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Abstract

Induced radioactivity is critical in a variety of fields including maintenance and decommissioning of accelerators and
reactors, nuclear waste management, and radionuclide production for medical and industrial applications. Serving this
purpose, DCHAIN-PHITS is the time-dependent radionuclide production, buildup, burnup, and decay code which is
coupled to and distributed with the PHITS general purpose Monte Carlo particle transport code. While the core of
the DCHAIN code was first written over forty years ago, the DCHAIN-PHITS incarnation of the code represents its
most substantial update in nearly twenty years. This work provides an overview of the function of DCHAIN-PHITS
and the new additions to the code. These additions include updated decay and cross section nuclear data libraries,
statistical uncertainty propagation, support for tetrahedral and three-dimensional grid mesh geometries, reaction tracking

capabilities, and general performance improvements.
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1. Introduction

DCHAIN [1, 2] is a decay chain analysis code for sim-
ulating the production, buildup, burnup, and decay of nu-
clides as a function of time in any radiation environment,
specifically designed with accelerator facilities in mind. It
is coupled to and distributed alongside the PHITS (Parti-
cle and Heavy Ion Transport code System) general purpose
Monte Carlo particle transport code [3]; PHITS serves as
DCHAIN’s source for neutron flux spectra and nuclide pro-
duction through complex high-energy nuclear reactions for
which the physics models within PHITS are employed.
PHITS can model nearly any particle (photons, leptons,
mesons, baryons, and ions) and its radionuclide-producing
reactions over a large range of energies (meV~TeV). Briefly
put, PHITS performs the time-independent (relative to
activation time scales) calculations such as particle trans-
port and nuclear reactions. Then, DCHAIN assembles
time-dependent decay/reaction chains and propagates nu-
clide inventories through time provided the nuclear reac-
tion rates and neutron fluxes from PHITS and the power
schedule of the source/beam, ultimately outputting time-
dependent nuclide inventories, decay heats, photon spec-
tra, and effective dose rates. DCHAIN-PHITS, referred to
as just DCHAIN for brevity, is an upgraded and modern-
ized version of the DCHAIN-SP code [2].
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This update to DCHAIN provides a number of new
data libraries and features discussed in detail throughout
this paper, summarized here. Two decay data libraries
and ten neutron reaction cross section libraries (along with
several hybrid combinations of each type) have been added
to DCHAIN, now allowing for the user to select their li-
braries of choice and perform comparative calculations. A
new output file illustrating the constructed decay /reaction
chains and allowing for much more detailed tracking of
nuclide inventories throughout a simulation has also been
implemented. This new output file can explicitly describe
how much each specific reaction contributes to the inven-
tory of a nuclide and could be used to greatly benefit efforts
in designing or selecting materials to minimize activation.

Prior to this work, the statistical uncertainties from
the PHITS-calculated nuclear reaction nuclide yields and
neutron fluxes were not propagated through the DCHAIN
calculations; this has been addressed with DCHAIN now
propagating these uncertainties and reporting their influ-
ence on the results. Though this functionality is also
present in “all-in-one” codes such as FLUKA [4], it is
unique among the other widespread and more traditional
modularly-coupled codes [5] such as the MCNP particle
transport code [6] with the CINDER [7] or ORIGEN (8]
transmutation and burnup codes.

Support for three-dimensional grid mesh and tetrahe-
dral geometries has been added along with some optimiza-
tions for geometries with many regions. Special features
of note here include that the voxels within a 3-D grid
mesh geometry can contain an arbitrary number of mate-
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rial boundaries (no per-voxel homogeneity constraint) and
that tetrahedral problems can output files formatted to en-
able coupling to the FLUENT [9] computational thermal
and fluid dynamics software, allowing DCHAIN-calculated
decay heats to be used directly as a heating source term
in those simulations. Both of these newly supported ge-
ometry types also provide capabilities for determining spa-
tial distributions of activation with far higher fidelity than
available with more traditionally defined geometries.

The history, mathematical theory, and usage principles
of DCHAIN are discussed next in Section 2. Section 3 then
reviews the new decay and cross section data library addi-
tions and improvements. Section 4 presents the newly im-
plemented features and capabilities of the DCHAIN code,
and these new features and updated libraries are show-
cased in example calculations in Section 5.

2. History, theory, and usage of DCHAIN

2.1. A brief history of the DCHAIN code

DCHAIN was first released by Tasaka in 1977 [10], and
he later released DCHAIN2 with numerous feature im-
provements and additions in 1980 [1]. In 1999, DCHAIN-
SP was released [11] with a new focus placed on spallation
products. In 2001, DCHAIN-SP 2001 was released which
featured specific data library improvements for the needs
of the J-PARC accelerator facility [2]; this is the most re-
cent “substantial” release of DCHAIN. In the following
year, a report on the reliability of DCHAIN-SP 2001 was
published [12]. In 2009, the FENDL/A-2.0 [13] neutron re-
action cross section library within DCHAIN was replaced
with the JEFF-3.1A library [14], and the cross section en-
ergy group structure was upgraded from the VITAMIN-J
175-group structure [15] to the ECCO 1968-group struc-
ture [16]. This update was not published in a report but
was instead presented at a conference in 2009 [17].

First coupling DCHAIN-SP 2001 to PHITS, the tally
[T-Dchain] was implemented in PHITS version 2.52 in late
2012; in early 2015 with the release of PHITS 2.75, this
was updated to the 2009 version of DCHAIN-SP. Some
of the features presented in this work were made available
with the release of PHITS 3.14 in 2019, with a few appear-
ing slightly earlier; from this update the official name of
the DCHAIN code became DCHAIN-PHITS with a ver-
sion number matching that of the PHITS code with each
release. All of the features discussed within this work
are available in DCHAIN-PHITS version 3.21 (released in
2020) and onward.

2.2. Theory and principles

DCHAIN employs the Bateman method for determin-
ing the time-dependent production, buildup, and decay of
nuclides [18]. Bateman’s general solution is for a decay
chain of arbitrary length such as the one illustrated below
where X; is a radioactive nuclide with decay constant \;
and the final nuclide X,, may be stable with A,, = 0.
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Nuclide inventories within DCHAIN are influenced by
three mechanisms: decay, neutron reactions under 20 MeV,
and source-target plus all other nuclear interactions (sepa-
rate from the low-energy neutron reactions). As described
by Tasaka [1], the change in inventory of a nuclide i with
time can be expressed with Equation 1.
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where:

N;(t) = inventory of nuclide ¢ at time ¢
Y;(t) = production rate of nuclide ¢ through source-
target and other nuclear interactions at time ¢

Ai = decay constant of nuclide 7

Otr; = flux-weighted total microscopic neutron trans-
mutation reaction cross section of nuclide 4

¢(t) = total neutron flux at time ¢

fj—i = branching ratio of the decay of nuclide j to nu-
clide i

gr—; = fractional production probability of nuclide i per
transmuting neutron reaction with nuclide k

In the most basic form of Bateman’s solution, it is as-
sumed that only the first nuclide in a chain has nonzero
initial inventory. The more general solution where all nu-
clides in a chain may begin with nonzero inventories is
found by superimposing the basic solution for ¢ linear de-
cay chains of lengths 4 to 1 and initial nuclide inventories
of NY to N?. Neglecting the neutron reaction term mo-
mentarily (¢ = 0), this general solution to Equation 1 is
shown in Equation 2.

