e -1 [Tj"'j }
0.(E) = —=Reom ————=< + Holr(F
)T framp | 2 T Eg, o)

(73)
Expressions (72) and (73) are general, they apply to any
cross section described by R-matrix theory (be it massless
photons or massive charged or neutral particle channels).
They are local expressions, only valid on the neighbor-
hood W(E) of any given energy E away from the thresh-
olds (branch points Er. of (4) mapping), though this
neighborhood can be as large as the distance between
thresholds (for more discussion on this point, we refer
to the penultimate paragraph of section IL.D in [38]).
They reflect the fact that two physical phenomena dic-
tate the behavior of R-matrix cross sections: resonances
and thresholds.

Away from threshold energies E7, — the branch-points
of wavenumber-energy mapping (4) — each resonance can
be accurately represented by a Single-Level Breit-Wigner
(SLBW) profile in energy space E, that is the combina-
tion of symmetric and anti-symmetric Lorenztian func-
tions. These are made evident by recalling definition
(40), which splits the radioactive poles into real and
imaginary components &; £ E; 1; , and noticing that
each resonance of the Wlndowed Multipole Representa-
tion (72) can be expressed as:

a+ ib (E - E,) 2
§R =a T2 b 2
{E—fj} (E-E)*+ % " (E—E;)*+ %74)

The sum of resonances is complemented by the holo-
morphic background term Holr, and modulated by the

X E)|2 term. This illustrates the fact that the wavenum-
ber k. dominates the behavior of R-matrix cross sections
near thresholds Er,, where k. — 0. Moreover, the holo-
morphic (entire) part is itself more naturally described
as a function of the wavenumber k. rather then the en-
ergy: Holr(k), as explained by Humblet and Rosenfeld
through equations (1.64) and (1.67) section I1.1.4, p.539-
540, of [5]. The threshold behavior of R-matrix cross
sections was detailed by Wigner in [52]. Depending on
the angular momenta ¢ and ¢ and the charges of the
particles, reaction and scattering cross sections either:

a) have threshold behaviors in powers of k. S ), where

N, 0) € Z is some integer depending on the differ-
ent angular momenta, but never smaller than negative
two (N(£,¢') > —2); or b) in some cases of Coulomb
repulsion, modulate this with an exponential decay
exp(—a/k.) with some real positive a > 0 (see section
IIT of [52] for more details). This means we can repre-
sent in all generality the threshold behavior as a Laurent
expansion around the threshold: o e Yoo ankl.

c

By thus expressing the threshold behavior explicitly,
we can constitute the Windowed Multipole Representa-
tion of R-matrix cross sections:

/ 1 <!
o (E) & ar’ kIN(E) + =Reonj J
( )W(E)n;Z ( ) E con) ;E_gj
(75)
and
E) 2 cEM(E 13% 1
06,5, T e oo |2 5
(76)

where the residues are obtained by evaluating at the pole
values as:

~ 47TgJ7r5
A
i= [T ]cc’ (77)
P kP
and
47rgJ1r€
J |]€ ( )| |: 2% }cc ( )

Equivalently, the Windowed Multipoles Representa-
tion can be carried out in square root of energy z-space,
in what constitutes theorem 1.

Theorem 1. WINDOWED MULTIPOLE FORMALISM

Let &; be the energy-space poles of the Kapur-Peierls op-
erator Ry, defined in (15), and let z 2 \/E be the square
root of energy. The energy dependence of R-matriz cross
sections can be exactly expressed as a Laurent expansion
in wavenumber k., of order no less than k2, plus the
conjugate continuation real part (62) of a sum of energy-
space resonances with poles £;, which in z-space yield

pairs of opposite poles p; = £./&;, so that partial cross



sections (5) take the Windowed Multipole Representation.:

’
~ce
T

NCCI n 1 j
oo (2) 2 Z ast k! (z)+?§Rconj Z J

2 — D
W(z) n>—2 i1 P

(79)

and the total cross section (10) takes the form:

Za

where the partial residues can be constructed from R-
matrix parameters as:

C

1 r
+ 5 Reon > (80)

P
> 2 TP

ed! Amg = p? *
cc & 73 * 81
e i 2:G¢feT ()] 6D
and the total residues as
47T9pr
r§ 2 j——f [CJCJ] (82)

ooy

where the (; residue widths vectors are linked to the
Kapur-Peierls operator Ry poles and residues through
relations (59).
Alternatively, the residues can be numerically obtained

through Cauchy’s residues theorem contour integrals

e 1

¢ = =P '22066/(z)dz (83)

Pj

where &, designates a positively oriented simple closed
contour containing only pole p;. For instance, if €, is a
circle of small radius € > 0 around pole p;, this yields

2m
€ 19 2 0\ i
ri = = /9_0 (pj + ee“g) O (pj + ee 9) e?do (84)
In order to perform these contour integrals, R-matriz
cross sections (5) and (10) must have been meromorphi-
cally continued to complex energies by means of conjugate
continuations (63) and (62) respectively.

Therefore, by solving the radioactive problem (32) — or
level-matrix one (36) — to find the poles £; and residues
r; of the Kapur-Peierls operator (respectively p; and k;
from (50) or level-matrix equivalent (54) in z-space), we
can compute the transmission matrix residues 7; from
(44) and the conjugate continuation ones 7; from (71)
(respectively ¢; from (59) in z-space), to find the poles
and residues of the Windowed Multipole Representation
of R-matrix cross sections, through equations (75), (76),
(77), and (78); or respectively equations (79), (80), (81),
and (82) for z-space.

2. Windowed Pole Representation: potential and resonance
matrices approach

The transmission matrix approach is exact, but it
has three drawbacks: 1) it is not simple to interpret
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FIG. 1. Windowed multipole representation of R-matrix cross
sections: 2*%U total cross section (minus potential scatter-
ing) meromorphic continuation into the complex z-plane, for
2 = +VE in (\/W) This surface’s crest and thalweg line
along the real axis is the R-matrix cross section above the zero
threshold. FIG. 1(b) shows the resonance peaks are the sad-
dle points between the complex conjugate poles. Negative z
in FIG.1(b) are on the shadow branch {E, —} of mapping (2).
The black circle in FIG.1(c) represents the contour integrals
around the poles of the complex cross section which enable
both conversion to windowed multipole covariances (theorem
2) and analytic Doppler broadening (theorem 3).

physically; 2) it does not give us information on the



“background” behavior (non-resonant Laurent expansion
Y n>_o ankl); 3) it can be numerically unstable. Decom-
position (23) of the transmission matrix helps us separate
the cross sections into parts we can interpret physically:
the potential cross section o?°" has no resonances (26);
the reaction cross section o'¢#* has all the resonances
(30); and both the partial cross section o from (31)
and the total cross section o, from (86) also have inter-
ference resonances from the real part of the resonance
matrix Z. This means all the resonances of R-matrix
cross sections can be recovered from the resonance matrix
Z Mittag Leffler expansion (58). Applying Hwang’s con-
jugate continuation method to construct the Windowed
Multipole Representation then yields:

e Potential scattering cross section (of channel ¢):

. R [iD.
2% (E) e Amg s li 2}

(85)

e Total cross section (of channel ¢):

C

re
CTC(Z) £ pOt( )+ §Rcon_} ZZ jp +Z bckn

W(z) >1 n>—2

(86)
where the total residues 7§ are defined in (82).

o Self-scattering cross section (of channel c):

1 scatrc
o_scat(E) - —R. . Z J + Z & k_n
c o Jlconj
W(z) 2 SicD e
(87)
with scattering residues:
AT g sz p3
scaty.c & - [ oD (p } Ocer 88
P T GG P B e 8

e Interference cross section (of channel c):

) 1 mt,rc
OM(E) = S Reonj [ D, | + Y dokl(2)dcc
c 2 conj . CC
W(z) 2z SiED S
(89)
with interference residues:
. 47TgJ p [
int,.c A : J T
2 A G oY ()] b (90)
! ke (p;)]?

e Reaction cross section (from channel ¢ to ¢’):

’
react 1 E :reaCtTJQC 2 : Tec 1n
Occ! (Z) W:(z) ;%Col’lj Z—p; + bn kc (Z)
j>1 J n>—2

(91)
with reaction residues:

react,.cc’ A 4 g‘] p]

L s

2], o
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e Partial (angle-integrated) cross section (31) (from
channel ¢ to ¢):

e (B) = (o2°H(5) + 2 (B) )3 + 05 (B)

= (ot (B) — o () ) ducs + 0223 (B)

Noticing that —iT* = Z* — D*, this entails the
partial residues 75¢ from (81) are connected to the
total residues ré from (82), the reaction residues

react scat .c

" from (92), the scattering residues T

from (88), and the interference residues ™7 from
(90), according to:

~ce! /
r;c rcactrjcp scat 7,;
react,,cc’ c _int .c (93)
= r;o 4+rs — T

J

Total cross section decomposition (86) is simpler to
interpret physically than expression (82) directly derived
from the transmission matrix, because the potential cross
section oB° is extracted from the background Laurent
expansion: Zn> 5 a5, 2". The same holds for the partial
cross section (79), where the residues decomposition (93)
untangles the direct expression (81) from the transmis-
sion matrix approach. Though mathematically equiva-
lent, some of these approaches may be more numerically
stable than others.

Importantly, we do not need the poles of the potential
matrix D to express the partial and total cross sections.
This is because any such poles (the zeros of H,) can-
cel out of the scattering matrix (14), and therefore of
the cross sections. Before we proved this result in the-
orem 3 of [38], Hwang had to explicitly decompose the
potential cross section o£°' into poles and residues in
eq. (1) and (2) of [24] (also in eq. (3) and (4) of [25]),
with severe numerical instability implications which he
attempted to remedy by introducing pseudo-poles in [23].
We now known that under proper analytic continuation,
these spurious poles have zero residues in the transmis-
sion matrix, and thus cancel out of the partial and total
cross sections.

3. Pole expansion: R-matriz construct or rational fit

So far, we have constructed the transmission matrix
Mittag-Leffler expansion (60) by first solving the radioac-
tive states problem (49) and then obtaining the trans-
mission matrix residues from those of the Kapur-Peierls
operator, through (59). One could dispense of the inter-
mediary steps and find the radioactive poles {p; } directly
through the transmission matrix by solving the general-
ized eigenvalue problem

T(2)],_, ¢ =0 (94)



and subjecting the residue widths vectors {¢;} to the
following normalization:

oT—1
¢ ( o )Cj =1 (95)
Z=pj

Though mathematically equivalent, this all-in-one ap-
proach can nonetheless be prone to numerical instabil-
ities. Which leads us to the question of how to nu-
merically solve the generalized eigenproblems - either
the radioactive ones (49) or directly (94). On this is-
sue, we direct the reader to the section of theorem 1
in [38] for a more detailed discussion, in particular on
the multi-sheeted nature of the Riemann mapping (4),
which can complicate the search for solutions. We will
here simply state that these are nonlinear eigenvalue
problems, and general algorithms to solve them can be
found in the Handbook of Linear Algebra [53], chap-
ter 115. One such algorithm is the Rayleigh-quotient
method, used by Brune to find alternative parameters
in [54]. Alternatively, it is sometimes more computa-
tionally advantageous to first find the radioactive poles
{p;} directly by solving the channel determinant prob-

lem, det (Rzl(z)| _pv) = 0, or the corresponding level
#=Pj

determinant one, det (A_l(z)’z_pv
-

solve the associated eigenvalue problem (which is now
linear), or even to directly evaluate the residues at the
found poles by contour integrals (83) and (84). Such
methods tailored to find all the roots of the radioactive
problem where introduced in [29], in section 5 of [36], or
in equations (200) and (204) of [55]. Also, solving the
Kapur Peierls radioactive problem (49) will be advanta-
geous over solving the level matrix one (54) when the
number of levels N, far exceeds the number of channels
N,, and conversely.

Rather than starting from the Wigner-Eisenbud R-

matrix resonance parameters {ETC,aC,BC,EA,'yA,C} to

) =0, and to second

construct the Windowed Multipole Representation poles
p; and residues chl and 7§ as (81) and (82), an al-
ternative approach is to simply curve-fit the point-wise
energy-dependence of nuclear cross sections o..(E) with
the corresponding Windowed Multipole Representation
forms (79) and (80). For instance, this approach was
successfully deployed in [37] and in [30], where using the
“black-box” rational function approximating algorithm
called “vector-fitting” [56, 57] led to finding the exact
resonant radioactive poles {p;} of 160, for which no res-
onance parameters were published [30]. This conversion
of point-wise R-matrix cross sections into windowed mul-
tipoles representation approach was generalized to most
of the nuclides found in the ENDF/B-VIIL.1 nuclear data
library [58, 59], and could potentially be facilitated by
recent advances in rational approximation algorithms —
such as RKFIT [60] or AAA [61].
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4. Windowing process: Laurent background fit

Regardless of the method deployed to find the poles
{p;} and their corresponding residues, there exists no
general way to construct the thresholds Laurent expan-
sions, > o 5 anke(2)™, from the R-matrix parameters.
One must thus select an energy window W(FE) and curve
fit the background Laurent expansion ) o ,anke(2)"
by subtracting the resonances, that is the poles contri-
bution } ey (x) Zi—]pj Nonetheless, there is a difficulty
as to which such poles one should include explicitly into
the window. It is not necessary to explicitly call all the
poles {pj} for each window W(FE), rather the contribu-
tion of far-away poles is best curve-fitted and included in
the Laurent expansion ) . ,anke(2)™. The criterion
used to decide which poles {p;} to include within each
window is to select an accuracy bound for the Doppler
broadened cross section, and include in window W(E)
all the poles whose Doppler broadened resonances have
a significant impact on the cross section within that win-
dow. Thus, the greater the maximum temperature, the
more far-away poles have to be included to compute the
cross section within window W(E). Once the contribut-
ing poles (after Doppler broadening) have been found,
we subtract them from the zero-kelvin cross sections
and curve-fit the difference with a Laurent-expansion
Y n>_oankc(2)". More detailed explanations on this
windowing process can be found in [26-28].

