.
° ch?sAlamos

NATIONAL LABORATORY
————— (37.194) ~

LA-UR-21-28167

Approved for public release; distribution is unlimited.

Title:

Author(s):

Intended for:

Issued:

Proof that Combining the Forced-collision and DXTRAN Monte Carlo
Variance-reduction Techniques is Fair

Pearson, Eric John
Kulesza, Joel A.

Report

2021-08-16




Disclaimer:
Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by Triad National Security, LLC for the National
Nuclear Security Administration of U.S. Department of Energy under contract 89233218CNA000001. By approving this article, the publisher

recognizes that the U.S. Government retains nonexclusive, royalty-free license to publish or reproduce the published form of this contribution,
or to allow others to do so, for U.S. Government purposes. Los Alamos National Laboratory requests that the publisher identify this article as
work performed under the auspices of the U.S. Department of Energy. Los Alamos National Laboratory strongly supports academic freedom
and a researcher's right to publish; as an institution, however, the Laboratory does not endorse the viewpoint of a publication or guarantee its

technical correctness.



Proof that Combining the Forced-collision and DXTRAN
Monte Carlo Variance-reduction Techniques is Fair

Eric J. Pearson and Joel A. Kulesza

August 12, 2021

1 Introduction and Background

This report provides mathematical proof that the MCNP DXTRAN (also known in other codes as forced-flight
[1]) and forced-collision variance-reduction techniques [2] do not bias the expected value of Monte Carlo
simulation estimates when combined. Proof is also provided that the techniques are unbiased when used
independently. To prove that the techniques are unbiased, this report derives the first History Score Moment
Equation (HSME) for non-multiplying media employing only forced collisions, only DXTRAN, and then
both the variance-reduction techniques combined, as defined next. The HSMEs are found by forming the
History Score Probability Density Functions (HSPDFs) and then taking the first score moment. Following
its derivation, each HSME with a variance-reduction technique employed is reduced to the HSME for an
analog simulation. Because the HSME represents the expected contribution to estimators in the simulation,
reducing the HSME with variance reduction to the analog HSME shows that the simulation is unbiased
despite the variance-reduction technique considered in the HSME. Analysis regarding higher-score moments
of each technique is the subject of prior work [3-6] and is not addressed herein.

Throughout this work, the phase space p is defined to be the particle position @, direction-of-flight unit vector
€, energy F, and statistical weight w, R
p=(z, B w). (1)

A reduced phase-space excluding the statistical weight of the particle,

r=(x,QF), (2)

is also used.
1.1 Forced-Collision Technique

For simplicity, the forced-collision technique is defined here not in combination with either the weight-cutoff
or weight-window technique. This definition corresponds to a negative entry on the forced-collision card in
the MCNP® code [2, Sec. 2.7.B.9]. In this case, transport is only modified when a particle enters a cell with
forced collisions specified in it. Upon entering a cell with the technique in play at position & with energy E,
a portion of the statistical weight of the particle wq is transmitted along the direction of the particle Q to
the surface across the cell and the remainder of the statistical weight of the particle is forced to undergo a
collision in the cell at some point along the streaming path. The position of the forced collision is sampled
from a truncated exponential distribution as given in Eq. 191. This splits the computational particle into two
separate particles. A representative image of a particle undergoing the forced-collision technique is given in
Fig. 1.
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Figure 1: Representative portion of a history in which the forced-collision variance-reduction technique is
applied. Different colors distinguish parts of the history following intervention from forced collisions.

The weight of the transmitted particle is given as the product of the weight of the incident particle and the
probability of free flight through the cell,

w; = Wy exp(—ﬁ(az,ms(m,fl))), (3)

where xg(x, Q) is the first point of intersection between the ray from x along Q and a surface bounding the
current cell and ¢(x, xg) is the optical thickness between positions  and xg defined as

Yz, x') = /0||w/m|| N (m+aM>da. (4)

&' — x|
The weight of the collided particle is the remainder,
We = Wy — Wt. (5)

Following transmission or collision, both particles are transported without modification as a result of forced
collisions until they enter another cell with forced collisions specified, which may be immediate in the case
of the transmitted particle. This technique may be interpreted as cleaving a computational particle into a
particle that next undergoes a collision in the current cell and a particle that does not and simulating both.