7 1—1 i—k+1
N =Y ST # ) [N DS dje™t
k=1 j=k j=1
i—k+1 Nt
1—e N
i | D A (2)
j=1 !
where:
1 Ji=j=1)
i—1
IR
dj=q = Liz2jemi)  ©
[T (e —A))
k=1
(k#7)




Incorporating the neutron reaction terms, one may ob-
serve that the transmutation rate oy, ;¢(t) behaves sim-
ilarly to a decay constant in function and that the unit
production rate per neutron reaction gi_,; behaves simi-
larly to a decay branching ratio. With this in mind, at
times with nonzero neutron flux, the decay constants A
and branching ratios fi_; in Equations 2 and 3 can be re-
placed with the new effective decay constant Aj, and effec-
tive branching ratio f;_,,, shown in Equations 4 and 5, re-
spectively. This can be simply thought of as treating neu-
tron reactions as an additional decay mode which only has
a nonzero branching ratio while the primary source/beam
is active.
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Note that oy, ) is the single-group average transmuta-
tion cross section given by Equation 6 with multi-group
cross section of , and multi-group flux ¢#(¢) at time ¢.
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These equations slightly differ in situations where a
chain contains a nuclide whose decay constant is extremely
close to that of another nuclide in the same chain or when
the decay/reaction product of one nuclide in the chain is
the same as another nuclide already appearing earlier in
the chain (making a cyclic chain). A description of the
handling of these cases and a more detailed derivation of all
of these equations are provided in Reference 1. Addition-
ally, a variety of checks and approximations are employed
to handle extreme values while evaluating Equation 2, cir-
cumventing major numerical precision-induced errors.

Similar linear chain methodologies are also employed
by other activation codes (e.g. CINDER [7]); though,
differences are present, particularly with the handling of
cyclic chains and near-equal decay constants. Alternative
deterministic approaches for solving the system of Bate-
man differential equations utilized by other codes include
the matrix exponential method (e.g. ORIGEN [8]) and
numerical solvers (e.g. ALEPH-2 [19] which utilizes a
Runge-Kutta method). Some codes include multiple meth-
ods such as Serpent [20] (linear chains and an advanced
version of the matrix exponential method, CRAM [21])
and FLUKA [4] (a pure Monte Carlo “semi-analogue” ap-
proach and analytic solutions to the Bateman equations).

2.8. Usage of DCHAIN with PHITS

The intended usage of PHITS and DCHAIN together is
illustrated in Figure 1; after a simulation scenario has been
designed, the two codes are executed sequentially with no
other intermediate action of the user required.

DCHAIN
~ PHITS output + decay

data and neutron
reaction cross sections

Design

e Geometry, materials,
and source definition

e Power cycling schedule
of source/beam

PHITS l
Simulate nuclear reactions
and transport calculations
from source l

Simulate production,
burnup, and decay of

nuclides following source
power cycling schedule

Outputs:

e Model-based nuclear
reaction nuclide yields

e Neutron flux < 20 MeV
e DCHAIN input file

Outputs:

Nuclide inventories,
activities, decay heats,
and y-spectra at any
time and in any region

Figure 1: Flow of a coupled PHITS + DCHAIN simulation

As with any particle transport calculation, the geom-
etry, materials, and source term must be defined first. In
addition to this, the time-variation of the source’s power
level must also be specified. For instance, one may state
that an ion beam is on at 100% power for 2 hours, off
for 30 minutes, and then on at 80% power for 3 hours.
PHITS then handles all of the time-independent calcula-
tions of particle transport of the source through the geom-
etry and any secondary reactions which may occur. Using
the [T-Dchain]| tally in PHITS, the neutron flux under 20
MeV, nuclide yields through higher-energy reactions (ev-
erything except for neutrons under 20 MeV), and an input
file for DCHAIN are automatically generated. The time-
dependent variance of the source’s power is simply passed
along to DCHAIN here.

DCHAIN then takes over the time-dependent calcula-
tions. Using the source’s power schedule, DCHAIN de-
termines what factors influence nuclide inventory at each
time. Production and destruction through decay reactions
are calculated at all times. While the source is on (above
0% power), it considers two additional nuclide production
and destruction mechanisms: (1) low-energy neutron reac-
tions and (2) high-energy reactions with all particles. The
low-energy neutron calculations use the PHITS-calculated
neutron flux spectra and DCHAIN’s internal transmuta-
tion cross section database(s). For the high-energy reac-
tions, nuclide production and target burnup rates are de-
termined by the PHITS-calculated nuclide yields.

DCHALIN outputs activity, decay heat, photon effective
dose, and photon spectra in all regions of interest at any
times requested by the user. This is all compiled into a
primary output file, but useful supplementary files are also
generated. For instance, the resulting decay photon spec-
tra are outputted into file(s) formatted as PHITS source
terms which can be directly reinserted into a secondary
PHITS simulation, useful for determining dose distribu-
tions from residual radioactivity. Another, newly added,
file illustrates the constructed nuclide production/decay
chains and details how each chain contributes to nuclide



inventories with user-controlled granularity.
Understanding the internal methodologies and logic
within DCHAIN is important for designing a simulation,
obtaining consistent results, improving the calculation’s ef-
ficiency (especially for more complex scenarios), and cor-
rectly interpreting the outputted information. Within a
DCHAIN calculation, the simulation is divided into Nyeg
geometric regions specified by the user and Neaic steps cal-
culation time steps which are both specified by the user
and automatically calculated in DCHAIN. This number of
buildup and decay calculations performed in each region
is a function of the times at which output is requested, the
beam power cycling schedule, and the number of sub-steps
Nsub steps €ach irradiation time step is divided into (cus-
tomizable, default of 50); this relationship is expressed in
Equation 7 and is illustrated in an example in Figure 2.
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Figure 2: Determination of calculation steps from beam state and
requested output times

Additionally, each calculation step’s length (computa-
tional cost) Tiac is dependent on the complexity of the
problem, as in the number of nuclides present and how
they can decay, expressed in Equation 8 where dpeam on/off
is a delta function denoting whether the beam is on (1) or
off (0) and N describes the quantity of what is specified by
its subscript. During irradiation time steps, the calcula-
tion is considerably more complex since all of the neutron
activation channels are opened as being possible, and the
code explores all possible routes for decay and production
of the present nuclides in each calculation time step.

N,
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The variables in the earlier equations which vary with
time, namely those dependent on ¢(t) and Y (¢), are recal-
culated for all nuclides in each time step. While, for a given
beam power, Y (¢) is usually nearly constant, DCHAIN
does approximate the effect of high-energy nuclear reac-
tion slowdown incurred from burnup of the target nuclides
in these reactions. Then, in each time step in each region,

DCHAIN counstructs all of the possible decay /reaction chains
leading to the production of each nuclide present in the
decay library database (by default limited to 100 unique
chains per end-nuclide).

Then, calculating the change in inventory for each end-
nuclide in a time step, DCHAIN sums the contributions of
each chain which itself is the sum of all contributions from
each nuclide in each chain as expressed earlier in Equation
2. Expressed more closely to how the calculation is actu-
ally handled by DCHAIN, the change in inventory AN of
a single nuclide X, in a single time step is shown in Equa-
tion 9 where C,, is the total number of chains/pathways
leading to the production of nuclide X,,, Ly is the length
of (number of nuclides in) the ¢** chain, and sy, is the

m*" nuclide in the ¢** chain.
Total __ model_reactions lib_reactions + decay
A‘]VX,,, - ANtarget—)Xn - A‘]\/YX,,—M
Cx, Ly

lib_reaction + decay(s)
£33 (A
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The first two terms of Equation 9 correspond to the
two main terms of Equation 2 when k = 7, and the sum-
mation terms describe k& < . In more detail, one can
think of this as having two distinct portions: (1) produc-
tion/destruction of X, through direct reactions with X,
and (2) production of X,, through reactions of other nuclei.