Though the background Laurent expansion must be
numerically fitted, and that the resonant poles them-
selves may be accurately found using rational approxima-
tion “black-box” algorithms, it is critical to understand
that the Windowed Multipole Representation (79) and
(80) is not a curve-fitting approximation: this is a rigor-
ous representation, mathematically and physically equiv-
alent to the exact R-matrix theory cross sections (for
real energies in open channels), or the Humblet-Rosenfeld
pole expansions in wavenumber space. This can be tested
by curve-fitting in £ and k. space, both the resonances
and the background Laurent expansions. One will notice
that the E-space Breit-Wigner profiles (74) capture ex-
actly one-for-one the resonance behavior. However, the
threshold behaviors are not well represented by the F
variable: while few coefficients suffice to reach high ac-
curacy using Laurent expansions in k. (usually no more
than a_s, a_1, ag, and a;), many more expansion coef-
ficients are necessary when fitting the background with
Laurent expansions with powers of E.

Finally, remember that for non-massless particles,
wavenumber-energy mapping (2) entails that: k2 o
2?2 — Er,. Thus, for zero-threshold reactions (Er, = 0),
we have a direct proportionality k. o« z. In order to
achieve closed-form Doppler-broadening expressions, we
may be willing to sacrifice the physically accurate Lau-
rent expansion in k., and replace it with an approxi-
mation in powers of z — that is a Laurent expansion
Y n>_oGnz™ — plus rational Padé-type approximations



with simple poles — that is adding non-physical pseudo-
poles — so as to approximate the exact threshold be-
havior »° - ,ankc(2)" with powers of z and pseudo-
poles D" o o an2"+3 < Zfﬁ. Runge’s theorem guar-
antees such approximation can always be performed to
high-accuracy, though this is often costly, as many more
pseudo-poles and Laurent expansion coefficients have to
be introduced. Nonetheless, this approximation will have
advantages when Doppler-broadening massive (not mass-
less photons) particles (both charged and neutral), and it
also provides a unified Windowed Multipole formalism:

rj

1
a(z) Wie) Z anz™ + zfQ%conj Z (96)

> — D
n>—2 j>1 Pj

In addition to the residues (83) and (84) of theorem 1, one
can now also obtain the Laurent expansion coefficients by
means of contour integrals:

T 1
a—g = Reonj L — z-0(z)dz
_;pj 2T Je,
; 1
a—1 = §Rconj Z% + — U(Z)dz (97)
=i AT e

. 27
1 a(z) dz 1 / J(eeie)e_inedﬁ
0

" n>0 2im fg, 271 2me™ Jo—o

where € designates a positively oriented simple closed
contour containing only pole 0, for instance a circle cen-
tered at zero with small radius € > 0. Relations (97) are
obtained by performing partial fraction decomposition:

1oy _n—/ﬂ 1 11%}

2 . 2 . 2
z%z —pj Dy zZ—pj z z

Therefore, converting R-matrix cross sections to the
unified Windowed Multipole Representation formalism
(96) is conceptually simple: it suffices to solve for the
z-space poles {p;} of the A level matrix (18) — that is
radioactive problem (54) — and then perform contour in-
tegrals (84), (83) and (97) on the continued conjugate
(61) R-matrix cross sections (10) and (5) to find their
residues and Laurent expansion coefficients.

Henceforth, we will only treat this unified Windowed
Multipole Representation formalism (96): it is physically
exact for any R-matrix cross section of zero-threshold,
and an approximation of the exact Windowed Multipole
representations (79) and (80) only in windows that in-
clude non-zero thresholds.

F. Hwang’s special case:
zero-threshold neutron cross sections

There is one special case where it is possible to fully
and explicitly convert R-matrix parameters into their ex-
act windowed multipole representation (96), without any
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need of curve-fitting or truncating the Laurent expan-
sion: this is the case of neutron cross sections with no
thresholds, which Hwang first investigated in [21]. In
this case, because all channels have zero energy threshold
(Er, = 0), every channel’s wavenumber is proportional
to the square root of energy, k. o z, we can therefore
write the dimensionless wavenumber as:

Pc = Poc " %

2mc,1m072 (98)

Qe | 75
\/(mc,l + mc,2) h2

Moreover, there are no branch-points to mapping (2)
other than zero, so that the Windowed Multipole Repre-
sentation (96) is exact and valid everywhere for positive
energies E > 0: the Laurent development ) . ,ap2"

(1>

Poc

at zero accurately describes the threshold behavior (as
there is no exponential dampening from charges). Be-
cause there are no charges, the dimensionless Coulomb
field parameter (9) is null, 7. = 0, so that the difference
we = a4, (ne) — 00(ne) in Coulomb phase shift (8) is such
that we always have e“s = 1. From this, definitions (12)
entail that the incoming and outgoing wavefunctions are
then simply the H_ and H; combination of regular and
irregular Bessel functions:

O(p) = Hy(p) = G(p) +1F(p) = p (=ye(p) +ije(p))
I(p) = H-(p) = G(p) —iF(p) = p(—ye(p) — ijz(P)() :
99

where jy(p) is the spherical Bessel function of the first
kind, and y,(p) is the spherical Bessel function of the sec-
ond kind, respectively defined in chapter 10, eq.(10.47.3)
and eq.(10.47.4) of [40], or in chapter 10, eq.(10.1.1) of
Abramowitz & Stegun [41]. This in turn entails the re-
markable property that the reduced logarithmic deriva-
tive (17) of the outgoing-wave function L(p) is now a
rational function (that is the ratio of polynomials) in p,
whose expressions, along with those of O(p), are reported
in TABLE I of [39], and we refer to section II.B of [39]
for a more detailed description of these functions.

1. Solving the radioactive states problem:
polynomial rootfinding

Crucially, in this special case of only neutron channels
without threshold, the fact that L(p) is now a rational
function in z entails that (15), the Kapur-Peierls operator
Ry, is also a rational function in z-space. Therefore, the
radioactive problem (49) itself becomes that of finding
the roots of a rational function. We solve the radioactive
problem through the level matrix approach (54), where
the residue width vectors are normalized as (55), which
we can calculate through (56) where the partial deriva-
tive (53) is now simply % = po. from (98). The key is
now to find the radioactive poles {pj} in z-space. We can
do so by solving for the roots of the inverse level matrix

(18) determinant: det (A_l(z)’Z:p) = 0 . Since this



determinant is a rational function in z, one can find all
its zeros by expressing it in irreducible form, and solve
for all the roots of the numerator polynomial. This can
be accomplished by developing the determinant and ap-
plying lemma 3 of [39] on diagonal divisibility and capped
multiplicities, in an analogous fashion as in the proof of
theorem 3 in [39], to which we point for more detailed
explanations. More precisely, one can see in TABLE I

of [39] that Li(p) = 22

with simple poles, with a denominator g¢(p) of degree
¢ and a numerator usq1(p) of degree ¢ + 1. The poly-
nomial factor Q(z) that makes the denominator of the
det (A7) (z) rational function irreducible can then be
found by applying lemma 3 of [39] on diagonal divisibil-
ity and capped multiplicities, yielding

Nec
92 [[aw(®)
c=1

so that for only neutron channels without thresholds,
finding all the radioactive poles {pj} is akin to solving
for all the roots of the following polynomial:

Q(2) - det (e — 2°1 — v (L(z) — B)~")]

is a proper rational function

(100)

=0 (101)

Z=Dpj
The degree of this polynomial, and thus the number of
(complex) roots {pj}, is

N,
Ny = 2N, + Zéc

c=1

(102)

which is a particular case of the general number of ra-
dioactive poles Ny, we stated in (42) (and proved in the-
orem 1 of [38]), but with only one threshold, Er, =
0, so that the number of different thresholds is one:
NETC75ETF, =1.

In the simple case of Multi-Level Breit-Wigner approx-
imation (22), the diagonal level matrix AI\_/H{BW greatly
simplifies the radioactive states eigenproblem (54): it is
now diagonal and the poles {p;} are the roots of:

N.
BEx—p] =Y e (Lelps) = Be) = 0 (103)
c=1
We then have [fs:j/iﬂ sw ~T |:an}:| gy Y Where

normalization (55) entails

-1

2 +Zc l’yAC@z(p))
(104)
This approach will yield the same results as those in [62].
Interestingly, besides adding the spurious poles {wn}
of the potential cross section o2 (eq. (1) and (2)
of [24] or eq. (3) and (4) of [25]), Hwang also ac-
counted for too many {pj poles, in eq. (35a) section

[O‘J'O‘JT'] vLpw — 4128y, (
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IIL.A, p.197 of [21]. This is for two fundamental rea-
sons: 1) lemma 3 of [39] on diagonal divisibility and
capped multiplicities means Hwang’s qg(\/E) functions
can be taken out of his product in equation (36) of
[21]; 2) these same q¢(vE) functions are not the same
as our ¢u(p) functions, which are the denominator of
Ly(p). Instead, Hwang’s q,(v/E) functions are the de-
nominator of the penetration Py(p) and shift Sy(p) func-
tions — defined as L¢(p) = Se(p) + iPs(p) in (29) of
[39] where a thorough and in-depth study of these func-
tions is undertaken — and these denominators are differ-
ent from the denominator of L,(p), as we show in ta-
ble IIT of [39]. In essence, this is because by writing
Lo(p) = Se(p) + iPs(p), the denominator is brought to

its squared modulus: Ly(p) = %W,

longer its irreducible form, and which therefore doubles
the number of L,(p) poles by introducing superfluous
complex conjugate poles from g¢;(p). These superfluous
poles have always been overlooked until now, recent ex-
amples are eq. (9) and (10) of [62], eq. (1.7.28) of [63],
or eq. (2.29) p.75 of [64], where they count them to find
Np = 2N, +2 Zi\il L., which is actually the number of
alternative analytic poles Ng we establish in eq. (49)
theorem 3 of [39], instead of the correct number (102) of

radioactive poles N, = 2N + Z
in theorem 1 of [38].

Because polynomial root-finding is no simple endeavor
— see [29] or [64] for methods applied to the radioactive
problem (101) and see [65-78] for more general methods
— searching for the wrong number of poles (in particular
too many) can have dire numerical consequences. For
instance, Hwang explains in [21] how he had to go to
quadruple precision in this code “WHOPPER”. He was
finding the poles one by one using a Newton-Raphson
method, and then removing them to search for the next
pole. But once he had eliminated all the true poles, he
was still searching for additional ones which did not actu-
ally exist. Numerically, though, one can never fully can-
cel out a pole, and thus will always find fictitious poles
in the immediate vicinity of the cancelled ones. This
is exactly what happened to Hwang, and why he had
many spurious poles clustered around the non-resonant
Ny ones. Hence knowing the correct number Ny, of poles
(102) — and more generally (42) — is crucial in practice.

which is no

1 Lc we demonstrated

2. Ezact multipole representations

Hwang also spent a lot of subsequent work performing
a pole expansion of the potential cross section o2°' as
well as of the energy dependence he found in his scat-
tering residues, in eq. (1) and (2) of [24] or eq. (3) and
(4) of [25]. We recall that though the potential cross sec-
tion does have poles — roots {w, } of the H (p) function
reported in TABLE I of [39] or expressed by radicals in
table II of [39] — these poles actually have zero residues in
the scattering matrix, and thus cancel out of the partial



and total cross sections, as we prove in theorem 3 of [38].
It will thus suffice to write that for the case of neutron
cross sections with zero threshold, (25) and (26) entail
the potential cross section takes the form:

2907 sin® ¢(2)
poz 2

oP°(2) = 4ra

=1 1 — e 2i¢e(2)
¢ 02?9?“””' 2

} (105)

With all this in mind, we can now finish the explicit
Windowed Multipole Representation of no-threshold
neutral particles cross sections. Upon finding the Np
roots {pj} of the polynomial radioactive problem (101),
we can then solve for the nullspace of the inverse level
matrix (which we here assume is an eigenline and we
refer to [38] for the degenerate cases), and notice that
that the degrees of the level matrix components A is at
most -2, which leads to the the following, exact, par-
tial fraction decomposition of the level matrix and of the
Kapur-Peierls operator:

Ng T

oo

A(2)= 373
ki=y oy (106)

Nr T

KiK;

RL Z): SiCls &

9=y

We can then build a pole expansion of the resonance ma-
trix Z from (23) by noticing that the p/2(2) = \/zpg/ >
lead to an additional z term for each residue, and that the
degrees of the numerator and denominator of z times the
level matrix, zA(z), is still negative (degree of at most
-1), guaranteeing the level matrix is a proper rational
fraction with simple poles in z-space:

N
kiKY
% % Z p] p(] J pO (107)
= Z—Dj
This has as consequence the remarkable property that
for zero-threshold neutral cross sections, the z-space ra-

dioactive squared widths & nJT- (rank-one residues of the
Kapur-Peierls operator at poles p;) add up to nullity:

Ny,

T _
E KjK; = 0
j=1

From (23), we therefore obtain the following expression
for the resonance matrix:

(108)

Ny, 3 T 3
1 KRiK
Z(z)=H'(2)) %H;l(z) (109)
j=1 J

Where we deliberately left the energy dependence of
H_;l(z), and recall that for neutral particles Hy(p) =
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O(p). Polar decomposition (13) entails:Hy; ' (p) =
|d;1(p)|e*i¢f(”) = e7 . d;'(p), which is Hwang’s no-
tation in eq (3) of [25]. A closer look at the last column
of TABLE I of [39] shows that d, ' (p) is the rational func-
tion of degree zero (that is a proper rational fraction plus
a constant) with ¢ poles — the roots {wn} — that is the
square root of that which Hwang identified in eq. (1) of
[24]. Careful analysis of this functions, using TABLE I
of [39] and conjugate continuation definitions (66), yields
the following expressions:

. . d,(2)
e 2i0e(®) —g=2re(2) L 27 Y (5 (2))

|de|cems (p)= (110)

T (p— wn) (p— wi)

The diagonal elements of (109) are therefore exactly:

pOCp] [

Z— Py

)
Zee(2) ———=c¢ (111)