1.2 DXTRAN Technique

Again for simplicity, the DXTRAN technique is defined here for a single spherical DXTRAN region without
preference to any portion of that region, identical to the definition given in Ref. [2, Sec. 2.7.B.12] with
one radius specified. Additionally, the technique is defined without any auxiliary techniques, such as those
specified in Ref. [2, Sec. 2.7.B.12.7|, in play. In this case, following the construction of a particle from the
source or the emergence of a particle from a collision at any position outside the DXTRAN region, traveling
in any direction €2, and at any energy E, a DXTRAN particle is created on the surface of the DXTRAN
region! and non-DXTRAN particles are killed if they attempt to enter a DXTRAN region. A representation
of a particle that undergoes the DXTRAN technique is given in Fig. 2.

The weight of the inciting particle wq is unmodified and the weight of the DXTRAN particle is given as the
product of the inciting particle weight, the ratio of the analog to biased probability of exiting the inciting

1Care must be taken to not create DXTRAN particles from streaming paths that intersect regions of zero importance when
combining DXTRAN with cell-based importance splitting and Russian-roulette variance-reduction techniques.
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Figure 2: Representative portion of a history in which the DXTRAN variance-reduction technique is applied.
Different colors distinguish parts of the history following intervention from the DXTRAN technique.

event directed towards the DXTRAN region, and the probability of free flight from the inciting event to the
DXTRAN region,

fl,2— Q' E— E)
fDX(w,Q — Q’,E — E’)

wpx = wp exp(~t(@ zpx(2,2))), (6)
where f(x, Q- Q ESE ) is the analog probability density function (PDF) governing the outgoing angle
and energy of the inciting event, fpx (x, Q- Q’, E — FE') is the biased PDF governing the outgoing angle
and energy of the inciting event that only considers outgoing angles directed towards the DXTRAN region,
xpx(x, ) is the position on the surface of the DXTRAN region that the ray traveling towards the DXTRAN
region from x along ' first intersects, and £(x, zpx (x,€')) is the optical thickness between the inciting
event and the intersection of the biased outgoing angle and the DXTRAN region defined in Eq. 4. To conserve
statistical weight, non-DXTRAN particles are terminated if they reach the DXTRAN region during normal
transport. This technique may be interpreted as cleaving the computational particle into a particle that next
enters the DXTRAN region and a particle that does not and simulating both.

1.3 Combined Forced-Collision and DXTRAN Techniques

When both forced-collision and DXTRAN variance-reduction techniques are specified for the same simulation,
they may interact in different ways depending on where the DXTRAN region is placed and which cells
have forced collisions specified. If all cells with forced collisions specified are located entirely outside of
the DXTRAN region, the techniques combine in a straightforward way. As described in Sec. 1.2, following
particle construction from a source or a collision, forced or otherwise, a DXTRAN particle is created on the
DXTRAN surface and any non-DXTRAN particle, forcibly transmitted or otherwise, that attempts to enter
the DXTRAN region is killed. The only interactions between the techniques in this case is the creation of
DXTRAN particles due to forced collisions. Similarly, if all cells with forced collisions specified are located
entirely inside the DXTRAN region, the techniques do not influence each other at all as the DXTRAN
technique does not alter transport inside the DXTRAN region and the forced-collision technique does not
alter transport outside of cells where it is specified.