This first direct portion is represented by the first two
terms in Equation 9. ANt‘;’fg"eilje)?zﬁons is direct produc-
tion of X,, through beam/source interactions (everything
but <20 MeV neutrons) from the PHITS-produced nuclide
yield file which is reliant on physics model calculations;
if X, is a target nuclide, this term also includes model-
calculated burnup of X,,. —ANR>Teactons +deea iy Jogg of
X, through its decay and through neutron reactions trans-
muting it into something else (combined into a single term
in DCHAIN), using the PHITS-produced neutron flux file
and DCHAIN’s neutron cross section library. DCHAIN
includes these two terms in the final link of the first de-
cay chain for each nuclide X, and in none of the other
subsequent chains for that nuclide.

The second portion of X,, produced through reactions
of other nuclides is summed over all chains and all nu-
clides in each chain. In a similar fashion, this is split

into two components for each nuclide in each chain. The
lib_reaction + decay(s)
ANSe,mﬁXn

which was transmuted to X, in that time step by decay(s)

or neutron reaction possibly followed by decay(s), and

model_reaction — decay(s) . . .
ANarget 50— X, is the inventory of nuclide s¢p,

produced by beam/source (everything but <20 MeV neu-
trons) interactions with the region target material which
subsequently underwent decay(s) to yield X,,.

term is the inventory of nuclide s ,



3. Data library additions

For its calculations, DCHAIN employs both results cal-
culated by PHITS as well as its own nuclear data libraries.
DCHAIN relies on two primary types of nuclear data: neu-
tron reaction cross sections and decay data. As already
discussed, the cross section data is used for determining
transmutation rates from the neutron flux. The decay
data is used for constructing decay chains and calculat-
ing activities, decay heats, and photon spectra.

3.1. Decay data libraries

The decay library shipped with DCHAIN-SP prior to
this work (alongside PHITS 3.13 and earlier) was largely
the same as the original one from 1999, with some revi-
sions and additions being made over time. This work intro-
duces more modern evaluations from JENDL/DDF-2015
[22] and ENDF/B-VIIIL.O [23], also with some specific data
related to competing positron and electron capture decays
from ENSDF [24]. Users may select between either of these
two modern decay libraries, the original decay library, or
between two hybrid combinations of the three. The first
of these hybrid libraries uses data from JENDL/DDF-2015
where available, then pulls data from ENDF/B-VIIIL.O for
nuclides not present in the JENDL file, and finally pulls
data from the original decay data file for the handful of
nuclides exclusive to it; this is the default decay data li-
brary in DCHAIN. The second hybrid decay data library
is constructed similarly but places priority on the ENDF
data over the JENDL data. These decay libraries are sum-
marized in Table 1.

Table 1: Decay data libraries in DCHAIN

Added in Decay library source(s) Ref.
1980 *Nuclear Data Sheets (1977) [25]
1999 a combination of evaluations:

EAF-3.1, FENDL/D-1, [26, 27]
ENSDF (1997), [28]
Table of Isotopes 8 ed. (1996), [29]
Chart of the Nuclides 1996 [30]
2019 JENDL/DDF-2015 [22]
2019 ENDF/B-VIILO (2018) 23]
2019 combinations of the above

*from the original DCHAIN, not present in DCHAIN-SP and newer

The 1999 decay library contained data for 3144 nu-
clides; this has been expanded to 4013 nuclides with the
addition of the modern libraries. The majority of the new
nuclides either lie on the fringes of the table of isotopes or
are new isomeric states. However, the significant elements
of the decay data for many previously included isotopes
has changed notably. Figure 3 illustrates which isotopes
had notable changes to their decay data between the new
and old libraries. For the sake of this illustration, a nu-
clide’s data is considered “notably different” if at least one
of the following three criteria is met:

1. Half-life changed by at least 10%. If changing to
or from being listed as stable, this is only considered
notable if the isotope’s radioactive listing had a half-
life of 10'* seconds (3.17 million years) or shorter.

2. Average alpha, gamma, or beta emission energies
changed by at least 10%, only considered notable
if the changed value (E,, E,, or Eg) represented at
least 1% of the decay’s total energy released.

3. The primary decay mode/channel (the one with high-
est branching ratio) had changed.

100

T 801

% 601
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S 40
N notably different

20 1 mostly unchanged
0 new nuclides

0 20 40 60 80 100 120 140 160
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Figure 3: Nuclides newly added or whose decay data had a
significant element changed by at least 10% between DCHAIN’s
previous and current decay library

The majority of these “notable” differences stem from
changes in average beta and gamma emission energies, im-
plying the results most impacted by the updated decay
libraries will be decay heat and photon dose/spectra.

DCHAIN utilizes three data files related to the decay
data. The first is a comprehensive decay data file which
is simply an extraction of the data needed by DCHAIN
from the ENDF6-formatted!files and then translated into
a DCHAIN-specific format. The second is a table contain-
ing photon fluence to effective dose coefficients for every
nuclide in the decay library, and the third is a table specify-
ing the positron emission fraction for nuclides undergoing
competing positron emission and electron capture decays
used in determining annihilation photon fluxes.

The photon fluence to effective dose file has been com-
pletely renovated in this update to DCHAIN. Users may
now choose to use one of seven different conversion factors.
The first six are photon fluence to effective dose E conver-
sion coefficients published in ICRP 116 [31] for the various
standard geometries: AP, antero-posterior; PA, postero-
anterior; LLAT, left lateral; RLAT, right lateral; ROT, ro-
tational; and ISO, isotropic. The seventh is fluence to am-
bient dose equivalent H*(10) conversion coefficients from

IThe ENDF acronym stands for both “Evaluated Nuclear Data
File” and “Evaluated Nuclear Data Format.” To distinguish the two,
the major version number of the “files” is written in Roman numerals
while the “format” is versioned using Arabic numerals. Context
also typically makes apparent whether the file or format is being
discussed. Except for ENSDF, all nuclear data files discussed in this
work utilize the ENDF format.



ICRP 74 [32] for photons 10 MeV and lower and from
Pelliccioni [33] above 10 MeV.

To calculate the contribution of annihilation photons
to the gamma-ray spectra and dose, it is important to
know not only the total branching ratio of the positron
emission (1) and electron capture (EC) decay channel
but also the number of positrons emitted per unit decay
through these two competing modes. However, within the
ENDF-formatted decay databases and ENSDF, not all nu-
clides which undergo a positron emission or electron cap-
ture decay have the relative intensities of these competing
decay modes clearly stated as the two channels are not
split into separate decay modes in the ENDF format (see
the MF=8 MT=457 entry of the ENDF6 manual [34]).
Instead, it must typically be derived from the total aver-
age positron emission intensity per decay. However, this
data in addition to the average annihilation photon yields
per decay are not necessarily available either. In the case
of DCHAIN’s library assembled from JENDL/DDF-2015,
ENDF/B-VIIIL.0, and ENSDF (from 2019), nearly 33% of
all nuclides which have a listed 31 /EC channel are missing
this positron emission data.