Jo~2ide(2) Z

which, upon partial fraction decomposition, yields the
Hwang multipole representation [21]:

= | Le |conj

0el2) = o () + oans ()

) Ny, Hwang,rC,
. —2ig.
+Zf2§}%conj —1e e(2) Z Z—pj
Jj=1
ang g‘]c -2 T
Hdeg”l"]c- A zpo lcon; (pj) * PocDPj [F-'/j’ij]cc
oS () £ dmr ggﬁ poild [ ie_m%(ﬂA(z)}
pOc 22
1 1 )
N Le An |:p2RLp2:|cc (%)
ORDS
A [piret] (%)
+ cc ro
p—wn
A, £ ot

HiC:1 (wn — wy) Hl];;én (wn — wg)

(112)
where the Hwang residues in (112) are identical to eq.
(2) of [25]. This scripture is the conjugate continuation
real part of Ny, +/£. poles, as identified in [64]: the N, ra-
dioactive poles (102), poles of the Kapur-Peierls operator
(49), plus the roots {wn} of the outgoing wavefunction
O(p). However, we have proved the latter cancel out
of the transmission matrix, and thus of the cross sec-
tion (theorem 3 of [38]). Therefore, there must exist a



multipole representation with only the N Kapur-Peierls
poles. This can be achieved by developing the potential
cross section (105) into poles and residues, factoring the
e~ 2Pe component (which has no poles) using expressions
(110), and performing a partial fraction decomposition
of the rational terms. Upon careful consideration, one
will notice that this rational function is of degree zero,
that its poles are the radioactive poles (and only those),
and that the constant (obtained by evaluating at infinity
|pe| — o0) is (—1)%. This shifts the potential cross sec-
tion, so that the total cross section (27) can be expressed
as the sum of a background cross section (with no poles),

5 9Jn sin? (pc(z) + ch)

back A
X =drma
()eama Tl 0

C

o (113)

plus a resonant cross section with the N radioactive
poles:

» ) , Np totrq
« —2ipe J
O’C(Z) _ O_Cac (Z) + ?é}%conj —je P (2) ; " —p;
9ir o T
tOtrJQ L 47-[-@3 02 dfc (pg) * PocPj [K’jnj}cc
c
2041
. (poeps)™™ ["j”T’}
0 97 ¢ I ece
= dma;—5 (— 7 2
Poc Hn:]. (pOp] o Ldn)
(114)

To the best of our knowledge, expression (114) is the first
time the exact multipole representation of no-threshold
neutron cross sections is derived with the proper number
of poles. It is exact and complete, in the sense that no
window-by-window Laurent expansions are needed. This
is only made possible in this specific case of neutron cross
sections with zero threshold (no charged particles nor
thresholds): though quite restrictive, it is still a case of
great practical importance for nuclear reactor physics, as
most heavy isotopes are evaluated with only two channels
(neutron and fission) with all the other channels being
eliminated under the Reich-Moore approximation. This
significant difference with light isotopes (in which many
more channels are explicitly treated) is partly due to the
fact that for heavy isotopes the number of photon chan-
nels is large enough that one can average their contribu-
tion out, and also because the resonance region starts at
lower energies for heavy isotopes, with many resonances
before the first non-zero threshold.

Note that the advantage of not needing local Laurent
developments in (114) comes at the computational cost
of having to sum all the radioactive poles for each energy
call, instead of accounting for the contributions of far-
away poles in the Laurent expansion of each window —
in this sense, the windowing process is a form of local
compression algorithm for improved efficiency [23, 26].

To compute the partial cross sections (31), we can cal-
culate the reaction cross section (30) and the interference
one (29). For the reaction cross section, we use the square
modulus conjugate continuation (66), and notice that
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(b) Second p-wave resonance.

FIG. 2. Xenon '**Xe Reich-Moore cross sections for spin-
parity group J™ = 1/ 2(-) p-wave resonances: the cross sec-
tions are generated using the multipole parameters from table
I in the multipole representation total cross section (114), as
well as the reaction cross section (117) and interference one
(119) to compute the scattering cross section as (31), while the
capture cross section is the difference between the total and
the scattering. All cross sections are identical to those com-
puted using the Reich-Moore approximation R-matrix equa-
tions with the ENDF/B-VIII.O resonance parameters.

[HLY () = I (2) 2 diag (de, (p) - de. (p))

conj
is now a rational function (the e~ terms cancel out).
Therefore, evaluating at the pole values yields the par-
tial fraction decomposition of the square modulus of the
resonance matrix:

Np,

éRconj Z Nj

12|20 (2) =
=17 P

conj

(115)

where the residues R; are explicitly constructed as

R; 2 21d| 2 (p)po (3R] o [Re(v))] ) oo ld]oh(p)
(116)



In summary, the energy dependence of the residues in
(109) cancels out of the reaction residues, hence the re-
action cross section (from channel ¢ to ¢’) is exactly

1 react .cc’
Uzz?‘ct(z) = ;%CODJI Z 5 ; (117)
i>1 J

where the residues can either simply be evaluated as (92)
or constructed as:

2

react,.cc’ A 47TCLC
T = gjr [N ] ’
J 2 JJe Jlcc

Poc

(118)

For the interference cross section (29), we notice using
expressions (110) that the phase behavior also cancels
out of N [—iZ..Y}], so that plugging the resonance ma-
trix partial fraction decomposition (111) into interference
cross section expression (29) yields rational fraction

in 1 T
P = R |3 (19)
=1

where the interference residues can simply be evaluated
as (89), or explicitly constructed as

i . Jr —2 T
mtT; £ —1471'0/3 02 |d€c|C0nj (p]) * POcPj [K’jK’j]cc
C
20,41 T
. (Pocpj) {"La"@ j }
= —idra2?% e

—wn) (Pocps — wy)
(120)
Having explicitly constructed the total, potential, reac-
tion, and interference cross sections, we can thus calcu-
late the partial cross sections explicitly through (31).

2 114
pOC Hn:l (p00p7

3. Euvidence for exact multipole representation in >*Xe

We discovered shadow alternative poles of 134Xe spin-
parity group J" = 1/2(*) two p-wave resonances in
[39], and found the radioactive parameters poles and
residues in [38]. We now complete this xenon trilogy
by here providing the exact multipole representation of
134X e spin-parity group J™ = 1/2(=) cross section. The
multipole parameters are documented in table I, and
the corresponding cross sections are plotted in figure
2. In ENDF/B-VIILO, 3*Xe is a MLBW evaluation
with only one explicit (neutron) channel, all other chan-
nels are eliminated using Wigner-Teichmann and Reich-
Moore approximations. One can thus compute the total
cross section using mutlipole representation (114), and
the scattering cross section as the partial cross section
for opn(E) from (31), using reaction cross section (117)
and interference one (119). The capture cross section is
then computed as the difference between the total and
the scattering cross section. The p-waves (¢, = 1) entail
there are N, = 5 radioactive poles — validating (102) —

17

and the corresponding residues are documented in table
I. As we see in this xenon example, the multipole rep-
resentation is an exact alternative formalism to compute
R-matrix cross sections. Nonetheless, if we want to treat
charged particle channels and thresholds, we need to use
local Laurent developments in energy windows, which
makes the windowed multipole representation cumber-
some and somewhat unsuited for standard nuclear data
libraries.

4. Ezact to windowed multipole representations

Note that we can convert the exact multipole to-
tal cross section expression (114) — which has energy-
dependent residues due to e~2#<(*) — into the general
windowed multipole representation (96), with energy-
independent residues plus a Laurent expansion of order
no less than —2. It suffices to evaluate the residues at
the pole values, and note that the Laurent expansion
part L&)Ltlr(z) is then the difference of the two remaining

components, that is:

—i otp¢ :
— . _J -2 Z _ 2 cPj
Lt%ltlr(z) = ?Rgonj Zl ey (e ipocz _ g—2ipo pa)
]:
NrL tot,.c . n n __ . n
= Reoni| > " 3 (—2ipo.)” 2" — P;
oo iz?2 n! z—p;
j=1 n>0
n m NL tot,.c : n
: o (~2ip0,)
=2 D 5 Ream| X 0
n>1m=1 j=1
Y
n>-—2
(121)
so that the total cross section (112) can be expanded as
Ny _:+ —2i i tot,.c
1 —1e7#1PocPi tOhpS
back
0e(2) = o2 H(=) + 3 Reons | D ————
Jj=1 J
+Laur(z)
tot
(122)

where the residues are now independent of energy. By
further performing the analytic expansion of the back-
ground cross section (113)

back, o 2977 [1—=(=1) (—1)™ (2po,)2" 22"
:4 < §
7 “poz| 227 +n>1 2 (2n)! 22
(123)
one recovers the general windowed multipole representa-
tion (96).

As we see, in this special case of neutron channels with-
out threshold, we can explicitly construct the full win-
dowed multipole representation (122) without the need
of local expansions for each energy window W(E). Some-
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TABLE 1. Windowed multipole parameters of the two p-wave resonances of **Xe, spin-parity group J™ = 1 / 20 converted
from ENDF/B-VIIIL.0 evaluation (MLBW) to multipole representation using Reich-Moore level matrix (21).

z = VE with E in (eV)

A = 132.7600

ac = 5.80 : channel radius (Fermis)

Aac 2mp
po =
with |/ 22n

h

— g in (Ve 1, so that p(z) 2 poz
= 0.002196807122623 in units (1/(10™*mveV))

Multipole parameters (rounded to 5 digits): converted from R-matrix parameters using Reich-Moore equations.

Radioactive poles p; | Total residues **r§ Reaction residues reaCtrfc, Interference residues ™ r§|Hwang residues "*"8p¢
(VeV) from (101) | (barnsveV") from (114) | (barnsyv/eV") from (118) | (barnsy/eV") from (120) | (barnsv/eV') from (112)
6.4652 x 10~ 8 6.9766 x 1075 2.8519 x 1072 —2.8446 x 1072 —4.6048 x 1075
—i7.9179 x 10*2 —i5.5825 x 1072 +i4.6048 x 107° +i4.6048 x 107° —i2.8446 x 1072
—4.6731 x 107! —1.2144 x 1073 —1.5693 x 107 ¢ —1.3518 x 107 ¢ —1.2229 x 1073
—i9.7105 x 10~* +i1.4390 x 1012 +i1.7479 x 1013 +i1.2229 x 103 —i1.3518 x 107!
4.6731 x 1071 —1.2144 x 1073 1.5693 x 10~ ¢ 1.7868 x 10~ T —1.2229 x 1073
—i1.8048 x 1073 —i1.4386 x 1072 +19.4043 x 102 +i1.2229 x 10+3 +i1.7868 x 107!
—7.9454 x 1071 —1.0827 x 1073 —4.2538 x 1071 —4.1864 x 1071 —1.1047 x 1073
—i1.0084 x 1073 +i2.1937 x 1072 +i1.3735 x 1072 +i1.1047 x 103 —i4.1864 x 107*
7.9454 x 1071 —1.0827 x 1073 4.2538 x 1071 4.3211 x 107! —1.1047 x 1073
—i1.4991 x 1073 —i2.1936 x 1072 +i9.2389 x 1072 +i1.1047 x 103 +i4.3211 x 1071

R-matrix parameters: reference ENDF/B-VIIL.0 evaluation (MLBW) used with Reich-Moore level matrix (21).

E, = 2186.0 : first resonance energy (eV)

I’y = 0.2600 : neutron width of first resonance
(not reduced width), i.e. I'x.c = 2P.(Ex)V3.c
I't,, = 0.0780 : eliminated capture width (eV)
E> = 6315.0 : second resonance energy (eV)
I, = 0.4000 (eV)

I';,, = 0.0780 (eV)

gs= = 1/3 : spin statistical factor

B.=-1

what ironically, it is also much more cumbersome to ex-
plicitly construct both the Laurent expansion and the
residues, compared to the more general approaches of
theorem 1. Alternatively, one can solve for the radioac-
tive poles {pj} through polynomial root-finding (101),
and then revert to the general methods of theorem 1 to
compute the corresponding residues, after what the Lau-
rent expansions can be locally curve-fitted.

III. WINDOWED MULTIPOLE COVARIANCES

In section II, we established the windowed multi-
pole representation as a general alternative way to
parametrize the energy dependence of R-matrix cross sec-
tions (theorem 1). In this section, we consider how the
Windowed Multipole Representation can account for R-
matrix cross section epistemic uncertainties. Such uncer-
tainties exist because nuclear cross sections are known
from experiments, and experimental measurements al-
ways come with error-bars. Therefore, in addition to
evaluating R-matrix parameter values, evaluators add

resonance parameters covariance matrices to standard
nuclear data libraries (File 32 in the ENDF/B-VIIL.O li-
brary [14]), aimed at reproducing the empirical uncer-
tainty observed in nuclear cross sections.

A. Converting R-matrix parameters covariances

If it exists, the covariance matrix Var (X) of a random
vector X with expectation value E [X] is a defined as:

Var (X) 2 E [XX'] - E[X]E[X] (124)

We denote {F} the set of R-matrix resonance parame-
ters {F} = {E)\, 7A7C}, which are implicitly considered to
be the expectation value of the underlying distribution,
{T} £E[I', and Var (') their corresponding covariance
matrices. These represent the resonance parameters epis-
temic uncertainty, which is accounted for by assuming

the parameters are drawn from the multivariate normal
distribution: A (T, Var (T')). Recall that both the chan-



nel radii a. and the boundary conditions B. are arbi-
trarily set constants, and therefore have no uncertainty.
Also, we here do not explicitly treat the uncertainty on
threshold energies Er_, but our approach could readily
be extended to them.