The more complicated case to consider when combining techniques is that in which forced collisions are
specified for a cell that contains a portion or the entirety of the DXTRAN region. Behavior in such a cell may
be further subdivided into two subcases. If the direction of the particle that is to undergo a forced collision
is directed away from the portion of the DXTRAN region within the cell, then behavior is identical to the
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Figure 3: Representative portions of two histories in which the forced-collision and DXTRAN variance-
reduction techniques are applied together. Different colors distinguish parts of the history following intervention
from the variance-reduction techniques.

case of the cell with forced collisions specified being entirely outside of the DXTRAN region. If the particle
is traveling towards the DXTRAN region, a collision is forced in the cell along the streaming path before
the DXTRAN region is intersected and the transmitted particle is killed. In this case px (x, Q) is used in
Eq. 3 rather than zg(x, Q) The behavior of DXTRAN particles created on the DXTRAN region within
a cell with forced collisions specified must also be considered. Because forced collisions are assumed to be
defined without further forced-collision influence after entering the cell, these particles do not undergo forced
collisions, i.e., they are treated the same as particles that have already undergone a forced collision in the
current cell. A representation of two particles that under go both the forced-collision and DXTRAN variance
reduction techniques is given in Fig. 3. Note that this is likely not the only valid combination of techniques,
but is analyzed here because it corresponds to the behavior of the MCNP code.

1.4 Definitions

This proof builds upon prior work on the History Score Moment Equations (HSMEs) for both the first
and second score moments derived for simulations with either DXTRAN [5] or forced-collision [6] variance-
reduction techniques employed. In prior work, both the HSMEs were derived to compute the variance;



however, only the first moment is needed to demonstrate a fair technique. Unfortunately, prior work employs
conflicting notation. Here, the following notation? is used:

T(p,p'), the free-flight transmission operator governing the probability of free flight from phase space p to
p';

S(p,p’), the surface-crossing operator governing the probability of crossing a surface at phase space p and
emerging in p’;

Ka(p,p'), the absorptive collision operator governing the probability of undergoing an absorptive collision

at phase space p and emerging in p’;

Ke(p,p'), the emissive collision operator governing the probability of undergoing an emissive collision at
phase space p and emerging in p’;

B.(p,p’), the flight-to-collision operator governing the probability of forcing particle weight from phase
space p to a collision at space space p';

Bi(p,p’), the flight-to-transmission operator governing the probability of forcing particle weight from phase
space p to a surface crossing at space space p’;

Bpx(p,p'), the flight-to-DXTRAN operator governing the probability of creating particle weight on the
DXTRAN region at phase space p’ from phase space p;

Tox(p,p’), the DXTRAN free-flight transmission operator governing the probability of free flight from phase
space p to p’ while disallowing flight into a DXTRAN region;

fe(p,s),  the scoring probability density function governing the probability of contributing score s to the
total score of the history due to operation e at phase space p.

For formal definitions of the operators introduced above, see Appendix A. The presence of the scoring PDF
implies the existence of an estimator for an event at a given phase space. To present the most complete proof
of unbiased first-moment estimates, it is assumed that all possible estimators exist in the simulation. As a
result the scoring PDF is included for all collision and surface-crossing events at all phase spaces.

2 Derivation of the History Score Probability Density Function

First, the analog HSPDF is derived in the same manor as Ref. [5] both to demonstrate the derivation procedure
on a simple case and to present the analog HSPDF for later use. Then the HSPDFs with forced-collision,
DXTRAN, and both variance-reduction techniques together are derived.

2.1 Analog Transport

The analog HSPDF is found as the sum of the partial HSPDFs governing each of the disjoint random-walk steps
a computational particle may take. Intuitively, a particle undergoing analog simulation in non-multiplying
media can either travel to a collision, collide, score an absorptive collision tally, and be absorbed as described
by the partial HSPDF for absorptive collisions

?/164(17» 5) =T (p,p1)Ka(p1,p2) /fA(Pl, 54)0(s — s4)dsa; (7)

travel to a collision, collide, score an emissive collision tally, scatter, and continue on in the simulation as
described by the partial HSPDF for emissive collisions