Thus, to maintain the ability to accurately predict pho-
ton fluxes in DCHAIN when encountering a nuclide with
such decay data deficiencies, an empirical model exists
within DCHAIN to determine what fraction of decays emit
a positron (subsequently creating annihilation photons)
versus undergoing electron capture; this is referred to as
the positron emission probability Ig+. This work sought
to improve this model.

Figure 4 shows the relationship between Ig+, decay Q-
value, and mass number A for a variety of 87 /EC decays
within JENDL/DDF-2015, ENDF /B-VIIL.0, and ENSDF
which have sufficient positron emission intensity informa-
tion already available. The nearly horizontal blue line indi-
cates the line below which all decays are exclusively 100%
electron capture (0% positron emission); note that there
are some 100% EC decays lying near but above this line.
All points above the curved red line have a 99% positron
emission probability or greater. Both of these lines were
empirically generated.
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Figure 4: Relationship between known evaluated positron emission
probabilities I+, A, and Q

The empirical model for calculating the positron emis-
sion intensity Ig+ previously employed for this was a sim-
ple piece-wise function dependent on the decay’s Q-value,
@i, and the parent’s mass number, A, using the functions
listed in Equations 10 and 11.

Qin(MeV) =1.022+ (5 x 107%) - A (10)
0.0 Qi < Qtn
Igr =3 2 .Qéth - % @ < Qi <2-Qu (11)
Qo gis2qu

This work introduces a new empirical function that
more accurately predicts the existing data. Provided @
and A should be the variables which impact I+, one must
note that the impact of Q on I+ is much more significant
than that of A. Thus, the function decided on was a lo-
gistic function with @ as the primary variable (Equation
12), but the other coefficients within the main function
have light dependencies on A (Equations 13 through 15).
Since the change in Ig+ appeared more steep for decays
of lower Q-values, a multiplier on the steepness of the lo-
gistic curve was adopted for decays of lower Q-value. The
fitting parameters in these equations, denoted as ¢ with
subscripts, are tabulated in Table 2 and were optimized to
minimize deviation with known values of Ig+, first manu-
ally /visually and then refined using a generalized reduced
gradient nonlinear solver [35].

0.0 Qi < Qtn

(1 _|_€*k'(Qi*Qx))7 (12)

Iﬁ+ =
Qi > Qwm

where:

Qw = Cg1 -AQ—C$2-A+CI3 (13)

k=cp-m- A"k if k>5, then k=5 (14)

le'A+Cm2 Q2<Qz
m = (15)

Table 2: New I3+ model parameters

Variable Value
Cr1 1074
Ca2 2.14 x 1074
Ce3 2.2216
Ck1 168.18
Ck2 1.146

emi 2.94 %1073
Cm 2.818




Figure 5 illustrates the performance of the previous
and new positron emission intensity estimation functions
by overlaying a colormap of their equations over this phase
space and the known Ig+ values shown earlier in Figure 4.
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Figure 5: Known evaluated positron emission intensities per
competing 37 /EC decay with the (top) old and (bottom) new Igt
estimation functions overlaid.

Through this exercise, the improvements of the new
function relative to the original one are easily discerned.
The previous function performs best for decays where elec-
tron capture is favored over positron emission. For heav-
ier nuclides, where a larger fraction of the positron data is
absent, it seems to overestimate Ig+ with Q-values above
a few MeV, and it poorly estimates the heavily favored
positron emissions from the lighter nuclides. The new
model appears to fit the known data much more closely,
and the boundaries where either decay mode becomes over-
whelmingly more probable than the other also align well.

To quantify the improvement of this function, the dif-
ferences between the known and calculated values are stud-
ied. Figure 6 shows the differences of known and calculated
values from both models, and Table 3 summarizes their
mean and median differences and R? values.

It is clear that systematic issues are present in the orig-
inal model while deviations in the new model appear more
random, though more concentrated at low-to-intermediate
masses. While the mean and median differences from nor-
mal subtraction do not provide a conclusive judgment on
which model performs best, the absolute differences of the
known and calculated values make a much stronger case for
the new model. Since calculated values can deviate above
and below the known value, both models “on average” ap-
pear to perform well in predicting Ig+. However, when
considering the absolute magnitude of the deviations, the
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Figure 6: Differences between the known evaluated and calculated
values are shown for both the new and old models predicting Ig+ .

Table 3: Differences between known evaluated and calculated
positron emission probabilities I+ (as percentages)

Known - Calculated

Quantity  Old model New model
Mean -0.73% 0.0011%
Median 0.00% 0.00%
*Meanaps 12.39% 6.74%
*Median,pg 7.32% 1.27%
R? 0.788 0.883

*calculated from the absolute value of the
difference instead of the normal difference

issues from the systematic trends in the old model become
much more evident; the R? value of each function against
the evaluated data values affirms this. The new model
more accurately estimates positron (and, thus, annihila-
tion photon) emission rates without systematic over /under
predictions dependent on the masses of activated nuclides.

3.2. Neutron reaction cross section libraries

Prior to this work, DCHAIN’s neutron reaction cross
section library had undergone two major revisions, from
the original 1980 27-group dataset (based on computer
calculations [36] using 1976 JNDC [37] and BNL-325 [38]
data) to the 175-group FENDL/A-2.0 library [13] (released
in 1997) and then later to the 1968-group JEFF-3.1A li-
brary [14] (released in 2005). This work implemented a
variety of modern neutron reaction cross section libraries
from which the user can choose.

The DCHAIN library files were composed by convert-
ing the original point-wise ENDF-formatted cross section
data files to group-wise ENDF format (in the 1968-group
ECCO structure) with the PREPRO ENDF pre-processing
code suite [39] and then extracting and compiling the in-
formation relevant to DCHAIN into a separate library data
file with a dedicated Python script. Since these cross sec-
tions are used for assessing transmutation rates, elastic
scattering and (n,n) reactions in general (except those re-
sulting in a change of isomeric state) are of no interest to
DCHAIN and are thus excluded. The available libraries
and the number of unique nuclides and total transmuting
reactions included within each are shown in Figure 7.
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Figure 7: Neutron reaction cross section libraries in DCHAIN;
TFENDL/A-2.O is in the old 175-group structure, not the current
default ECCO 1968-group structure.

As one may note, there is a large variance in expan-
siveness between the various libraries. TENDL, due to its
model-based construction, has theoretical data for practi-
cally every reaction imaginable. In contrast, the more tra-
ditional, experimental data-focused evaluated databases
such as JENDL and ENDF can appear lacking. The fusion-
tailored libraries from Europe fit somewhere between these
extremes, being largely based on evaluated experimental
data but also supplemented with TALYS-calculated cross
sections [50, 44, 45, 46].

When selecting a cross section library for a calculation,
it is important to understand its origins, focus, and limi-
tations. For instance, EAF, the European Activation File,
is clearly built for activation calculations. JENDL/AD-
2017, while also designed for activation calculations, is
tailored to reactor decommissioning and only is concerned
with nuclides with half-lives over 30 days [40]. The ENDF
libraries, BROND, CENDL, and JENDL-4.0 are general
purpose libraries which encompass many of the most typ-
ical reactions but are lacking some more niche reactions,
particularly those involving isomers. Additionally, CENDL
is missing isotopic cross sections for a number of elements,
making derivation of specific transmutation cross sections
from the reactions impossible.