We consider the unified Windowed Multipole Rep-
resentation of R-matrix cross sections (96), which we
proved is an exact representation of R-matrix cross sec-
tions everywhere but for windows containing a non-zero
threshold Er, € W(FE) — in these threshold windows,
form (96) is only an approximation of exact R-matrix
cross sections of theorem 1, yet this approximation (96)
can be made to reach any target accuracy. For each en-
ergy window W(E), we denote {II} the windowed multi-
pole parameters — that is the set of poles {p;}, residues

{Fj“’/,r;}, and Laurent expansion coefficients {an} that
parametrize cross section (96) in that energy window:
() 2 {p, 77 s,

The main result of this section — theorem 2 — estab-
lishes a framework to convert R-matrix resonance param-
eters covariance matrices Var (I') into Windowed Multi-
pole Covariances Var (IT). Tt is based on the following
lemma 1, which derives sensitivities of R-matrix cross
sections o(E) to both resonance parameters {I‘} and
multipoles {H}

Lemma 1. CROSS SECTIONS PARAMETER SENSITIVES
Let z € C be the complex, analytically continued square-
root-of-enerqy: z = \E. Consider Windowed Multipole
cross section (96), i.e. locally of the form:

>

=17 TP

1
z) = anz" + —Reonj
U( ) W(E) H;Q 22 J

We recall the Cauchy-Poincaré-Wirtinger holomorphic
complex differential definition for z =z 4+ iy, x,y € R
Al

0. = - (0, —i0y)

: (125)

s0 that 0,z = 1, and 9,2* = 0, where z* & x — iy.

The cross section sensitivities to multipoles g—g(z) (i.e.
the partial differentials of the cross section with respect
to multipoles) are then given, for each window W(E), by:

Oo 1 L Oo 1 5

27 ()= (=
Ip; 2 (z—p;)° op; " 22 (2 —pr)”
0o (z) _i% ‘ T o (z) _i% 1 iy
OR[p;] 2> (2= py)*| 0SS [ps] 22 (2 - py)”
do . 1 1 do . 1 i
677"3(2)_2727]0] ’Tﬁ(z)_;zfp;?
do(z) 1 [ 1 0o (z) i% i
OR[rj] 22 Mz —p; "o [ry] 22 M2 — py
2 (=a

da. 2)=2z

(126)
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Moreover, the cross section sensitivities to resonance pa-
rameters 92 (2) (i.e. the partial differentials of the cross
section with respect to resonance parameters) are subject

to the following multipole representation.:

Oo 1
2 —

ﬁ( ) W(E) 272%

(5) , (%)
conj ;z—pj+ (z—pj)2
3 ()

n>-—2

(127)

We seek to convert R-matrix resonance parameters co-
variances Var (I') into Windowed Multipole covariances
Var (IT). Yet obtaining multipoles {II} from resonance
parameters {F} is not a simple transformation: one must
solve the radioactive problem (49) for the poles {pj} and

then compute the corresponding residues {?Cjcl, ’f’]c} (theo-
rem 1). We therefore take an implicit functions approach,
and locally invert the I' — II transformation by means
of the Jacobian matrix (g—g), that is the sensitivities of
windowed multipole coefficients to the R-matrix reso-
nance parameters (Cauchy-Dini implicit functions the-
orem). Under the assumption of small deviations from
the mean (small relative uncertainties), this yields a first-
order linear relation from multipoles {H} to resonance
parameters {F} In which case, the chain rule entails

the multipoles {H} are also subject to a multivariate nor-
mal distribution N (II, Var (IT)), the covariance of which
is given by (129) (sometimes called “sandwich rule”).
Therefore, the key to converting resonance covariances
Var (I") into multipole covariances Var (II) lies in the sen-

sitivities (g—g) Theorem 2 establishes a contour-integrals

method to calculate these sensitivities (g—lg), provided R-

matrix cross sections sensitivities g—l‘Z(E) from lemma 1.

Theorem 2. WINDOWED MULTIPOLE COVARIANCES

Let us be provided with the sensitivities g—l‘f(z) of R-matriz
cross sections (analytically continued) to resonance pa-
rameters (127). Then the multipole sensitivities (Jaco-
bian matriz) with respect to the resonance parameters,
(g—lg), can be obtained from the following system (128) of
contour integrals in the complex plane, where €, desig-
nates any positively oriented simple closed contour con-
taining only pole p;. For instance, €, can be a circle of

radius € > 0 around pole p;.
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[
For each energy window W(E), the multipole sensitivities e A
(g—?) from system (128) can then be converted to first 0.000 ¢ EA tangent
order into Windowed Multipole covariances Var (I1) as: N o Ty
—0.002 'y tangent
o1l ATl T ® reference
Var (IT) = <8I’> Var (T") (81“) (129) 5 -0.004 e ©
E
)
where [ - ]T designates the Hermitian conjugate (adjoint). —0.006 |/ °
Proof. Partial fraction expansion of (127) lemma 1 yields —0.008
) [ ]
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pj (z - pj) the enlarged covariance matrix, while the green points result
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4 Z ( a") P range (3 standard deviations of enlarged covariance matrix).
or The Jacobian (a—n) from system (128) are the tangents of

n>-—2

The different residues associated with poles 0 or p; are
then obtained by invoking Cauchy’s residue theorem and
multiplying correspondingly by 2™ or (z — p;), yielding
(128). Importantly, these contour integrals cannot be
performed without having an analytic representation of
the partial derivatives of the cross section at complex en-
ergies, g—l‘f (z), which is made possible for open channels by
Hwang’s conjugate continuations (66) and (62). Finally,
(129) is a direct application of the well-known chain-rule
first-order perturbation covariance formula. O

B. Cross section uncertainties and parameter
covariances

By introducing resonance covariances Var (I"), present
standard nuclear data libraries are built with the implicit
assumption that sampling resonance parameters from a
multivariate normal distribution N (T, Var (T")) and com-
puting the corresponding cross sections o (F) generates

By
these trajectories from the mean pole p (red reference point)

and are shown in solid lines. Complex pole p units are (VeV).

outcome distributions commensurate to our experimen-
tal uncertainty. Note that this parameter uncertainty
representation is not obvious in se, because cross sec-
tions are measured at specific energies, and the measured
cross section uncertainty is usually described with a given
exogenous distribution (say normal, log-normal, or ex-
ponential), dictated by the experiment. Therefore, no
parameter distribution (be it resonance parameters mul-
tivariate normal N (T, Var (T')) or any other) can exactly
reproduce the cross section uncertainty for each measure-
ment energy. And yet, these parameters distributions
are our best way of balancing all the different uncertain-
ties from disjointed experiments with the underlying R-
matrix theory which unifies our understanding of nuclear
interactions physics.

Significant work has been carried out to infer param-
eter distributions that accurately reproduce our uncer-



tainty of nuclear cross sections [55, 79-86]. Assuming
R-matrix cross section uncertainty is well represented by
the resonance parameters multivariate normal distribu-
tion V' (T', Var (")) documented in standard nuclear data
libraries (file 32 in ENDF/B-VIIL.O [14]), there are two
ways of translating this into cross section distributions:
1) first-order sensitivity propagation, or; 2) stochastic
cross sections.

1. For any given energy F, first-order sensitivity prop-
agation simply considers the R-matrix cross sec-
tion sensitivities to resonance parameters %(E)
and linearly converts the resonance parameter co-
variance Var (I') into a cross section covariance

Var (o(F)) at each energy F, using the chain rule:

Var (o (E)) = (8"8(5)) Var (I) <82$E))T (130)

The same approach can be undertaken using R-
matrix cross section sensitivities to windowed mul-
tipoles 92 (E), established in equations (126) of
lemma 1, and then propagating the windowed mul-
tipole covariances Var (II) to first order, yielding
cross section covariances

Var (o1 (E)) = (%?) Var (IT) (%?)T (131)

2. Stochastic cross sections consist of sampling reso-
nance parameters {F} from their uncertainty dis-
tribution — say multivariate normal N (T, Var ("))
— and computing the corresponding cross section
or(F) as a function of energy

dP(UF(E)) = oapr)(E) (132)
Alternatively, one could sample multipoles {H}
from a windowed multipole distribution — say
multivariate normal A (IL, Var (II)) — and corre-
spondingly generate Windowed Multipole stochas-
tic cross sections

OUP’(OH(E)) = oap()(E) (133)

Stochastic cross sections uncertainties only match first
order semnsitivity approaches (130) and (131) for very
small covariances. This is because normally distributed
resonance parameters do not translate into normally dis-
tributed cross sections (132): sampling resonance param-
eters from A (T, Var (T')) and then computing the corre-
sponding cross sections (5) and (10) through R-matrix
equations (7), (14), (15), (16), and (17), cannot in gen-
eral lead to normally distributed cross sections or(E) at
all energies. However, they do in the linear case, which
is a good first-order approximation for small covariances.

Stochastic cross sections (132) are at the core of the
TENDL library [19, 20], and being able to sample them
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is a necessary prerequisite to the Total Monte Carlo un-
certainty propagation method [87-89]. In practice, this
has been a major computational challenge, requiring to
sample resonance parameters from standard nuclear data
libraries, reconstruct the corresponding nuclear cross sec-
tions at zero Kelvin (0K), and then process each one
(with codes such as NJOY [90]) to compute the corre-
sponding cross sections at temperature T' (c.f. discussion
of Doppler broadening and thermal scattering in section
IV). All this is costly, and storing the pre-processed cross
sections consumes vasts amount of memory. Because one
can directly compute Doppler-broadened nuclear cross
sections from Windowed Multipole parameters {H} (c.f.
theorem 3 section IV), the Windowed Multipole Library
can generate stochastic cross sections (133) on-the-fly,
without any pre-processing nor storage, a true physics-
enabled computational breakthrough.

— 10°) === oni(E)

g

2 108

c

.©

S 10!

w

810!

@)

_3 § . .
10 102 10! 100 10! 102

Energy [eV]

(a) 2381 first capture resonance, parameters sampled from
ENDF/B-VIII uncertainty. 30 samples shown here.
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FIG. 4. R-matrix cross sections uncertainty, computed ei-
ther from the ENDF /B-VIII resonance parameters covariance
Var (I') (table II in appendix A), or from the multipoles co-
variance Var (IT), as converted through (129), for both the
stochastic cross sections (132, 133) and the sensitivities ap-
proach (130, 131).

Regardless of the method employed to represent nu-
clear cross section uncertainty, it would be desirable that
the uncertainties stemming from a windowed multipole
representation {H} are consistent with those stemming
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FIG. 5. R-matrix cross sections uncertainty, computed ei-
ther from the enlarged ENDF/B-VIII resonance parameters
covariance Var (T') (table IT in appendix A), or from the multi-
poles covariance Var (II), as converted through (129), for both
the stochastic cross sections (132, 133) and the sensitivities
approach (130, 131).

from resonance parameters {I‘} upon converting their co-
variances as indicated in equation (129) of theorem 2. We
undertook numerical experiments to measure the cross
section uncertainty distributions generated by either co-
variances Var (I') or Var (II), for both sensitivity method
(130) and (131), or stochastic cross sections (132) and
(133). We treated the simple case of the first single-
level Breit-Wigner capture resonance of uranium isotope
2381, which admits closed form explicit expressions for
the multipoles, the cross sections, and the sensitivities,
all documented in appendix A. We compared the meth-
ods for both the ENDF/B-VIIIL.0 resonance parameters
covariance (which is small as this is a very well known
resonance), and an enlarged covariance matrix which con-
serves the same correlations but brings the cross section
dependency past the linear regime. Both covariances are
documented in table II (appendix A), and figures 4 and
5 show the following trends:

e For the sensitivity method (130) or (131), the cross
section uncertainty is identical for either the res-
onance parameter covariance Var (I') or the win-
dowed multipole covariance Var (II), which is the
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immediate consequence of conversion (129).

e For the stochastic cross section method (132) or
(133), sampling parameters from N (T, Var (T)) or
N (I, Var (IT)) generates similar cross section dis-
tributions.

In the small covariance case of figure 4, the stochastic
cross section distributions (132) and (133) are very close
to the normal distributions from the sensitivity approach
(131), though at the tails they start differing. In the large
covariance case of figure 5, the stochastic cross sections
distributions are radically different from the normal dis-
tribution of the sensitivity method. This discrepancy is
made more blatant because the cross section distribution
is recorded at resonance peak energy E) = 6.67428 eV,
hence a small shift in resonance energy E) can dramat-
ically lower the cross section value. This illustrates the
fact that in theorem 2, when converting the resonance pa-
rameters covariances Var (I') into Windowed Multipoles
covariances Var (IT) through (129), the linear assumption
used for the local inversion using Jacobians (‘g—lg) from
(128) holds for a wider range of resonance parameters
than the liner assumption for the cross section sensitiv-
ity method (131). This can be seen in figure 3, where
the tangent lines from Jacobians (g—g) are close to the
conversion surface, trajectories of II(T"), even after three
standard deviations of the large covariance matrix, some-
thing clearly not true of the cross section linear behavior
at peak energy from figure 5.

Therefore, whichever method is chosen to represent the
nuclear cross sections uncertainty, the Windowed Multi-
poles covariances Var (IT) from theorem 2 faithfully re-
produce the uncertainty from the resonance parameters
covariances Var (I').

IV. DOPPLER BROADENING OF
WINDOWED MULTIPOLE CROSS SECTIONS

Hitherto, we have established that the zero Kelvin (0
K) windowed multipole representation of cross sections is
equivalent to the traditional Wigner-Eisenbud R-matrix
parametrization, in both cross section values and their
uncertainties. We henceforth study how temperature af-
fects R-matrix cross sections at the nuclear level through
Doppler broadening (we do not address thermal neutron
scattering at the crystalline level), and derive how the
windowed multipole representation exhibits a major ad-
vantage: in its form (96) — exact for zero-threshold chan-
nels or windows without thresholds, and otherwise an ac-
curate approximation — the window multipole representa-
tion of R-matrix cross sections can be Doppler broadened
precisely by means of closed-form formulae (theorem 3).
This enables the long sought-after computational capa-
bility of on-the-fly Doppler broadening of nuclear cross
sections [21, 26, 91-97].