U (p,s) = T(p, Pl)/CE(phps)/fE(Pl, sg)o(ps, s — sp)dsg; (8)

2Note that B is chosen to denote the biasing of particle transport from variance-reduction techniques.



or travel to the boundary of the current cell, cross the surface, score a surface-crossing tally, and continue on
in the simulation as described by the partial HSPDF for surface crossings

U8 (®,5) = T(p,ps)S(pa, ps) / F5(Par 55 )o(ps, s — ss)dss. ()

A subscript of 0 is added to the partial HSPDFs to denote that no variance-reduction technique is applied.
Note that in Eq. 7 the history is terminated by the absorption so the probability of the history contributing a
total score of s depends on the absorption contributing that score, as enforced by the Dirac delta §(s — s4).
In contrast, the history is not immediately terminated in both Eq. 8 and 9, so the probability of the total
score of s depends on the particle continuing on and contributing the portion of s remaining following what
is contributed by the emissive collision or surface crossing as given by the analog HSPDF evaluated at the
resulting phase space and remaining score, ¥y (ps, s — sg) and ¢y (ps, s — sg) respectively. The analog HSPDF
is then the sum of each partial HSPDFs,

Yo(p, s)ds = 1/}5‘ (p,s)ds + z/J(;E(p7 s)ds + 1/)(39 (p, s)ds (10)
or explicitly,

oD, 5) = T(p, 1)K (P, P2) / fa(D1,54)5(s — 54)dsa
+ T (p,p1)KEe(P1,P3) / fe(DP1, $E)Vo(Ds, s — sg)dsg (11)

+ T (p, p4)S(p4, P5) / fs(p4,55)00(Ps,s — s5)dss.

Note that ds is divided out between Eqgs. 10 and 11 for ease of notation. Multiplying by ds is necessary in
Eq. 10 so that probabilities, not probability densities, are being equated. This step will not be commented on
in the derivation of other HSPDFs to avoid redundancy.

2.2 Forced-Collision Variance-Reduction Technique

The HSPDF with the forced-collision technique in play is again formed from each of the disjoint random-walk
steps a computational particle may take; however, when a forced collision is specified, there are only two
possible steps. The computational particle is split in two, one of the resulting particles travels to a collision
and collides, and the other travels to the next surface intersecting the streaming path, crosses the surface,
scores a surface-crossing tally, and continues on in the simulation. In the first possible step, the forcibly
collided particle collides, scores an absorptive collision tally, and is absorbed as described by the partial
HSPDF for forced absorptive collisions

Vie(®.5) = Be(p, p1)K a(D1,p2) / Falprysa)
(12)
X Bi(p, p1)S (P4, D5) / fs(p4, 85)0rc(Ps, 8 — S5 — sa)dssds .

In the other possible step, the forcibly collided particle collides, scores an emissive collision tally, scatters,
and continues on in the simulation as described by the partial HSPDF for forced emissive collisions

Vi (P, s) :BC(p»pl)ICE(phPS)/fE(plasE)/wOFC(pfiﬂSS)

X Bi(p, p4)S(p4,ps) / fs(pa,ss)Vrc(ps, s — ss — 53 — sg)dssdssdsg,



where w%c is identical to Eq. 11 except that it is recursive with ¥ p¢ to account for the particle traveling to
a forced flight region,

Voo (p,s) = T (p,p1)Ka(p1, p2) / fa(pi,54)0(s —sa)dsa
+ T (p,p1)KE(P1,P3) / fe(p1, s2)Yc(ps, s — sp)dsp (14)
+ T (p,p1)S(p4, Ps5) / [s(P4,55)Yrc(ps,s — ss)dss.