To allow users to employ data from a preferred source
but not feel as if they are compromising their results by
not selecting one of the more expansive libraries, a handful
of hybrid neutron reaction cross section libraries have been
composed. Presently, these hybrid libraries are assembled
from data taken from the Japanese (JENDL/AD-2017 and
JENDL-4.0), American (ENDF/B-VIIL.0), and European
(JEFF-3.3 and FENDL/A-3.0) libraries. For instance, one
library prioritizes selecting data from the Japanese, then
American, and then European libraries. This library con-
tains all of JENDL/AD-2017, reactions from JENDL-4.0
absent from JEDNL/AD-2017, reactions from ENDF/B-

VIIL.0 absent from either JENDL library, reactions from
JEFF-3.3 absent from any of the JENDL or ENDF li-
braries, and finally any reactions within FENDL/A-3.0
not included already. This hybrid library is presently the
default cross section library within DCHAIN. Users may
also select from libraries prioritized as US—JP—EU or
EU—US—JP as well as one library which is just a combi-
nation of both JENDL libraries.

When combining libraries in this fashion, one must take
care not to double-count any reactions; this is of particu-
lar concern when isotopes with numerous isomeric states
are involved. For instance, considering the (n,2n) reac-
tion with Y, whether the isomeric states of the prod-
uct 88Y are distinguished or not is dependent on the li-
brary. Within the ENDF and JEFF libraries, three sepa-
rate (n,2n) reaction cross sections with 89Y are provided,
producing 889Y, 881y and 88™2Y. In the JENDL and
FENDL libraries, only one cross section is provided for this
reaction, and this single 88Y production cross section is the
sum of those for the three possible isomeric states. Naively,
when composing a hybrid library prioritizing JENDL over
ENDF, one may note that ENDF includes the two meta-
stable state cross sections which JENDL does not and then
opt to include those in addition to the “ground state” cross
section provided by JENDL; though, this would be in er-
ror as then those two cross sections would be accounted
for twice.

On a technical note, this availability stems from what
sections are present in the ENDF-formatted files for each
target nuclide. While all of them include MF 3 (“file 3”)
sections for reactions cross sections, some also contain MF
10 sections specifically for radionuclide production cross
sections where numerous cross sections for the isomeric
states of the product nuclide can be provided. When
the MF 10 section is present for a given reaction, there
is no ambiguity on the identity of the product nuclides.
When the MF 10 section is absent, only the element and
atomic mass of the product can be obtained from either
the MF 8 section (decay and fission product yields “file”)
if present or derived from the reaction number MT; there
is not a straightforward way of identifying the isomeric
state of the product in those cases. Thus, when assem-
bling these hybrid libraries, care was taken to avoid this
double-counting error, only including either specific indi-
vidual isomeric states of the product or all states combined
for any given target and reaction.

4. New features and functionalities

In addition to the new decay and neutron reaction
cross section data added to DCHAIN, a variety of new
functionalities have also been implemented. This includes
statistical uncertainty propagation, more detailed track-
ing of nuclide production, support for three-dimensional
grid mesh and tetrahedral geometries, and efficiency and
performance improvements. These features are expanded
upon in the following subsections.



4.1. Statistical uncertainty propagation

DCHAIN-PHITS relies on two sets of values calculated
by PHITS, neutron fluxes and nuclear reaction-induced
nuclide yields, and both of these have statistical uncertain-
ties associated with them due to the random nature of the
Monte Carlo particle transport process. However, previ-
ous versions of DCHAIN did not include any uncertainty
propagation, meaning one would need to be particularly
careful in verifying that any results were statistically valid.
With this update, these uncertainties are now propagated
through the calculations to the final resulting inventories,
activities, decay heats, photon doses, and photon spectra.

Referring to Equation 2, incorporation of the uncer-
tainty in the PHITS-calculated nuclide yields Yy () is rea-
sonably straightforward. The Yj-dependent terms of the
change in nuclide inventory AN; are recalculated except
substituting Y}, with its absolute uncertainty §(Y%) instead.
Propagated through the rest of the calculation, this be-
comes the beam/high-energy reaction yield-attributable
component of the uncertainty in AN;.

Incorporating the uncertainty of the neutron flux is
slightly more complex. The uncertain variable is the neu-
tron flux ¢(t), and it is used to calculate the single-group,
flux-weighted transmutation cross sections oy, which are
then used to calculate the effective decay constants A}
and effective branching ratios f;_,,. The uncertainty of
the product of this single-group cross section and the flux
0(0te k- @(t)) (the value actually used in calculating A} and
fi_,,) is calculated as shown in Equation 16 where §(¢#(t))
is the absolute uncertainty in the flux in energy bin g.
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This uncertainty is then ultimately propagated through
to the f;_,, terms of Equation 2 where the fractional un-
certainty of the product of the f;_,, terms is calculated
as the linear sum of the fractional uncertainties of each
fi_,; term. The summation here is linear, rather than
in quadrature, since the underlying neutron flux used to
calculate each term is the same, making them no longer
independent and random [51]. For instance, for a reaction
chain involving two subsequent neutron capture reactions,
it would be unfair to add their uncertainties in quadrature
since the effective branching ratios of both were ultimately
calculated from the same initial neutron spectrum. The
yield and neutron flux uncertainties are then propagated
using the conventional methodology of linear sums of abso-
lute uncertainties (for sums and differences) and fractional
uncertainties (for products and quotients) at each step un-
til each nuclide inventory and its uncertainty are obtained.

4.2. Support for 3-D grid mesh and tetrahedral geometries

The geometry of a traditional PHITS simulation is con-
structed using simple surfaces (such as planes, spheres,
cylinders, etc.) and cells/regions filling all space which are

constrained and defined by these surfaces, using Boolean
logic. Tallies can then be built to count particles which ei-
ther cross these surfaces or pass through these cells. Since
DCHAIN seeks to determine nuclide inventories within a
region, the [T-Dchain] tally fits in this latter category.

However, this style of geometry and tally definition is
not always well-suited for every application. In cases where
one may wish to study spatial distributions within a mono-
lithic structure (such as what portions of a large wall are
being activated), it is not convenient to define each tally
region of interest individually. In these cases, PHITS pro-
vides the option to define a three-dimensional grid of tally
volumes independent of the defined geometry, allowing for
any resolution in grid size the user desires. While this
functionality has been available in many PHITS tallies for
some time, this update implements support for these types
of tallies in DCHAIN as well. As a rather unique feature
of DCHAIN, the grid voxels are not constrained to a single
material. An individual voxel can contain region bound-
aries of different materials, and DCHAIN will properly ac-
count for the variety and respective volumes of each ma-
terial in its calculations for that voxel. DCHAIN also now
has the ability to automatically generate two-dimensional
heatmap plots of the calculated activity along any of the
three axes of these three-dimensional grid mesh tallies.

In other cases, particularly for more complex models,
defining the geometry itself in the traditional way may
be overly cumbersome. For that purpose, support for ge-
ometries defined as a collection of tetrahedrons, such as
those which may be generated from geometries designed
in a CAD software, was added first in PHITS 2.80 [52].
Over time, support for tetrahedral mesh geometries within
PHITS has been expanded, allowing for increased effi-
ciency for those working in interdisciplinary fields which
are more likely to be utilizing these CAD geometries, such
as fluid dynamics, thermal sciences, and nuclear medicine
[53] in addition to more traditional nuclear scientists work-
ing with very complex geometries such as accelerator com-
ponents and facilities. This update introduces support for
these tetrahedrally defined geometries to DCHAIN. This
unlocks some interesting possibilities for future simulations
such as a thermal transport code utilizing time-dependent
decay heats from DCHAIN. To more easily enable some
of these studies, DCHAIN can also automatically produce
files at any desired times containing the decay heat being
produced in each tetrahedron formatted in a CSV and/or
OpenFOAM [54] format for direct use with the ANSYS
FLUENT [9] computational thermal and fluid dynamics
code; output formatted for use with FLUENT is already
supported in several other tallies within PHITS.