A. Doppler broadening of nuclear cross sections:
Solbrig’s Kernel

As temperature rises, nuclei vibrate, so that the ef-
fective cross section for a beam of particles sent upon a
target at a given energy and wavenumber is the statisti-
cal result of the zero Kelvin cross sections averaged out
on all the possible relative energies at which the target
and the beam interact. For non-relativistic, non-massless
particles (not photons) in the semi-classical representa-
tion, Doppler broadening of nuclear cross section is the
process of integration over the target velocity distribu-
tion, assuming the latter is an isotropic Maxwellian (that
is a Boltzmann distribution of energies). Solbrig derived
this Doppler broadening integral in eq. (3) p. 259 of [91],
where the cross section op(FE) at temperature 7" and en-
ergy F (in the laboratory coordinates) is related to the
cross section o(E) at temperature Ty as:

Bon(B) ]"w;ﬁ () () o

(134)
where [ is the square root temperature energy parameter:
ga L(TA* ) (135)

where A designates the atomic mass number, and kg the
universal Boltzmann constant.

Upon change of variable to z = v/E, the Doppler broad-
ening operation (134) becomes Solbrig’s kernel:

2or(z) = / 2o, (2) -K%(z,x)dx
0

L |:e7( ZEI)z — ei( zgx )2j|

BV

Note that for zero-threshold channels, where z « k.(E),
Solbrig kernel (136) is an integral operator acting on
k2(E) - 0.(E), which is the transmission matrix square
amplitudes from cross section definition (5). The Solbrig
kernel (136) thus acts directly on the interaction proba-
bilities, rather than the actual cross section, just as the
channel reversibility equivalence (11).

Solbrig kernel integral (136) has presented major com-
putational challenges in nuclear reactor physics. When
no information is provided as to the functional form of
the zero Kelvin cross section o(F) — i.e. it is consid-
ered a point-wise input — the traditional way of comput-
ing the Doppler broadened cross section at any tempera-
ture o (F) has been to pre-tabulate exact cross sections
or, (E) (usually using the SIGMA1 algorithm of [93]) for
a grid of reference temperatures {Ti}, and then inter-
polate between these points to obtain or(E) [98-100].
However, storing all these pre-computed cross sections
at reference temperatures {7;} represents a consider-
able memory burden, which is why methods to minimize
the memory footprint and perform Doppler broadening

where: K%(z, r) &
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(136) on-the-fly have been actively sought after [95]. The
most state-of-the-art approaches are either optimal tem-
perature Doppler kernel reconstruction quadratures [97]
(which only require 10 reference temperatures {TZ} for
standard nuclear reactor codes), new Fourier transform
methods [96], or Monte Carlo target motion sampling
rejection schemes [101-103].

To do better, one must look at the functional form
of the cross section. When the reference temperature is
zero Kelvin T, = 0K, we have shown in section II that
R-matrix cross sections are the sum of threshold behav-
ior and resonances. Resonances have traditionally been
Doppler broadened approximately, using Voigt profiles
[91], as we here recall in section IV B.

B. Approximate Doppler broadening of
Breit-Wigner resonances: Voigt profiles

The traditional approach to Doppler broadening nu-
clear cross sections has been to consider individual Single-
Level Breit-Wigner resonances (74) at zero Kelvin, with
both symmetric (Cauchy-Lorentz distributions) and anti-
symmetric components, assuming it has a zero-energy
threshold where it behaves as an s-wave neutron chan-
nel (angular momentum ¢ = 0), so that we can multiply
the resonance (74) by the threshold behavior f’ as de-

scribed by Wigner in IIT.A.2 [52]:

gLBW(E)A\/l»%[a—Hb}
- e (o]
where o 2 (551 with & £ B —i%} from (40), and

Yo(x) 2 21 = LA 2

T E-Ey e (138)
o) & L = EoE)T

e+l (BoE) 4+

Upon Doppler broadening (134), Single-Level Breit-

Wigner resonance (137) becomes:

oSUBW () — % KI‘Jaﬂ) xr(E) + < J/Z) Yr(E )}
(139)

where yr and ¢ are defined using 2’ £ (EI:;/?) as

, [ () (mﬁﬁ)z}dy

xr(E)= ;Z{%/Xo(x

Yr(E) QBf/wO [ (Y2 W) - e_(m;ﬁ>2:|dE/

(140)




To compute these functions, the following approxima-
tions are then traditionally introduced (c.f. [91], or sec-
tion 3.3.3 chapter 4, volume 1 of [104]):

1. the Maxwell approximation, whereby we assume

the second exponential term is vanishingly small:
7(\/F+\/E)2
< 1. This is valid for E > 2, but

fails at low energies or high temperatures,

2. a Taylor expansion around the energy of Doppler
broadening: E' = E + ¢, with € < 1. This leads to
VE —E = 2\;5 +0 (62), so that we approximate

~(FFE) L o (B3 i the i ~
e 4 ~ e \2VESs/ in the integrals, which
under change of variable £’ — z’ become

"17/73))2
wo(x')e_( = da’

Yr(z) =~

1 Iy /°°
Qﬁ\/ E2 —2B; T
!

o0 _(.z 7m)2 ,
XT(T) = / Xo(zx')e i dx
(z) 2ﬁ\/7rE 2 —28;/T; (=)

where we defined
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(141)

3. we furthermore assume 2E; > I';, so that we ap-
proximate the integral lower limit to —oo, yielding

(o' —=)”

Yr(x) / /2e dz’
\/ 1 + x ) (142)

_Gee?
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The latter are the standard Voigt functions, U(x, 7) and

V(z, ), defined in section 7.19 of [40], which are related
to the Faddeyeva function (150) defined in 7.2.3 [40], by:

\/ZW (;\;) = U(z,7) +iV(z,7)

for & [%] > 0. In the case & [;\2] < 0, we use

2
—[w (2*)]" to calculate the integral. So that the ¢ (E)

and x7(F) functions can approximately be related to the
Faddeyeva function as:

o= (2]
wim= o ()

So that the Doppler broadened Breit-Wigner resonance,
under these approximations, can be expressed as:

i g ()

)

(143)

(144)
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This has been the traditional “psi-chi” method to per-
form approximate Doppler broadening of nuclear reso-
nances, though some improvements have been proposed
(c.f. eq. (65) in [21]).

Note that the single-level Breit-Wigner profile (137)
does not represent higher-order angular momenta for
neutron channels, nor does it represent charged particles
or photon channels (of any angular momenta), neither
does it consider non-zero-threshold behaviors.

C. Analytic Doppler broadening of
Windowed Multipole cross sections

Theorem 1 establishes the Windowed Multipole Rep-
resentation as an equivalent formalism to parametrize R-
matrix cross sections. Windowed Multipole cross sec-
tions take the form (96) for zero-threshold cross sections
of any kind (photons, charged, higher angular momenta),
and other thresholds can be approximated with this form
(96), though not exactly. Theorem 3 shows how these
Windowed Multipole cross sections (96) can be Doppler
broadened analytically to high accuracy, without hav-
ing to assume an energy dependence of the Single-Level
Breit-Wigner cross section form o§“BW(E) as in (137).

Theorem 3. DOPPLER BROADENING OF WINDOWED
MULTIPOLE CROSS SECTIONS

Consider the Windowed Multipole Representation of R-
matriz cross sections (96), i.e. locally of the form:

1 T
o(z) = ;%C‘mj Z J

Z—pj

+ Z anz"

n>-—2
Upon integration against the Solbrig kernel (136), the

Doppler broadened cross section at temperature T takes
the following analytic expression:

Z anD"

) 5
+Zi2§)% _lf; : < pj) (145)
. M; . (z Pa)

where C (%, %) is a correction term defined as:

e e ()
c(z pj>é?p’ St
ﬁ B 171'5 0 t2—<%>2

(146)

which is negligible in most physical ranges of tempera-
tures and energies, so that Doppler broadened Windowed



Multipole cross sections can be well approximated as

CTT(Z)W(E)Z2 fzrj' (Z_Bpj)

(147)
+ Z anDZ(z)
n>-—2
where Djj(z) are the Doppler broadened monomials:
n A o mn+2 D
Dj(z) = /0 7Kﬁ(z,m)da: (148)

which are subject to the following recurrence formulae
from elemental Gaussian and error functions (defined in

eq. 7.2.1 of [40]) [28]:

2
DZ+2(2>V7§1 E —(@2n+1)+ ]Dg(z)
2
—(i) n(n—l)Dg_z(z)
D) = fﬂ}nﬁz(zwzfﬁe—(z)z (149)
;') = -
DEZ(Z) 212 erf <;>

and where w(z) is the Faddeyeva function (defined in eq.

7.2.3 of [40]),
/e dt)

(150)
called at poles in the complexr lower semi- plane i.e.

3=z >0
& [%} < 0, we use the fact that the Windowed Mul-

tipole Representation has complex conjugate poles to call
the Faddeyeva function at —[w (2*)]" = —w (—2).

w(z) & e (1 —erf (—iz)) —e 7 <

For all other poles, which satisfy

Proof. This analytic Doppler broadening comes from:

Z / ICB Z,)
O’T(Z) W(E) 22 = T —p;
+ Z a,Dj(2)
n>-—2

Doppler broadening of the Laurent expansion part (148),
which describes the threshold behavior, was established
n [97] (eq. (14) to (16)), and the recurrence formulae
(149) are obtained through integration by parts.

The resonances Doppler broadening was established in
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21] (eq. (70) to
N / T /()“xixpj e () e (52)7)
:/_m:f_‘;jdx—/;ﬁdx—/owe;_;dx

zm2
_iTW<2_pJ>_2p_/Oomdm
B ’ 0 372—17?

where in the last line we introduced the Faddeyeva func-
tion (150), defined in eq. 7.2.3 of [40], which admits the

(75)), which we here recall

following integral representation for &[z] > 0:
1 [® e ? 2 [® et
wz) = — [ ——dt="[ ———dt (151)
Sle>0 im J_t—2 i Jo t2—22

In the case &[z] < 0, we then use the following integral
representation:
1 [® et

~WE = w=s) = B

(152)

So that, calling the Faddeyeva function directly for the
poles in the complex lower semi-plane, & {%} > 0,

while for the others we use —[w (2*)]" = —w(—2) to
calculate the integral representation (the pole represen-
tation has complex conjugate poles), the Solbrig ker-
nel Doppler broadening operation yields (145). Hwang
undertook an in-depth study of the correction term

C (%, %) in section IV.D of [21], showing it is negligible
in most physical applications. Therefore, approximation
(147) is effectively faithful, in particular at high energies-

to-temperature ratios z/8 > 1. O

Compared to the traditional “psi-chi” method (144),
theorem 3 gives a much more general way to Doppler
broaden nuclear cross sections, applicable to charged or
uncharged particles of any angular momentum. The-
orem 3 also motivates why we decomposed the reso-
nances in z = VE space: it enables more accurate an-
alytic Doppler broadening, since the latter happens in
wavenumber space as Hwang showed in eq. (65) of [21].

Note that Hwang derived equations to analytically
Doppler broaden his pole representation (112), with
energy-dependent residues, showing that the e=2* com-
ponent shifts the Faddeyeva function evaluation, adding
a purely imaginary offset in eq. (6) of [25]. Nonetheless,
this approach is not generalizable to Coulomb channels
nor to thresholds, while theorem 3 is.

To compare these different Doppler broadening meth-
ods, we conducted numerical calculations on the first
capture resonance of 233U, in the simple Single-Level
Breit-Wigner resonance case of appendix A, reporting
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cross section (A1) is reconstructed at T=0K. For each temperature {300, 10°,107} Kelvin, the cross section is broadened using
four different methods: (i) numerical integration of the Solbrig Kernel (136); (ii) Using the ¢r/xr approximation (143) for
SLBW Doppler broadening (144); (iii) conversion (A5) of the resonance parameters {I'} to multipoles {II} and analytic Doppler
broadening of Windowed Multipole Representation (A4) from theorem 3 equation (147); (iv) formulation of the parameters in
ENDF format and processing using NJOY [90]. For each temperature, the right column shows the absolute relative error for
methods (ii), (iii), and (iv) to the direct integration of the Solbrig Kernel (i). Note: NJOY was run with a tolerance parameter
of 1072 as higher accuracy required a prohibitively long computation time.

the results in figure 6. They show the analytic Windowed
Multipole Doppler broadening exactly matches the direct
piece-wise integration of Solbrig’s kernel (136) to 10~°
relative error, significantly outperforming the SIGMA1
method [93] of NYOJ [90], while the traditional ¢ /x1
approximation (144) breaks down at high temperatures.
Note than in this particular SLBW case of appendix A,
the poles are exact opposites of one another, while the
residues are the same, so that they cancel out of the

C-function correction (146), hence the analytic Doppler
broadening of the Windowed Multipole Representation
(147) is exact. This cancelling out of C-function correc-
tion (146) is also true in general of zero threshold neutral
particles s-wave cross sections, which behave as 1/z at

low energies, thereby yielding identical residues r;-r =r;

for opposite z-poles pairs p;r =-p; -



D. Temperature derivatives of Doppler broadened
Windowed Multipole cross sections

The analytic Doppler broadening of Windowed Multi-
pole cross sections (theorem 3) has the additional advan-
tage that one can compute all its temperature derivatives
by means of simple recurrence formulae, as we here es-
tablish in theorem 4.