Note that in Eq. 13 and 14, ¥ p¢ is only used recursively following a surface crossing because forced collisions,
as defined herein, are only specified upon entering a new cell. The variance-reduction HSPDF in a cell for
which forced collisions are specified is then the sum of these partial HSPDFs and follows analog behavior
otherwise,

1/’?0(1% 3)d3+¢1€c(pvs)d57 pe {pFC}v

15
Vo(ps s)ds, otherwise, (15)

sei-

where {prc} is the set of all phase spaces with forced collisions specified. Writing out the case of p € {prc}
explicitly,

Yro(p,s) = Bc(papl)’CA(plaPQ)/fA(phSA)Bt(p7p4)S(p47p5)/fS(p4aSS)7/’FC(p575 — 55 —sa)dssdsa
+Bc(papl)’CE(pl,m)/fE(Pl,SE)/ﬂJ%C(P?nSS)

X Bt(P,p4)S(p4,p5)/fs(p4, ss)Vrc(Ps,s — ss — s3 — Sg)dssdssdsg, p € {prc}.
(16)

2.3 DXTRAN Variance-Reduction Technique

The HSPDF with DXTRAN variance reduction in play is similar to the analog HSPDF given in Eq. 10. With
DXTRAN in play, absorptive collisions and surface crossings are handled identically to the analog case except
that particles continuing after a surface crossing are killed if they attempt to enter the DXTRAN region.
This is described using the DXTRAN free-flight transmission operator in the DXTRAN partial HSPDF for
absorptive collisions

Vix(p,s) = Tox (P, p1)Ka(p1,p2) /fA(P1, 54)0(s —s4)dsa (17)

and in the DXTRAN partial HSPDF for surface crossings

Vo x(p,s) = Tox (P, p1)S(ps, Ps) / fs(p4,55)¥px(Ps5,s — ss)dss. (18)

The emissive collision partial HSPDF differs significantly from analog transport when DXTRAN is in
play. Following a collision, in addition to the non-DXTRAN particle continuing on without modification, a
DXTRAN particle is created on the surface of the DXTRAN region as described by the flight-to-DXTRAN
operator in the DXTRAN partial HSPDF for emissive collisions

VB (. 5) = Tox (0, 1)K (D1, ps) / fe(®1,55) / Upx (Ps, 53)

X Bpx (p1,P6)Vpx (Ps, s — 53 — sp)dszdsg.

(19)

Note that in Eq. 17, 18, and 19, it appears as if the DXTRAN technique is always played; however, inside
of the DXTRAN region the partial HSPDFs reduce to the analog form by the definitions of the DXTRAN



free-flight transmission and the flight-to-DXTRAN operators. The HSPDF with DXTRAN in play is defined
as the sum of these partial HSPDFs,

Upx(p, s)ds = V5 x (P, s)ds + P x (P, $)ds + U5 x (p, s)ds (20)
or explicitly,
Ypx(p,s) = TDX(P,P1)/CA(P17P2)/fA(pl, 54)0(s —sa)dsa
+ Tox (P, p1)KEe(p1, P3) / fe(pi,sE) /wDX(pg, s3)

X Bpx (P1,P6)VDx (D6, 5 — 53 — sE)dszdsg

(21)

+ Tox (P, p1)S(ps, s) / Fs(Pas 55)0px (s s — 55)dss.

2.4 Forced-Collision and DXTRAN Combined

With the HSPDFs for analog transport, transport with forced collisions in play, and transport with DXTRAN
in play, the HSPDF with both variance-reduction techniques can now be defined. Recall from Eq. 15 that the
forced-collision HSPDF reduces to analog behavior in phase spaces where forced collisions are not specified.
In these phase spaces DXTRAN is the only technique in play, so the combined-technique HSPDF is nearly
identical to the DXTRAN HSPDF.