Both of these geometry types allow for substantially
higher spatial resolution of activation results than what
would be obtained from the more traditionally defined ge-
ometries. Additionally, these two geometry methods can
be used together; one may utilize a tetrahedrally defined
geometry in PHITS but overlay a 3-D grid mesh on it in
the [T-Dchain] tally to obtain voxelized results.



4.3. Efficiency and performance improvements

While DCHAIN is generally significantly less compu-
tationally expensive and runs much faster than the pre-
cursory PHITS simulation, typically on the order of sec-
onds (and, at most, minutes) for smaller geometries, the
tetrahedral and 3-D grid mesh tallies which can contain
vastly more individual regions than traditionally defined
problems do have a significant impact on the run time of
DCHAIN. At its core, DCHAIN treats all regions within
a problem independently; for each, PHITS provides a spe-
cific neutron flux spectrum and set of nuclide yields, mean-
ing production and destruction rates of nuclides are differ-
ent in every region even if they contain the exact same
initial material composition.

This work implements some performance improvements
to mitigate this impact as much as possible. Now, by de-
fault, the neutron reaction cross section library is read and
stored into system memory for the duration of a DCHAIN
calculation rather than being reread for each region. Given
the relatively large size of these libraries, particularly the
modern ones which are on the order of 100 MB, one can
understand the increased memory requirement but also
the reduction of run time for not needing to read in a
file of that size numerous times. Other performance and
memory improvements have been implemented including
(1) reformatting the PHITS output files containing the
neutron flux spectra and nuclide yields for each region for
improved space efficiency and (2) eliminating redundant
file reading everywhere possible within DCHAIN, accel-
erating many-regioned calculations in particular in both
PHITS and DCHAIN.

More concretely expressed, the total run time Tiopa) of
DCHAIN can be thought of as being composed of (1) time
spent reading files—the decay data library T.q decay libs
neutron cross section library T4 & 15, neutron flux spec-
tra Trq Aiux, and nuclear reaction nuclide yields T4 yield—
and (2) time spent actually constructing decay chains and
performing calculations T¢a. (Equation 8) in each of the
Neale steps calculation steps (Equation 7) in each of the
N, independent regions. The total calculation time uti-
lizing the more efficient settings and data formats is shown
in Equation 17; the T” variables denote files whose read
times have been reduced by the new formatting. Before
these efficiency improvements had been made to DCHAIN,
this calculation time scaled as shown in Equation 18.

/ /!
Ttotal X Trd decay lib + Trd olib + Trd flux + Trd yield

Nyeg
+ Z <Ncalc steps ° Tcalc> (17)
=1
Nreg
1
Tiotal ¢ Trd decay lib + Z <Trd o lib + N T4 flux
i=1 ree

+ Trd yield + Ncalc steps ° Tcalc> (18)
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Understanding these relationships impacting run time
can be quite important, especially if needing to run many
DCHAIN simulations or ones composed of many regions.
Recalling that DCHAIN’s calculation time is dominated
by irradiation time steps due to increased complexity in
available reaction pathways and subdivision into smaller
steps, one can significantly impact the computational cost
of a calculation through design of the irradiation schedule
and requested output times.

4.4. New decay chain scheme file

A new output file has been added to DCHAIN in this
work. While the default primary output file of DCHAIN
provides detailed information on the inventories and other
relevant quantities derived from it at the times requested
by the user, it provides no information on specifically how
each nuclide is produced. In short, this new output file
allows the user to track what decay chains and reactions
are responsible for the production of each nuclide with
a variable amount of granularity. At its most detailed,
the contribution from every reaction in every decay chain
for every end-nuclide can be tracked at every time step
calculated within DCHAIN.

As discussed earlier, DCHAIN splits a problem into in-
dependent calculations within each region. The user pro-
vides an irradiation schedule and times at which output is
requested. DCHAIN then determines the number of dis-
crete time steps over which calculations will be performed.
This is initially single steps between each unique time in-
putted by the user where either the source’s power changes
or output is requested; time steps which take place while
the source’s power is nonzero are then further subdivided
into Ngub steps smaller time steps (50 by default). In the
primary output file, only time steps in which output are
requested are printed. In this new output file, the user can
view inventories at every one of these Ncyic steps discrete
time steps used within DCHAIN, if desired.

For each resulting end-nuclide, DCHAIN constructs
up to, by default, 100 potential “decay” chains leading
to its production, recalling that while the source/beam is
“on” (power > 0) that neutron reactions are included as
“decay” pathways within these chains. This new output
file provides plaintext decay schemes for each of these de-
cay chains resulting in the production of each end-nuclide.
Furthermore, the contribution of each link within each de-
cay chain to the change in inventory of the end-nuclide
within a time step can also be printed, and this contri-
bution is further sub-divided into the portion from high-
energy reactions from the source and the portion from neu-
tron reactions and/or decays (the terms from Equation 9).
This allows for one to track specifically which reactions are
most responsible for the production of each nuclide.

Since this is a rather high, sometimes excessive, level
of detail possible, the user may adjust the granularity of
the presented results through extra input options. This
output file provides a much more detailed look at the in-
ner workings of DCHAIN than was previously available.



It also allows for DCHAIN to be a far more useful tool
for some specific applications such as designing low acti-
vation materials or target design for production of specific
radioisotopes since it details exactly which reactions are
contributing to the inventories of the nuclides of interest.

5. Results and discussion

This section seeks to demonstrate some of these new
capabilities of and additions to DCHAIN through several
example calculation scenarios.

5.1. Activity distribution within a copper beam dump

Understanding the activation products within an ion
accelerator’s beam dump is imperative for radiation pro-
tection during operation and decommissioning, and beam
dumps could also serve as valuable sources of particular
exotic isotopes with no other viable production pathways
[55]. Due to its desirably high thermal conductivity, cop-
per is commonly selected as a core material for accelerator
beam dumps and is the material studied here. The ra-
dionuclide inventory of one such copper beam dump from
the 1.8 mA 590 MeV proton accelerator at the Paul Scher-
rer Institute was experimentally analyzed in Schumann et
al. [55]; this example calculation emulates it.

The study states that the beam dump had been in ser-
vice for ten years and had been left to cool for one year
before measurements were made; though, neither the duty
cycle of the accelerator nor the beam radius had been de-
tailed. For the sake of simplicity, it was assumed that the
beam was pencil-like with a radius of 5 pm and operated
at 10% power continuously for the 10-year period followed
by a year of cooling. The beam dump, slightly simplified,
is effectively a copper cylinder with radius 4 cm and length
30 cm and is composed almost entirely of copper with a va-
riety of impurities, of which iron is the most abundant (60
ppm by weight) [55]. In this example, five million event
histories (source protons) were simulated in PHITS, and
then DCHAIN was used to determine the time-dependent
inventories of all nuclides. A wide variety of nuclides are
produced, but the activities of two of the most radiological
significant, %°Co and ®°Fe, are mapped as a function of po-
sition within the copper rod in Figure 8 along with their
fractional uncertainties. These activities seem generally
sensible; however, one may note the anomalies occurring
at the axial positions near the end of the beam dump.