Theorem 4. TEMPERATURE DERIVATIVES OF WIN-
DOWED MULTIPOLE CROSS SECTIONS

Consider the approximate Doppler broadened Windowed
Multipole Representation of R-matriz cross sections
(147) from theorem 8, upon change of variables 0 = %

or(z) W? —3? 1f2r] - W( (z—pj))
7>1
+ Z aan )
n>—2

Then its k-th temperature derivative can be computed as

a(k) ~
ror(z) W(E) z2

1f2rj X(k) (z—pj)
j>1 (153)

+ 3 an - 0PDE(2)

n>-—2

X(ﬁk) (z —pj;) are the k-th temperature derivatives of the
Doppler broadened resonances:

pj) 2 oY [9'W(9 (Z*Zh’))]
= Z

k
X(B)(Z

(050 w(oG: ~p))  x

Bin (9(1), 02 ..., g(k—n+1)>

(154)
where the sum is the Arbogast composite derivatives (Fad
di Bruno) formula [105], linking the 0-derivatives

(n) (Z _p<)n—1 "
9,70 - w(0(z —p;)) e —fjw( +1)(9(2 - p;))
(155)
to the ) temperature derivatives of 0
1 /=1\" (2n—1)!
g 2 plg — - <> — 156

by means of the partial exponential Bell polynomials
By (00,02 gt=n+D)) [106-108].
The derivatives of the Faddeyeva function can be com-
puted using recurrence formulae (c.f. 7.10 in [40]):

2i

w(2) = —22w(2 —
(2) =2 (H\/? (157)

w2 (2) = —22w ) (2) —2(n 4+ 1w (2)
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&(Fk)Dg(z) are the temperature derivatives of the
Doppler broadened monomials, which are subject to the
following recurrence formulae, defining a = %:

ﬁZ
Vn:ZI { 2
+%(2n + 1)k 0 ID(2)

a(T’“>Dg+2 (2) 2n+1)+ 22] B(Tk)DE(z)
n(n—1 A
_ ( 1 ) l548;k)Dﬂ 2(2’)
+ 2apk 0Y VDI (2)

+ d®k(k— 1)6(Tk_2)Dg_2(z)1

2
oDj(2) = [i+z2]8(Tk)DEQ(z) +5k 0f VD)
L T o20(k)) —(20)2 (k=1) —(26)?
+z\/7?[6 Oy Be +ak oy fe ]
_ 1
a(Tk)Dgl(Z) = ;5k,0
k) y— L ok
a(T>DB2(z) = = q(w)erf(zG)

(158)

In recurrence relations (158), the terms 8;k)9e7(20)2 can
themselves be computed using Arbogast’s formula:

k
9y0e™ 0" = oGO N E(g) x
n=1
B (9<1>79<2> .79<k—n+1>>
(159)

where Fz(")(e) are polynomials of degree n + 1 defined as

n+1
(20 6(")9 —(26)? Za(n)gz

F{"(9) £ (160)

which are recursively constructed from FZ(O)(G) =0 as

EHD(9) = 9y F™ () — 2220F (™ (6) (161)

entailing these recurrence formulae on their coefficients:

al =0 o =1
ozg:fll) = —2z2a(") agﬁ:gl) 2z2a£ﬁ21
ozz(-"+1) = (i+1aq; (n) 22204(")
1<i<n

(162)
Finally, the terms G;k')erf (20) in recurrence relations
(158) can also be computed using Arbogast’s formula:

T Ferf (z0) Ek:(ag )erf 20) ) 'Bk’n(e(l), e

n=1

e(k—n-i-l))

(163)



in which the 0 derivatives can be expressed as

(n) _on(_ n—li —(20)?
0, erf (20) =7 (-1 \/7?an1 (20) e (164)
where the Hermite polynomials H,,(z) are recursively cal-
culable from Hy =1 and Hy = 2z as:

Hy11 nzl 2zH,, — 2nH,,_1 (165)
Proof. The underlying assumption of the proof is that
one can neglect the derivatives of the correction term
(146). The proof consists of a series of derivatives ex-
panded using the general Leibniz rule and the Arbo-
gast formula for composite derivatives (Faa di Bruno)
(c.f. p.43 of [105]), in which the Bell polynomials can
be computed as referenced in [106-108]. Direct differ-
entiation yields the temperature derivatives of 6 (156).
Expression (155) is obtained using the Faddeyeva func-
tion recurrence formula (157), documented in 7.10 of

[40]. The F{™(0) polynomials (160) are defined from
@gn)ﬁe*(ze)z = F™(0)e="* and their degree n + 1
stems from the recursive derivatives (161) initialized at
0 () = 0, entailing the recurrence formula for the coef-
ficients (162). Similarly, expression (164) is derived from
change of variable z — 6z, and using the derivative for-
mula for the error function (c.f. Abramowitz & Stegun,
p-298, eq. 7.1.19 [41], or 7.10.1 in [40]):

erf "D (2) = (=1)"—=H, (2)e*

NG
while the Hermite polynomials recurrence relation (165)
is well known and documented (c.f. 18.9 of [40]). O

Underpinning this direct differentiation approach is the
assumption that the C-function correction term (146),
itself negligible, also has negligible temperature deriva-
tives. It is nonetheless possible to extend this method
to explicitly include thermal derivatives of the correction
term (146), by noticing that these derivatives follow a
similar polynomial structure as (160) and are subject to
a recurrence relation similar to (161).

E. Fourier transform approach to
temperature treatment

Ferran developed a more general approach, based on
Fourier transforms, to Doppler broaden nuclear nuclear
cross sections (we here only discussed Doppler broaden-
ing of angle-integrated cross sections)[96]. In theorem 5,
we generalize Ferran’s method, begetting arbitrary-order
temperature derivatives of Doppler broadened cross sec-
tions, while setting a more general framework for tem-
perature treatments such as low-energy thermal neu-
trons scattering with the phonons of the target’s crys-
talline structure. Moreover, when applied to the Win-
dowed Multipole Representation of R-matrix cross sec-
tions, this Fourier transform approach exactly accounts
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for the entire nuclear cross section, without neglecting the
C-function correction term (146). This generality comes
at the additional cost of having to compute Fourier trans-
forms on-the-fly. Also, Fourier transforms can be numer-
ically sensitive to the tails of distributions, meaning one
has to be careful as to how the cross sections are extended
beyond the treated windows (c.f. Ferran’s discussion in
section IV.B.2 of [96]).

We here recall Ferran’s general Fourier transform
method from [96]. The function f g designates the con-
volution product between functions f and g, defined as:

fro@ 2 [ soae-na (oo

Ferran expressed Solbrig’s kernel (136) Doppler broad-
ening operation as a convolution product by introducing
the Ferran representation odd-parity function [96]:

Z2or(z) Vz e Ry
0ifz=0
*ZZUT(*Z) Vz € ]Ri

sp:z€R— (167)

Applying Solbrig’s Kernel to st yields a linear convolu-
tion product operator that transforms the Ferran repre-
sentation s of the cross section at temperature Tg, to st
at temperature T > Tj as follows [96]:

s = so* K (168)
where K2, is the Maxwell-Bolztmann distribution of en-
ergies of the target

By & _L —(5)
e 2, gae )

The Fourier transform of a function f is defined as (uni-
tary, ordinary frequency convention)[109]:

(169)

for s [ s (170)
R
for which the inverse Fourier transform is:
f@) = [ Fo) - (71)
R

The Fourier transform of any odd-parity function g can
be expressed as

9v) = —2i/ g(t) sin (27vt) dt (172)
R
Fourier transforms satisfy the convolution property:

Fxg=T73

The Doppler broadening operation can therefore be per-
formed by calculating the inverse Fourier transform of

(173)

57 = s % KB = 55 - KB (174)



Since the Fourier transform of Boltzmann kernel K% is
well-known
- = 2
KB (v) = e (™8¥) (175)
given 59, Doppler broadening can therefore be performed
as the inverse Fourier transform of s - e—(mBv)?,
In theorem 5, we derive the Fourier transform of
windowed multipole cross sections, and generalize Fer-

ran’s method to account for arbitrary order temperature
derivatives, as an alternative to theorem 4.

Theorem 5. FOURIER TRANSFORM DOPPLER BROAD-
ENING OF WINDOWED MULTIPOLE CROSS SECTIONS
Consider the zero Kelvin (0 K) Ferran representation of
Windowed Multipole R-matriz cross sections (96), i.e.
the odd-parity function so(z) = —so(—2) locally of the
form:

.
o) 2,2 00 = Fens| 30 45

T N R
(176)

Then its Fourier transform (170) can be expressed as

5(v) iy Reons STV, )|+ anaFa(v) (177)

j>1 n>0

where the Fourier transforms of the Laurent expansions

?n(u) can be expressed for either even or odd positive
integers n > 0 as (60 (v) designates the n-th derivative
of Dirac’s Delta distribution):

2i(2n)!

5(71)(,/)

Fon(v) £ (1)

(=D)"i
(271-)277,—}-1

) (178)
Fopt1(v) £

and the Fourier transforms of the resonances at pole p;
Vy,; (V) can be expressed as

Vo, (v) £ —2i-sgn(v)- f(—27|v|p;)
[ph(p;)|<m

(179)

where sgn(z) designates the sign function, and f is the
auziliary function defined in 6.2.17 of [40].
The k*'-order temperature derivative of Windowed
Multipole R-matrix cross sections is the convolution:
O sy = 0% O KCE, (180)

which is the inverse Fourier transform (171) of product

o S
whose expressions are (177) for & and, defining a 2 %B’
OB = ok (imv) 2K KB = ok (imv)2ke= (T8 (182)
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Proof. The proof consists of directly calculating the cor-
responding Fourier transforms by developing the linear
operators. Equation (181) stems from the Fourier trans-

form linear property 3}k)IC?Z = a‘T’”/c;Bi applied to (180).
Expression (182) is obtained by direct differentiation of
(175). In key expression (177), the Fourier transforms
of the Laurent development part (178) are obtained by
noticing that odd parity polynomials are already odd
functions, while the even parity ones must be written as
the difference of (176) multiplied by the Heaviside func-
tion for domains R_ and R, and then applying standard
Fourier transform properties. The Fourier transforms of
resonance terms (179) are obtained by identifying the
integral representation 6.7.13 in [40], and using identity
f (ze*™) = meT* — f(2) (c.f. 6.4.6 [40]) if the phase of
the pole p; does not respect |ph (p;)| < 7. O

The Fourier transform approach of theorem 5 to arbi-
trary order temperature derivatives is conceptually more
elegant than the direct differentiations of theorem 4:
there is no need for Arbogast - Faa di Bruno composition
expansions nor recurrences. It is also more general, as the
correction C-function term (146) is not neglected in the
Doppler broadening, and that the Fourier transform ap-
proach could potentially be expanded to treat thermal
scattering with the phonon distributions of targets: one
viguld then need to replace the Boltzmann distributions

/C%'i (175) with the corresponding phonon Fourier spec-
tra (c.f. “Neutron Slowing Down and Thermalization”
chapter in [104] or [110, 111]). In practice, theorem 5
also runs into its own hurdles: nothing guarantees that
numerically performing the on-the-fly Fourier transforms
of theorem 5 — using the Fast Fourier Transform FFT
and subsequent algorithms [112-114] — is more computa-
tionally efficient than calling the Faddeyeva functions —
which also have benefited of great algorithmic and com-
putational performance gains [115-119] — and the recur-
sive formulae of theorem 4. This is all the more so true
than theorem 5 requires the computation of the f auxil-
iary function (179), which could be more costly than call-
ing the Faddeyava function. Also, Fourier transforms are
global integrals, so the windowing process complicates
this approach, and the windows have now to be selected
according to the method Ferran discussed in IV.B.2 of
[96], counsidering that the Doppler broadening only af-
fects the cross section o(F) at a given energy E for a
convolution over an interval commensurate to the tem-
perature energy (32, say four times E+432 [21, 91, 93, 96].
Note that this locality problem already exists in the di-
rect Doppler broadening of theorem 3 and by extension
theorem 4, and even in the windowing process itself, when
selecting which poles p; to include in window W(E) as
discussed in section ITE4 and established in [26, 28].
Though in theory the Mittag-Leffler expansion converges
on the entire energy domain between two thresholds
[ET., E1,+1], in practice it is too costly to compute the
Faddeyeva functions for all poles, the essence of the win-
dowing process is therefore to only account for the poles



which affect the cross section in window W(E) upon
Doppler broadening, in practice extending the domain
(“external window” in [26, 28]) for a couple of tem-
perature energy variances in the Boltzmann distribution
([W(Emm — 482 1)) W (B + 462, )] )2 this is a
very similar process than Ferran’s continuation of the
function for the Fourier transform, discussed in section
IV.B.2 of [96]. Therefore, if the windowing process is
well performed, the expression of theorem 5 will be valid
within each window. Otherwise, one would need to trun-
cate the Fourier transforms at the boundary of each en-
ergy window, and laboriously concatenate the Ferran rep-
resentation window by window in the Fourier transforms.

Finally, note that Ferran’s Doppler broadening method
presents similarities with the optimal temperature kernel
reconstruction quadratures developed in [97]: both are
kernel methods operating on the cross sections, in par-
ticular the Boltzmann kernel eq. (6) of [97]. Appendix D
of [97] studies the consequences the Windowed Multipole
Representation of R-matrix cross sections on the Fourier
transforms involved in theorem 5. In particular are dis-
cussed the general shapes of the Fourier transforms of the
nuclear resonances, compared to the ICI% Boltzmann ker-
nel (175), and how this can entail properties of interest,
such as frequency separation in Lo norm (c.f. eq. (D.9)
and sections D.2 and D.3 of appendix D in [97]).

V. CONCLUSION

This article establishes the theoretical foundations for
the Windowed Multipole Library.

We derive how the Windowed Multipole Representa-
tion of R-matrix cross sections can be constructed by
finding the poles of the Kapur-Peierls operator and per-
forming Hwang’s albebraic continuation (theorem 1). In
the process, we connect the Windowed Multipole Rep-
resentation to both the Bloch and Wigner-Eisenbud R-
matrix theory and to the Humblet-Rosenfeld pole expan-
sions in wavenumber space.

We establish a method to convert R-matrix resonance
parameters covariance matrices into Windowed Multi-
pole covariances (theorem 2), and show they generate the
same uncertainty distribution on nuclear cross sections,
either through the sensitivity approach or by sampling
stochastic cross sections.

We recall Windowed Multipole cross sections can
be Doppler broadened analytically to high accuracy
(theorem 3), and expand this on-the-fly capability to
arbitrary-order temperature derivatives (theorem 4),
whist deriving new capabilities for temperature treat-
ment by means of Fourier transforms of Windowed Mul-
tipole cross sections (theorem 5).