Recall from the derivation of Eq. 16 that a particle may only take one of two disjoint random-walk steps where
forced collisions are specified. The first is a forced absorptive collision coupled with a forced transmission
and the second is a forced emissive collision coupled with a forced transmission. As described in Sec. 1.3,
when the DXTRAN technique is in play a forced absorptive collision must occur before the DXTRAN
region is encountered and a forced transmission particle is killed if it intersects the DXTRAN region. This
is handled implicitly by the definition of the flight-to-collision and flight-to-transmission operators, so the
combined-technique partial HSPDF for absorptive collisions is equivalent to Eq. 12,

¢?C,Dx(p75) = Bc(p7p1)ICA(p1ap2)/fA(pl,SA)
(22)
x By(p, p1)S(p4, ps) / [s(P4,85)Yrc,px (Ps, 5 — 55 — s4)dssds a.

Similarly, the step to a forced emissive collision described by Eq. 13 is modified by DXTRAN to force the
collision prior to entering the DXTRAN region, terminate forced transmission particles entering the DXTRAN
region, terminate the collided particle if it enters the DXTRAN region following the collision, and to create
a DXTRAN particle following the collision. These modifications are described by the combined-technique
partial HSPDF for emissive collisions

Vie.px (P, 8) = Be(p, p1)Ks(p1, p3) / fe(P1,5E) /w?éfpx(ps, s53)Bpx (p1,P6) /¢?§,DX(P6, 56)
(23)
X Bt(P7p4)S(p47p5)/fS(P4, ss)Vrc,px(Ps,s — S5 — S¢ — 53 — Sg)dssdsedssdsg.

where wgé{ px is identical to Eq. 21 expect that it is recursive with 1 rc px to account for the particle
traveling to a region where forced collisions are specified,

VEG.px (P s) = TDX(P,P1)/CA(P1,P2)/fA(p1, $54)0(s —sa)dsa

+TDX(P7P1)’CE(P1,P3)/fE(PhSE)/iﬁ?g,Dx(PsaSB)

X Bpx (p1,P6)VFe, px (Pa; s — 53 — sp)dsadsg

(24)

+ Tox (P, P4)S (P4, Ps5) / fs(pa,s8)¥rc.px (Ps5, s — sg)dss.



Note that ¥ pc, px is only used following a surface crossing because another collision can only be forced
following entering a new cell. This neglects the case of a DXTRAN region that is coincident with a cell because
such a system is not handled herein for simplicity and because doing so does not change the conclusions
of this work. In Eq. 23, the altered collision location and transmitted particle termination are handled by
operator definitions implicitly; the termination of collided particles entering the DXTRAN region is handled
by the DXTRAN free-flight transmission operator, and the creation of DXTRAN particles is handled by the
flight-to-DXTRAN operator. The combined-technique HSPDF is defined as the sum of these partial HSPDFs
where forced collisions are specified and follows DXTRAN behavior where they are not,

Viepx (P, 8)ds +VEc px (P s)ds, p € {prc}, (25)
1/)1?5*(,DX (p, s)ds, otherwise.

Yre,px(p,s)ds = {
Writing the case of p € {prc} explicitly,
Yro,px (P, s) = Be(p, p1)Ka(p1, p2) /fA(p1,8A)
X By(p, p1)S(pa, p5) / fs(pa,ss)¥rc,px (Ps,s — ss — sa)dssdsa
+Bu(p.p)Ke(prpa) [ fe(prise) [ 0P px (e sBox(pipe) [P px(ase)
x Bi(p, p4)S(p4, P5) / fs(pa,8s)Vrc,px(Ps,8 — 85 — s6 — s3 — sp)dssdsedssdsg,

p € {prc}.

3 Derivation of the First History Score Moment Equation

The first HSME gives the expected total contribution of score to all estimates specified in the Monte Carlo
simulation and is found as the first score moment of the HSPDF derived in Sec. 2. Here the analog first
HSME is derived both to demonstrate the derivation procedure on a simple case and for comparison later to
prove fairness. The first moments of Eqgs. 15, 21, and 25 are also derived.