The activity spatial distributions should be continu-
ous, and it appears as such in the areas of high statistical
fidelity. Approaching the end of the beam dump where
specific nuclide yield uncertainties begin to become poor,
fluctuations in the spatial distribution of activity become
more apparent. In the two anomalous regions of the %°Fe
distribution, one may note that the relative error in these
regions is actually near zero despite neighboring regions
having high uncertainties. Both of these nuclides are pre-
dominantly produced through high-energy nuclear reac-
tions with the beam, but both, particularly 5°Co, also have
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Figure 8: Spatial distributions of %9Co (top) and 55Fe (bottom)
activity and relative error in the copper beam dump.

a small amount produced through low-energy neutron re-
actions.

Since the neutron fluxes generally have much lower un-
certainties than yields of specific nuclides, in cases where
no direct nuclear reactions producing the nuclide of in-
terest are encountered in the PHITS simulation in that
region, the amount of that nuclide produced and its un-
certainty are solely based on the neutron flux. This is
what is occurring in the anomalous regions of Figure 8.
Using the newly added decay scheme file discussed earlier,
the production mechanisms at play and their relative con-
tributions to nuclide inventories can be directly verified.
Throughout the whole beam dump, 85.7% of the 59Co
is produced through high-energy beam and secondary re-
actions with the remaining 14.3% produced through the
63Cu(n,a)%Co reaction channel from secondary neutrons
at or below 20 MeV. For *°Fe, 94.716% is produced directly
through beam reactions, 5.278% is through decay of **Co
(which itself is produced almost entirely, >99.9999%, di-
rectly through beam reactions), and the remaining 0.006%
is produced primarily through 56Fe(n,2n)? Fe reactions and
a trace amount of the °®Ni(n,a)%°Fe, 5*Fe(n,y)% Fe, and
56Co(n,np)5°Fe reactions.



The relative prominence of production from low-energy
secondary neutron reactions versus direct beam and high-
energy reactions increases as one moves further from the
front surface of the beam dump. Due to this and the
neutron reaction production channel being significant for
60Co, the activity map remains smooth at the end of the
dump while the uncertainty map is not. Since secondary
neutron reaction production of °°Fe is far less significant,
the regions where no direct beam production of it was
simulated (due to Monte Carlo statistical fluctuations and
running the simulation for a finite amount of time) con-
trast starkly with neighboring regions where some, if only a
few, 5°Fe-producing beam /secondary reactions took place.
Thus, while also a generally important piece of informa-
tion for any following calculations or assessments, the un-
certainty data also can assist in troubleshooting any odd
results and assist in determining if a PHITS simulation
should be ran for longer or employ variance reduction tech-
niques to improve statistics.

5.2. Carbon ion therapy-induced activity in a patient

Support for tetrahedral mesh geometries opens a new
realm of complex problems possible for DCHAIN to tackle.
As mentioned earlier, codes wishing to couple decay heat
terms to heat/fluid transport problems may now do so us-
ing DCHAIN. This example, however, seeks to explore a
different class of problems now available: spatial distribu-
tions of activation in more complex geometries.

Here, secondary activation of a patient by carbon ion
therapy is quantified. In this example, the subject is irra-
diated by a 10° ion/second 150 MeV /n carbon ion beam of
radius 1 cm for one hour (a feasible treatment at a variety
of facilities such as HIMAC in Japan [56]). The patient
is a lower-resolution version of the widely-used Standford
Bunny [57] 3-D test model which, after some additional
processing with TetGen [58], is composed of 3875 tetra-
hedrons and has been scaled up to be approximately the
size of a real rabbit; the model used could be tightly cir-
cumscribed by a box of dimensions 30 cm x 30 cm x 24
cm. The patient is simulated as being composed entirely
of ICRP soft tissue (predominately hydrogen, carbon, and
oxygen with small amounts of nitrogen and other elements)
as described in the NIST STAR database [59]. The distri-
bution of volume-normalized total activity in each tetra-
hedron immediately after the end of this irradiation period
is depicted in Figure 92.

The area of highest activation coincides with the re-
gion leading up to the range of the carbon beam in soft
tissue, about 5.5 cm, where the majority of the beam’s
energy is deposited. The exterior is notably less activated
than the interior in the area around the beam trajectory,
and the most prominent nuclides contributing to activity

2These renderings were generated using the PyVista Python li-
brary [60] from VTK-formatted files assembled separately using the
tetrahedral mesh geometry input files used by PHITS and the CSV-
formatted results produced by DCHAIN.
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Figure 9: Volume-normalized activity in each tetrahedron
immediately after end of irradiation. The left image shows the
whole exterior of the bunny with the beam trajectory superimposed
in red, and the right image has a 90° wedge removed to better
illustrate the internal activity distribution.

at this time are ''C, 6N, and 0. Noting the logarithmic
color scale, one can see that the activation is quite local-
ized around the target area, diminishing several orders of
magnitude when moving away and toward the head.

While this example serves just to demonstrate the new
capabilities of DCHAIN, one can easily see the utility this
specific type of simulation could serve if using a more real-
istic human phantom model with proper organs and their
respective materials. Patient activation was not tradition-
ally of concern with older photon-based treatments, but it
is becoming increasingly relevant as high-energy ion treat-
ments gain prominence since their spallation products and
reactions from secondary neutrons result in notable acti-
vation [61].

This also serves as an opportunity to showcase the im-
pact of the performance improvements implemented with
the recent updates to DCHAIN. In the simulations lead-
ing to the results shown in Figure 9, the PHITS simula-
tion calculated 25 million initial particle histories (broken
down into 25 batches of one million), and the following
DCHAIN calculation subdivided the one-hour irradiation
period into fifty calculation time substeps. All calculations
were performed on one CPU core with no multi-threading.
Utilizing the more efficient file formats for the files gener-
ated by PHITS and the other performance/efficiency im-
provements in DCHAIN, the PHITS simulation took 47.8
hours to complete, and the subsequent DCHAIN calcula-
tion required 1.7 hours (101 minutes). To quantify the
significance of the performance improvements, this whole
process was repeated but using the old file formats and
with the DCHAIN performance improvements toggled off,
assuming its previous default behavior. In this case, the
PHITS simulation took 49.0 hours to complete, and the
DCHAIN calculation took 4.1 hours (249 minutes). Also
worth consideration, the neutron flux and nuclide yield
files generated by PHITS together totaled 100 MB with



the new format while occupying 391 MB when using the
older format.

In this particular case, PHITS spent the vast majority
of its time performing particle transport calculations for
the carbon beam and its secondary particles. The burden
of writing these output files is only felt significantly for
problems with many regions and especially so when the
selected source term is faster to transport (such as less en-
ergetic protons). Still, the most significant improvement
noted here is with the performance of DCHAIN, in this
case taking less than half the time when using the effi-
ciency improvements. While not an issue for DCHAIN
since every region is treated independently, physical mem-
ory (RAM) usage with PHITS scales with the number of
regions and tallies, and this can be a performance bottle-
neck for complex problems being ran on machines with low
memory if accessing virtual memory is necessitated. One
should also note again that the DCHAIN run time scales
directly with the number of regions present; thus, for rel-
atively simple calculations with a small number of regions
rather than the nearly 4000 here, DCHAIN typically runs
in seconds to, at most, minutes.