The Windowed Multipole Representation of R-matrix
cross sections has already proved its efficacy on a vast
range of nuclear physics applications. We hope the
foundational results of this article will allow for the
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widespread adoption of the Windowed Multipole Library,
and underpin new research efforts to expand its capabil-
ities.
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Appendix A: Single Breit-Wigner capture resonance

In order to derive a simple reference case that is
tractable analytically, we here study the multipole repre-
sentation of the first radiative capture s-wave resonance
of uranium 238U. We neglect the energy dependence of
the widths in the resonance (this constitutes the B=S
approximation), and denote I'y £ I'y +I'y, so that the
~v-channel cross section takes the form:

_ rgeq2 Toln L 1
“PVEXVE (Ex - E) +13 /4

which is a Single-Level Breit-Wigner resonance (137)

; A RS UN —_ A Lyl ;
with &\ = E\ —i5, a =0, and b= QWPngA’ ie.

o, (E) (A1)

m(B) = =R | 5 (A2)

Let us now cast (Al) into the multipole representation
(96). We perform this by change of variables 22 = E,
and p? = &, and partial fraction decomposition:

L% ib _ i% ib/2 n ib/2
VE |E-E& 22 |lz—p z+p
So that the multipole cross section in z-space is then:

1 T r
- 7§Rcon' -
o4(2) 2 J{Z—p—'_z—kp]

(A3)

(A4)



with
r&i Lol
=17
2VE\NT
pO A LA (A5)
A

One can then verify the results of theorem 1 with these
explicit formulae.
In theorem 2, we develop a method to compute the Ja-

cobian matrix (2I), using the sensitivities 22 (E) of the

ar
cross section o(FE) to resonance parameters {F} These
can here be derived by direct differentiation of (A1),

yielding the relative sensitivities (derivatives):

10 -1 2VEVE
ach R 1§ o E/\)vao\ﬁi,\
Oy aE,\ QE)\ WFnF7
2 N
i%zifQQM (A6)
O~ or, T, 2 WFnF'y
100, 1 T\ pAVEVE,
= C0y - 22, FoVEV A
oy0r, T, 2 7 Iy
Alternatively, these same cross section sensitivities

g—l‘Z(E) can be computed using (A2). For real b € R, the

partial derivatives to any real coefficient A € R follow

100, 100 Roer i
o, ON  bOA %[E_i&}

Since we have:

96 1o 1
o0F, ’ b OF\ 2F
85)\_85)\_ i 18()_1 1
ar, —or, 2 ' por, T, T, W7
19b 1 1
' bor, T, Ta
do

the cross section sensitivities §%(£) to resonance energy
FE, neutron scattering width I',,, and radiative capture
width Iy are thus respectively

1 9o, -1 %[W}
38 ]
Voo, 1 1 1% oy

38F7L:F7n_ﬁ+5m (A8)

1
100, 1 1 1%|wy]

ZL Y (=

where the derivatives could be taken within the real part
because all the parameters were real. Using the cross
section sensitivities 92 (E) — either from (A6) or (A8)
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— and performing the corresponding Hwang’s conjugate
continuation (section IID), one can therefore compute
the multipole sensitivities (‘3—113) of theorem 2 using the
contour integrals system (128).

In this simple case of a Single-Level Breit-Wigner res-
onance in multipole representation (A4), we are also able
to explicitly calculate the multipole sensitivities to reso-
nance parameters — i.e. Jacobian (g—g) — by direct differ-
entiation of the explicit formulae (A5), yielding:

Oy _ O L
0E\  0E, 2p,
ory  Or_ 1y
OB\ ~ 0Ex  2E,
and
opy  Op-  —i
or, ar,  dps
or, or_ (1 1 (A9)
ar, —or, ' * (rn - m)
and

Opy  Op- —i
or, — or,  4dpy
87’+ or_ ( 1 1 )
i TN (p——
or, or, r, Tu
The latter multipole sensitivities (A9) can then be used
to validate theorem 2.

For verification and reproducibility purposes, we gen-
erated figures 4, 5, and 6 using cross section (A1) with the
parameters from the neutron slowdown analytic bench-
mark [36], which we here report in table II. These param-
eters are similar (but not identical) to those of ENDF /B-
VIII.0 evaluations, yielding the same cross section to
a multiplicative constant. The resonance energies and
widths are those of ENDF/B-VIIL0, as well as their co-
variance matrix. The enlarged covariance matrix in table
IT is that of the analytic benchmark [36], and was de-

signed to bring the neutron slowdown problem past the
linear regime in resonance sensitivity.



TABLE II. Resonance parameters of the first s-wave radia-
tive ~-capture resonance of 233U used for generating temper-
ature tolerance plot (FIG. 6) and sensitivities demonstration
(FIG.4 and FIG.5). The resonance energies and widths, as
well as their covariance matrix, are those of ENDF /B-VIIL.0
evaluation [14]. The enlarged covariance matrix, as well as
the channel radius a., the atomic weight A, and po, are those
of the analytic neutron slowdown benchmark [36]

z = VE with E in (eV)
A =238

ac. = 0.000948 : channel radius, in Fermis
1

po/ac = 0.002196807122623/2 (vVeV )
E) = 6.674280 : first resonance energy (eV)

I, = 0.00149230 : neutron width of first resonance

I'y = 0.0227110 : eliminated capture width (eV)

gs= = 1 : spin statistical factor

ENDF /B-VIII.0 covariance matrix:

Var ([Eo,T'»,T'4]) =

[ 1.1637690 x 1077  —2.7442070 x 107 1.8617500 x 10~8
—2.7442070 x 10719 3.9366000 x 1071 —6.5102670 x 10~°
| 1.8617500 x 10°®  —6.5102670 x 10~?  1.6255630 x 10~ "
Enlarged covariance matrix (same correlation):

Var ([Eo,I'n,T]) =

i 1.2373892 —1.1217107 x 107°  5.6993358 x 104
—1.1217107 x 107°  6.1859980 x 10™% —7.6617177 x 10~

| 5.6993358 x 107! —7.6617177 x 107  1.4327486 x 10~°

32



33

[1] P. L. Kapur and R. Peierls, Proceedings of the Royal
Society 166, 277 (1938), DOI: 10.1098 /rspa.1938.0093.

[2] E. P. Wigner and L. Eisenbud, Physical Review 72, 29
(1947), DOL: https://doi.org/10.1103/PhysRev.72.29.

[3] C. Bloch, Nuclear Physics 4, 503 (1957).

[4] A. M. Lane and R. G. Thomas, Reviews of Modern
Physics 30, 257 (1958).

[5] J. Humblet and L. Rosenfeld, Nuclear Physics 26, 529
(1961).

[6] L. Rosenfeld, Nuclear Physics 26, 594 (1961).

[7] J. Humblet, Nuclear Physics 31, 544 (1962).

|

[8] J. Humblet, Nuclear Physics 50, 1 (1964).

[9] J. P. Jeukenne, Nuclear Physics 58, 1 (1965).

[10] J. Humblet, Nuclear Physics 57, 386 (1964).
[11] C. Mahaux, Nuclear Physics 68, 481 (1965).
[12] L. Rosenfeld, Nuclear Physics 70, 1 (1965).
[13] C. Mahaux, Nuclear Physics 71, 241 (1965).
[14] D. A. Brown, M. B. Chadwick, R. Capote, A. C.

Kahler, A. Trkov, M. W. Herman, A. A. Sonzogni,
Y. Danon, A. D. Carlson, M. Dunn, D. L. Smith, G. M.
Hale, G. Arbanas, R. Arcilla, C. R. Bates, B. Beck,
B. Becker, F. Brown, R. J. Casperson, J. Conlin,
D. E. Cullen, M. A. Descalle, R. Firestone, T. Gaines,
K. H. Guber, A. I. Hawari, J. Holmes, T. D. Johnson,
T. Kawano, B. C. Kiedrowski, A. J. Koning, S. Kopecky,
L. Leal, J. P. Lestone, C. Lubitz, J. I. Mrquez Damin,
C. M. Mattoon, E. A. McCutchan, S. Mughabghab,
P. Navratil, D. Neudecker, G. P. A. Nobre, G. Noguere,
M. Paris, M. T. Pigni, A. J. Plompen, B. Pritychenko,
V. G. Pronyaev, D. Roubtsov, D. Rochman, P. Ro-
mano, P. Schillebeeckx, S. Simakov, M. Sin, I. Sirakov,
B. Sleaford, V. Sobes, E. S. Soukhovitskii, I. Stetcu,
P. Talou, I. Thompson, S. van der Marck, L. Welser-
Sherrill, D. Wiarda, M. White, J. L. Wormald, R. Q.
Wright, M. Zerkle, G. erovnik, and Y. Zhu, Nuclear
Data Sheets Special Issue on Nuclear Reaction Data,
148, 1 (2018).
[15] A. J. M. Plompen, O. Cabellos, C. De Saint Jean,
M. Fleming, A. Algora, M. Angelone, P. Archier,
E. Bauge, O. Bersillon, A. Blokhin, F. Cantargi,
A. Chebboubi, C. Diez, H. Duarte, E. Dupont, J. Dyrda,
B. Erasmus, L. Fiorito, U. Fischer, D. Flammini,
D. Foligno, M. R. Gilbert, J. R. Granada, W. Haeck, F'.-
J. Hambsch, P. Helgesson, S. Hilaire, I. Hill, M. Hursin,
R. Ichou, R. Jacqmin, B. Jansky, C. Jouanne, M. A. Kel-
lett, D. H. Kim, H. I. Kim, I. Kodeli, A. J. Koning, A. Y.
Konobeyev, S. Kopecky, B. Kos, A. Krasa, L. C. Leal,
N. Leclaire, P. Leconte, Y. O. Lee, H. Leeb, O. Litaize,
M. Majerle, J. I. Mérquez Damiin, F. Michel-Sendis,
R. W. Mills, B. Morillon, G. Noguere, M. Pecchia,
S. Pelloni, P. Pereslavtsev, R. J. Perry, D. Rochman,
A. Réhrmoser, P. Romain, P. Romojaro, D. Roubtsov,
P. Sauvan, P. Schillebeeckx, K. H. Schmidt, O. Serot,
S. Simakov, I. Sirakov, H. Sjostrand, A. Stankovskiy,
J. C. Sublet, P. Tamagno, A. Trkov, S. van der
Marck, F. Alvarez—\/elarde, R. Villari, T. C. Ware,
K. Yokoyama, and G. Z,erovnik7 The European Physical
Journal A 56, 181 (2020).
A. Blokhin, E. Gai, A. Ignatyuk, I. Koba,
V. Manokhin, and V. Pronyaev, (2016),
https://www.vant.ippe.ru/en/year2016/2/neutron-

16

constants/1150-5.html,
https://www.vant.ippe.ru/images,/pdf/2016 /2-5.pdf.

[17] K. Shibata, O. Iwamoto, T. Nakagawa, N. Iwamoto,
A. Ichihara, S. Kunieda, S. Chiba, K. Furutaka,
N. Otuka, T. Ohsawa, T. Murata, H. Matsunobu,
A. Zukeran, S. Kamada, and J.-i. Katakura,
Journal of Nuclear Science and Technology 48,
1 (2011), publisher:  Taylor & Francis _eprint:
https://doi.org/10.1080/18811248.2011.9711675.

[18] Z. Ge, H. Wu, G. Chen, and R. Xu, EPJ Web
of Conferences 146, 02002 (2017), doi: 10.1051/epj-
conf/201714602002.

[19] A. J. Koning and D. Rochman, Nuclear Data Sheets
Special Issue on Nuclear Reaction Data, 113, 2841
(2012).

[20] A. J. Koning, D. Rochman, J. C. Sublet, N. Dzysiuk,
M. Fleming, and S. van der Marck, Nuclear Data Sheets
Special Issue on Nuclear Reaction Data, 155, 1 (2019).

[21] R. N. Hwang, Nucl. Sci. Eng. 96, 192 (1987).

[22] R. N. Hwang, Argonne National Laboratory Report
ANL/CP-71459 111, 1 (1991).

[23] R. N. Hwang, Nucl. Sci. Eng. 111, 113 (1992).

[24] R. N. Hwang, International Conference on the Physics
of Nuclear Science and Technology (1998).

[25] R. N. Hwang, Transactions of the American Nuclear
Society 88, 491 (2003).

[26] B. Forget, S. Xu, and K. Smith, Annals of Nuclear
Energy 64, 78 (2014).

[27] C. Josey, B. Forget, and K. Smith, Journal of
Nuclear Science and Technology 52, 987 (2015),
https://doi.org/10.1080/00223131.2015.1035353.

[28] C. Josey, P. Ducru, B. Forget, and K. Smith, Journal
of Computational Physics 307, 715 (2016).

[29] P. Ducru, V. Sobes, B. Forget, and K. Smith, in Pro-
ceedings of PHYSOR 2016 (American Nuclear Society,
555 North Kensington Avenue La Grange Park, Illinois
60526 U.S.A., 2016) pp. 2138-2150.

[30] X. Peng, P. Ducru, S. Liu, B. Forget, and J. Liang,
Computer Physics Communications 224, 52 (2018).

[31] MIT NSE CRPG , “Windowed multipole library,”
(2019), https://github.com/mit-crpg/WMP _Library.

[32] P. Ducru, J. Liang, V. Sobes, A. Alhajri, I. Meyer,
B. Forget, and K. Smith, International Conference on
Mathematics and Computational Methods applied to
Nuclear Science and Engineering (M&C 2019), Port-
land, OR, USA. (2019).

[33] A. Alhajri and B. Forget, International Conference on
Mathematics and Computational Methods applied to
Nuclear Science and Engineering (M&C 2019), Port-
land, OR, USA. (2019).

[34] S. S. M. . Harper, Calculating reaction rate deriva-
tives in Monte Carlo neutron transport, Thesis, Mas-
sachusetts Institute of Technology (MIT) (2016), ac-
cepted: 2017-01-30T18:50:477Z.

[35] S. Harper, K. Smith, and B. Forget, Proceedings of
the PHYSOR conference, Cancun, Mexico, Apr. 22-26
(2018).

[36] V. Sobes, P. Ducru, A. Alhajri, B. D. Ganapol, and
B. Forget, Nuclear Science and Engineering (2020), sub-
mitted.