3.1 Analog Transport

The analog HSME is found by taking the first score moment of the analog HSPDF,

%@z/%mw& (27)

Using the form of the HSPDF given in Eq. 11,
Uo(p) = /S(T(P7P1)’CA(P17P2)/fA(pLSA)(S(S —s4)dsa
+ T(Pypl)/CE(Pl,Ps)/fE(Pu sp)bo(ps,s — sg)dsp (28)

+ T (P, P1)S (P4, Ps5) /fs(P4, 55)%o(Ps, s — Ss)dss) ds.

Distributing the integration over s,

Po(p) :T(pvpl)’CA(plaPQ)/fA(p1,5A>/8(5(8—SA)deSA
+T(P,p1)/CE(p1,p3)/fE(pl,SE)/Swo(p:a,S—SE)dstE (29)

+T(pap4)$(p4ap5)/fS(p47SS)/S¢o(p5,5—ss)dsdss.



Setting ¢ = s — sp and 7 = s — sg,
Vo(p) = T(p.p)Calpr,p2) [ Falpr,sa) [ 5(s = sa)dsdsa
T pOKe(p1ps) [ folprse) [ @+ se)volpa o dadss (30)
T p0Swaps) [ fspess) [+ ss)vn(s,rdrdss.
Distributing (¢ + s) and (r + sg),
Vo(p) = TP, )Ka(p1.p2) [ Falprisa) [ s8(s = sa)dsds
+ T(p,p1)Ke(p1.p3) / fe(p1,5E) /qwo(m, q)dqdsg
+ T(P,Pl)’CE(pl,ps)/fE(Ph 5E) / spo(p3,q)dqdsg (31)
T p)S(1s) [ fstprss) [ rin(ps,ridrdss
T p)Sm1ps) [ fspacss) [ ssvolps,ridrdss.
Evaluating the integral over the Dirac delta, using Eq. 27, and rearranging terms,
Uo(p) = T(P,pl)/CA(phm)/SAfA(PhSA)dSA
T (0. PR (1 pa)Vo(pa) [ Folpr,se)dse
+ T(papl)’CE(plaPS)/SEfE(pla SE)dSE/%ZJO(Ps, q)dq (32)
+T(0.p)S(p1s) Vo(ps) [ Ss(pr.ss)dss

+ T (0, pa)S(®s, ps) / s5fs(pa, 55)dss / Vo(ps,r)dr.

Defining 5(p) = [ sfe(p, s)ds and using the fact that the integration of PDFs over their entire domain results
in unity,

P1,P3)54(P1) (33)

Collecting terms yields the final result,

Yo(p) = T(p,p1)Ka(p1,p2)54(pP1)
+ 7 (p,p1)KEe(P1,p3)(5(P1) + Yo(ps)) (34)
+ 7 (P p4)S (P4, P5)(55(p4s) + Yo(ps))-
Eq. 34 may be interpreted as accounting for the expected score following an absorption weighted by the
probability of undergoing an absorption, continuing on in the simulation following a scatter weighted by the

probability of undergoing a scatter, and continuing on in the simulation following a surface crossing weighted
by the probability of crossing a surface.

10



3.2 Forced-Collision Variance-Reduction Technique

The forced-collision HSME is found by taking the first score moment of the forced-collision HSPDF given in
Eq. 15,

Upo(p) = /swpc(p,s)ds. (35)

Recall from Eq. 15 that the forced-collision HSPDF is defined for the cases of whether or not forced collisions
are specified in a given phase space. If forced collisions are not specified then the forced-collision HSPDF is
given by Eq. 14. This equation is of the same form as Eq. 11, so by taking steps identical to those in Sec. 3.1
the first score moment is found to be

‘I’%C(P) = T(p,p1)Ka(p1,p2)354(p1)
+ T (p,p1)KE(P1,p3) (56(P1) + ¥c(p3)) (36)
+ T (P, p1)S (P4, P5)(35(pa) + Yrc(ps)).