5.8. Secondary photon dose from activated target and room

Dose evaluations from activated materials using the
DCHAIN-calculated photon spectra as the input source
term for a secondary PHITS calculation are now one of the
most powerful applications of DCHAIN. While DCHAIN
can output PHITS-formatted photon source terms for each
region regardless of geometry type, when used with 3-D
grid mesh problems the resulting photon source card can
now be directly inserted into a PHITS input file with no
extra modification required from the user.

In this example, a brass cube of edge length 40 cm is
bombarded with a 1 mA 500 MeV proton beam (range =~
20.5 cm) for 5 hours and left to cool for 15 minutes. The
cube is placed 110 cm above the floor, and the room is
three meters tall with 50 cm thick concrete walls, floor,
and ceiling, illustrated in Figure 10a. After running this
PHITS simulation and the automatically generated input
file through DCHAIN, the activation profile depicted in
Figure 10b is obtained; this is simply the sum of all ac-
tivity in each voxel of a slice of the room including the
target and 50 cm above and below it. Then, the result-
ing photon source spectra from the activated target and
concrete are inserted back into the original PHITS input
file, replacing the proton source, and simulated to produce
the photon effective dose rate map shown in Figure 10c;
this uses ICRP 116 fluence to dose conversion factors and
is tallying all particles in the first two meters of air above
the floor.

Since DCHAIN can yield the time-dependent spatially-
distributed photon source term, PHITS and DCHAIN can
be used together for a variety of activation and shielding
applications to determine appropriate cooling periods and
shielding configurations in addition to informing more fun-
damental design decisions like optimizing material choices
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to minimize activation. For instance, if one were to intro-
duce a 10 cm thick 304 stainless steel door leading from
the corridor into the irradiation room and two 5 cm thick
and 2 m tall stainless steel shields placed perpendicularly
to each other next to the target after the end of the irra-
diation period, the photon effective dose rates throughout
the room could be reduced as shown in Figure 10d.

Studying Figure 10d in contrast to Figure 10c, one can
see that the shielding is reasonably effective but also that
the activated concrete walls, especially near the entrance
of the corridor, are a significant contributor to the effective
dose rate. Iterating on this example, Figure 11 shows the
room’s photon effective dose rate as a function of cooling
time after irradiation. By simply waiting a few hours,
the effective dose rate in the main portion of the room is
halved while allowing the target and room to cool for 12
hours allows for an order-of-magnitude reduction.

The plots in Figures 10 and 11 were created directly by
PHITS and DCHAIN automatically (with minor format-
ting adjustments) using the included and coupled postscript-
powered ANGEL plotting code.
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Figure 10: The room geometry in (a) underwent the specified
irradiation in PHITS, activating the room elements as shown in (b)
in DCHAIN, and the resulting photon effective dose rate
distribution in air simulated in PHITS is shown in (c) with
shielding added in (d).



t = 15 minutes t = 2 hours

t = 6 hours

t =12 hours t = 24 hours

T T T T T T T T T T T T

600 -

400

x [cm]

200

T

1

T T T T T T T T T T T T

[Eny
(@]
©

Il

[Eny

o
i

Effective dose rate [mSv/hr]

Lo

0 100 200 300 400 0 100 200 300 400 0O 100 200 300 400
z [cm]

z [cm] z [cm]

[Eny
o
N

0 100 200 300 400 0O 100 200 300 400
z [cm] z [cm]

Figure 11: Decay photon effective dose rate with stainless steel shielding in place as a function of cooling time

5.4. Production of Y""Lu in a high fluz reactor

With the addition of a variety of modern nuclear data
libraries, DCHAIN can now also be used as a tool for
comparing them. This example calculation studies pro-
duction of the medical isotope '""Lu as a function of ir-
radiation time in a high flux reactor environment, in this
case the Belgian Reactor 2 (BR2) with an assumed steady
total neutron flux of 10'® n/(cm? - sec), via irradiation of
a 99.72% '70Yb enriched (natural abundance of 12.76%)
YboOg3 target. This relies on a neutron capture reaction
of 17%YD to form "7Yb which 8~ decays with a 1.9 hour
half-life to !7"Lu. The results of this simulation are shown
in Figure 12 for several different neutron reaction cross
section libraries used in DCHAIN.

While the results are in reasonable agreement, the dif-
ferences in yield of ""Lu depending on which neutron re-
action cross section library is used could have significant
financial /supply consequences since the ENDF-predicted
yields (for which JENDL and BROND are in agreement
with) are 7% higher than the JEFF-3.3-predicted yields

S 161 Yb205 target (enriched 99.72% 176yp)
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~
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Figure 12: Yield of 177Lu per unit mass of 17Yb in the target as a

function of irradiation time from bombardment of a YboOs3 target

(enriched to 99.72% 76YD) in a 10'® n/(cm? - sec) neutron flux of
similar profile to that of BR2 [62].
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which are, in turn, 4% higher than the FENDL/A-3.0-
predicted yields (for which JEFF-3.1A and EAF-2010 are
in agreement with) at t=10 days. At t=30 days (after
the most probable extraction time), those two percentages
become 11.6% and 8.8%, respectively.

If this calculation is performed again but using the “di-
rect” method of production instead—irradiating a target
of enriched !"SLu to produce ""Lu through a single (n,~)
reaction—use of the different libraries results in similar
discrepancies. Given this method’s importance in its sub-
stantially higher yields (but lower specific activities due
to the chemically inseparable other isotopes of lutetium
present), these data library differences illustrate a need
for more measurements to be made of the 176Yb and "*Lu
neutron absorption cross sections and/or for the existing
evaluated data libraries to have their evaluations of these
cross sections reassessed. Figure 13 shows these two cross
sections relevant to '""Lu production for the featured li-
braries. The extent and character of the resolved reso-
nance region as well as the behavior beyond about 100
keV differs notably between the libraries.
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Figure 13: (n,y) reaction cross sections for 176Yb and 76Lu



6. Conclusions

These recent efforts have sought to modernize DCHAIN
and extend its coupling to the PHITS code. With the
implementation of statistical uncertainty propagation and
support of additional geometric configurations, DCHAIN-
PHITS operates and produces output much more consis-
tent with PHITS than before. The addition of new modern
decay and neutron reaction cross section libraries allow for
users both to select a preferred data source and to perform
comparative calculations between the libraries. With the
newly added decay chain scheme output file, users can
obtain a much more detailed glimpse at the inner work-
ings of a DCHAIN calculation, track every transmutation
influencing the change in inventories of nuclides, and far
more easily determine specifically what decays/reactions
are most significantly impacting the inventories of nuclides
of interest.

The newly introduced support for tetrahedral meshes
unlocks usage of DCHAIN with complex CAD-generated
geometries and more streamlined coupling to other scien-
tific analysis tools such as FLUENT, and the additional
features implemented for 3-D grid meshes allow for auto-
matic visualization of DCHAIN results and easy transfer
of the resulting decay photon spectra directly into a sec-
ondary PHITS simulation to then tally photon dose. The
performance improvements made to DCHAIN provide sub-
stantial run time reductions for these large simulations too.

Overall, these improvements to DCHAIN successfully
bring the code’s capabilities into line with modern expecta-
tions, providing more flexibility regarding input and more
variety in options for calculation parameters and output
control. The most recent version of PHITS, which in-
cludes DCHAIN-PHITS, is freely available and can be ob-
tained by applying at the official PHITS website https:
//phits. jaea.go.jp/.
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