[37] J. Liang, P. Ducru, and B. Forget, Transactions



of the American Nuclear Society 119, 1163 (2018),
http://dx.doi.org/10.1016//j.jcp.2017.01.039.

[38] P. Ducru, G. Hale, M. Paris, V. Sobes, and B. Forget,
Physical Review C (2020), submitted.

[39] P. Ducru, G. Hale, M. Paris, V. Sobes, and B. Forget,
Physical Review C (2020), accepted.

[40] F. W. J. Olver, A. B. Olde Daalhuis, D. W. Lozier, B. L.
Schneider, R. F. Boisvert, C. W. Clark, B. R. Miller,
B. V. Saunders, and eds., “NIST Digital Library of
Mathematical Functions,” (National Institute of Stan-
dards and Technology, U.S. Department of Commerce,
2020) https://dlmf.nist.gov.

[41] M. Abramowitz and I. A. Stegun, in Handbook of Math-
ematical Functions with Formuls, Graphs, and Mathe-
matical Tables, United States Department of Commerce
(National Bureau of Standards, Applied Mathematics
Series, 1964).

[42] T. Teichmann and E. P. Wigner, Phys-
ical  Review 87, 123  (1952),  DOL
https://doi.org/10.1103 /PhysRev.87.123.

[43] C. W. Reich and M. S. Moore, Phys. Rev. 111, 929
(1958).

[44] G. Arbanas, V. Sobes, A. Holcomb, P. Ducru, M. Pigni,
and D. Wiarda, EPJ Web of Conferences 146, 1 (2017),
https://doi.org/10.1051/epjconf/201714612006.

[45] A. J. F. Siegert, Physical Review 56, 750 (1939).

[46] G. Breit, Physical Review 58, 1068 (1940).

[47] A. Lejeune and C. Mahaux, Nuclear Physics A 145, 613
(1970), https://doi.org/10.1016/0375-9474(70)90445-8.

[48] J.-M. Li, L. V. Ky, Y.-Z. Qu, P.-H. Zhang, H.-L. Zhou,
and P. Faucher, Physical Review A 55, 3239 (1997).

[49] H. Comisel, C. Hategan, and R. A. Ionescu, Romanian
Journal Physics 57, 138 (2012).

[50] G. Mittag-Leffler, Acta Mathematica t.4, 1 (1884).

[51] A. E. Taylor, Pacific Journal
of Mathematics 10, 1049 (1960),
https://projecteuclid.org/euclid.pjm/1103038251.

[52] E. P. Wigner, Physical Review 73, 1002 (1948).

[53] H. Voss, in Handbook of Linear Algebra, 2nd
edition, Nonlinear Eigenvalue Problems, edited
by L. Hogben (Chapman and Hall/CRC,
New  York, 2014) Chap. 115, pp-  1-24,
https://www.mat.tuhh.de/forschung/rep/rep164.pdf.

[54] C. R. Brune, Phys. Rev. C 66, 044611 (2002).

5] F. H. Frohner, Evaluation and analysis of nuclear reso-

nance data, Tech. Rep. 18 (IAEA, 2000).

[56] B. Gustavsen and A. Semlyen, IEEE Transac-
tions on Power Delivery 14, 1052 (1999), DOI:
10.1109/61.772353.

[57] B. Gustavsen, IEEE Transactions on Power Delivery 21,
1587 (2006), DOI: 10.1109/TPWRD.2005.860281.

[58] S. Liu, X. Peng, C. Josey, J. Liang, B. Forget, K. Smith,
and K. Wang, Annals of Nuclear Energy 112, 30 (2018).

[59] J. Liang, X. Peng, S. Liu, C. Josey, B. Forget, and
K. Smith, Proceedings of the PHYSOR conference, Can-
cun, Mexico. (2018).

[60] M. Berljafa and S. Gttel, SIAM Journal on Scientific
Computing 39, A2049 (2017), publisher: Society for In-
dustrial and Applied Mathematics.

[61] Y. Nakatsukasa, O. Ste, and L. N. Trefethen, STAM
Journal on Scientific Computing 40, A1494 (2018), pub-
lisher: Society for Industrial and Applied Mathematics.

[62] C. Jammes and R. N. Hwang, Nuclear Science and En-
gineering 134, 37 (2000).

34

[63] R. N. Hwang, R. N. Blomquist, L. C. Leal, and W. S.
Yang, Neutron Resonance Theory for Nuclear Reactor
Applications: Modern Theory and Practices., Tech. Rep.
ANL/NE-16/34 (Argonne National Lab. (ANL), Ar-
gonne, IL (United States), 2016).

[64] T. Freiman, The multipole method for the on-the-fly
computation of the temperature dependency of nuclear
cross-sections, phdthesis, Universit Paris-Saclay (2020),
https://tel.archives-ouvertes.fr/tel-02906474.

[65] J. H. Wilkinson, Numerische Mathematik 1, 150 (1959).

[66] E. Durand, in FEquations du type F(z) = 0 : Racines
d’un Polynome (Mason Paris, 1960).

[67] O. Aberth, Mathematics of Computation 27 (1973),
https://www.ams.org/journals/mcom/1973-27-
122/50025-5718-1973-0329236-7/50025-5718-1973-
0329236-7.pdf.

[68] M. Petkovic, Iterative Methods for Simultaneous Inclu-

sion of Polynomial Zeros, 1st ed., Vol. 1387 (Springer-

Verlag Berlin Heidelberg, 1989).

Schonhage, Arnold, The Fundamental Theorem of Alge-

bra in Terms of Computational Complezity, Tech. Rep.

(Mathematisches Institut der Universitdt Tiibingen,

1982) http://citeseerx.ist.psu.edu/viewdoc/download?

doi=10.1.1.123.3313&rep=repl&type=pdf.

[70] X. Gourdon, Combinatoire, Algorithmique et Géométrie
des Polynémes, Ph.D. thesis, Ecole Polytechnique
(1996).

[71] V. Y. Pan, Computers & Mathematics with Applica-
tions 31, 97 (1996).

[72] V. Y. Pan, STAM Review 39, 187 (1997), publisher: So-
ciety for Industrial and Applied Mathematics.

[73] G. Malajovich and J. P. Zubelli, Computers & Mathe-
matics with Applications 33, 1 (1997).

[74] V. Y. Pan, Journal of Complexity 16, 213 (2000),
https://doi.org/10.1006/jcom.1999.0532.

[75] I. Z. Emiris and V. Y. Pan, Journal of Complexity
Foundations of Computational Mathematics Conference
2002, 21, 43 (2005).

[76] V. Y. Pan and A.-L. Zheng, Computers & Mathematics
with Applications 61, 1305 (2011).

[77] J. M. McNamee and V. Y. Pan, Computers & Mathe-
matics with Applications 63, 239 (2012).

[78] V. Y. Pan and E. Tsigaridas, Theoretical Computer Sci-
ence Symbolic Numeric Computation, 681, 138 (2017).

[79] E. Bauge, S. Hilaire, and P. Dossantos-Uzarralde, in
International Conference on Nuclear Data for Science
and Technology (EDP Sciences, 2007) pp. 259-264.

[80] R. Capote, D. L. Smith, A. Trkov, and M. Meghzifene,
Journal of ASTM International 9, 1 (2012), publisher:
ASTM International.

[81] A.J. Koning, The European Physical Journal A 51, 184
(2015).

[82] A. J. Koning, Nuclear Data Sheets Special Issue on
International Workshop on Nuclear Data Covariances
April 28 - May 1, 2014, Santa Fe, New Mexico, USA
http://t2.Janl.gov/cw2014, 123, 207 (2015).

[83] P. Helgesson, H. Sjostrand, A. J. Koning, J. Rydén,
D. Rochman, E. Alhassan, and S. Pomp, Progress in
Nuclear Energy 96, 76 (2017).

[84] D. Rochman, E. Bauge, A. Vasiliev, H. Ferroukhi,
S. Pelloni, A. J. Koning, and J. C. Sublet, The Eu-
ropean Physical Journal Plus 133, 537 (2018).

[85] E. Alhassan, D. Rochman, H. Sjstrand, A. Vasiliev,

(69



A. J. Koning, and H. Ferroukhi, Annals of Nuclear
Energy 139, 107239 (2020).

[86] D. Rochman, A. J. Koning, and J. C. Sublet, Nuclear
Data Sheets 163, 163 (2020).

[87] D. Rochman, A. Koning, and al., Annals of Nuclear
Energy 38, 942 (2011).

[88] D. Rochman, W. Zwermann, A. Koning, and al., Nu-
clear Science and Engineering 177, 337 (2014).

[89] E. Alhassan, H. Sjostrand, P. Helgesson, A. Koning,
M. Osterlund, S. Pomp, and D. Rochman, Annals of
Nuclear Energy 75, 26 (2015).

[90] R. E. MacFarlane and A. C. Kahler, Nuclear Data
Sheets Nuclear Reaction Data, 111, 2739 (2010).

[91] A. Solbrig Jr, American Journal of Physics 29, 257
(1961).

[92] G. L. Blackshaw and R. L. Murray, Nuclear Science and
Engineering 27, 520 (1967), publisher: Taylor & Francis
_eprint: https://doi.org/10.13182/NSE86-A17617.

[93] D. E. Cullen and C. R. Weisbin, Nuclear Science and
Engineering 60, 199 (1976), publisher: Taylor & Francis
_eprint: https://doi.org/10.13182/NSET76-1.

[94] T. Trumbull, Nuclear Technology 156, 75 (2006).

[95] G. Yesilyurt, W. R. Martin, and F. B. Brown,
Nuclear  Science and Engineering 171, 239
(2012), publisher: Taylor & Francis _eprint:
https://doi.org/10.13182/NSE11-67.

[96] G. Ferran, W. Haeck, and M. Gonin, Nuclear Science
and Engineering 179, 285 (2015), publisher: Taylor &
Francis _eprint: https://doi.org/10.13182/NSE14-64.

[97] P. Ducru, C. Josey, K. Dibert, V. Sobes, B. Forget, and
K. Smith, Journal of Computational Physics 335, 535
(2017), http://dx.doi.org/10.1016/j.jcp.2017.01.039.

[98] J. Conlin, W. Ji, J. Lee, and W. Martin, Transactions
of the American Nuclear Society 92, 225 (2005).

[99] T. H. Trumbull, Nuclear Technology 156, 75 (2006),
https://doi.org/10.13182/NT156-75.

[100] S. Peng, A. B. S. Zhang, and X. Jiang, Annals of Nu-
clear Energy 45, 155 (2012).

[101] T. Viitanen and J. Leppnen, Nuclear Science and En-
gineering 171, 165 (2012), publisher: Taylor & Francis
_eprint: https://doi.org/10.13182/NSE11-36.

[102] T. Viitanen and J. Leppnen, Nuclear Science and En-
gineering 177, 77 (2014), publisher: Taylor & Francis
_eprint: https://doi.org/10.13182/NSE13-37.

[103] P. K. Romano and J. A. Walsh, Annals of Nuclear En-
ergy 114, 318 (2018).

[104] D. G. Cacuci, ed., Handbook of Nuclear Engineering:
Vol. 1: Nuclear Engineering Fundamentals; Vol. 2: Re-
actor Design; Vol. 8: Reactor Analysis; Vol. 4: Reactors
of Generations III and IV; Vol. 5: Fuel Cycles, Decom-
missioning, Waste Disposal and Safeguards (Springer

35

US, 2010).
[105] L.-F.-A. Arbogast, in Du calcul des
dérivations (A Strasbourg, de  I'Imprimerie

de Levrault, Freres, An VIII (1800))

https://docnum.unistra.fr/digital /collection/coll7 /id /39933.

[106] E. T. Bell, Annals of Mathematics 35, 258 (1934), pub-
lisher: Annals of Mathematics.

[107] M. Abbas and S. Bouroubi, Discrete Mathematics 19th
British Combinatorial Conference, 293, 5 (2005).

[108] K. N. Boyadzhiev, Abstract and Ap-
plied Analysis Review Article (2009),
https://doi.org/10.1155/2009/168672, iSSN:  1085-

3375 Pages: 168672 Publisher: Hindawi Volume:
2009.
[109] J.-B.-J.  Fourier, Théorie  analytique de la

chaleur (Firmin Didot, Imprimeur du Roi, 1822)
https://gallica.bnf.fr/ark: /12148 /bpt6k1045508v.

[110] C. T. Ballinger, Proceedings of the international confer-
ence on mathematics and computations, reactor physics,
and environmental analyses, Portland, OR (United
States), 30 Apr - 4 May (1995), number: CONF-
950420- Publisher: American Nuclear Society, Inc., La
Grange Park, IL (United States).

[111] G. H. Vineyard, Physical Review 110, 999 (1958), pub-
lisher: American Physical Society.

[112] J. W. Cooley and J. W. Tukey, Mathematics of Com-
putation 19, 297 (1965).

[113] D. H. Bailey and P. N. Swarztrauber, STAM Journal on
Scientific Computing 15, 1105 (1994), publisher: Soci-
ety for Industrial and Applied Mathematics.

[114] G. W. Inverarity, SIAM Journal on Scientific Comput-
ing 24, 645 (2002), publisher: Society for Industrial and
Applied Mathematics.

[115] J. a. C. Weideman, STAM Journal on Numerical Anal-
ysis 31, 1497 (1994), publisher: Society for Industrial
and Applied Mathematics.
https://epubs.siam.org/doi/abs/10.1137/0731077.

[116] G. P. M. Poppe and C. M. J. Wijers, ACM Trans-
actions on Mathematical Software 16, 38 (1990),
https://doi.org/10.1145/77626.77629.

[117] M. R. Zaghloul and A. N. Ali, ACM Transac-
tions on Mathematical Software 38, 15:1 (2012),
https://doi.org/10.1145/2049673.2049679.

[118] M. R.  Zaghloul, ACM  Transactions on
Mathematical Software 44, 22:1 (2017),
https://doi.org/10.1145/3119904.

[119] S. G. Johnson, “Faddeeva package - Abl-
nitio - MIT License,” (2013), http://ab-

initio.mit.edu/wiki/index.php/Faddeeva_Package.