The steps to derive Eq. 36 are omitted to avoid redundancy. For the opposite case, the forced-collision
HSPDF is given by Eq. 16. Expanding Eq. 35 for this case,

trc(p) = [ s(B.opKatorp) [ Falor,sa)
x Bi(p, p4)5(p4,p5)/fs(1)47 $5)Yrc(ps,s — ss — sa)dssdsa
+ BC(P7P1)’CE(P1,P3)/JCE(P17 SE) /1/’%0(173, $3)
X Bi(p, p1)S(pa,ps) / fs(pa,ss)brc(ps,s — ss — s3 — SE)dSSdS3dSE> ds, p € {prc}-
Temporarily dropping the notation of p € {prc} for ease of notation and distributing the integration over s,
Vrco(p) = Bc(p,m)/CA(Pth)/fA(p1,8A)

% By(p.p1)S (P, ps) / fs(pa, ss) / s (ps,s — 55— 5.)dsdssds

38
+BC(P7P1)’CE(P1,P3)/fE(PhSE)/1/’%0(173,83) w
X Bi(p, p4)S(p4,ps) / fs(pa, Ss)/stc(Pm s — 85 — 83 — sp)dsdssdssdsg.
Setting ¢ = s — sg — s4 and r = s — sg — S3 — Sg,
Wro(p) = Bulp.p)Ka(pp2) [ Jatpsa)
X Bt(P,P4)S(P47P5)/fs(m,ss) /(q + 85+ s4)¥rc(Ps, ¢)dgdssds a )
39

+BC(P,PQ’CE(PhPs)/fE(phSE)/QJJOFC(P&SS)

X Bi(p, p4)S(pa,ps) / [s(P4,ss) /(r + 55+ 853+ sg)¥rc(ps,r)drdssdssdsg.
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Distributing (¢ + ss + s4) and (r + ss + s3 + sg),
Urc(p) = Be(p, p1)Ka(p1, p2)
X (/ fA(phSA)dSABt(pap4)S(p4ap5)/fS(pAhSS)dSS/Q¢F0(p57Q)dq

+/fA(PlaSA)dSABt(pap4)S(p4ap5)/SSfS(p4aSS)dSS/"/JFC(PBaQ)dq

+ /SAfA(Pl,SA)dSABt(P,p4)S(p47P5)/fs(p4,Ss)dSs/ch(ps,Q)dQ)
+ B(p, p1)KE(p1,ps3)

X </ fE(Pl,SE)dSE/11)%0(173,53)d535t(p7p4)5(p4,p5)/fs(m,SS)dSS/T¢FC(P5J’)CZT
+/fE(phSE)dSE/¢%c(p3783)d833t(p7p4)3(P4,P5)/szs(p47ss)dss/¢Fc(p5,7“)d7“
+/fE(pl,SE)dSE/83¢OFC(P3753)d833t(P,P4)3(P47P5)/fs(P47SS)d8s/ch(ps,T)dT

+ /SEfE(pl, SE)dSE/wg’c'(pSa 53)d833t(l77p4)5(p4,l75)/fs(p4, ss5)dss /¢FC(P5, T)d?">
(40)
Defining 5(p) = [ sfe(p, s)ds, using the fact that the integration over of the full domain of PDFs results in
unity, and using Eq. 35,
Vrc(p) = Be(p, p1)Ka(p1,p2)
x (Bi(p, a)S(pa; Ps)Vrc(ps)
+ Bi(p, p4)S(Pa, P5)3s(pa)
+ 54(p1)Bi(p, P1)S (P4, P5))
+ Be(p, p1)KE(P1,P3) (41)
X (Bi(p, p1)S(p1,p5)¥ rc(P5)
+ Bi(p, p4)S(p4,p5)55(P4)
+ W90 (p3)Bi(p, P4)S (P4, p5)
+ 55(p1)Bi(p, p4)S(p,ps))-

Using the property of the surface-crossing and flight-to-transmission operators evident from Eqs. 188 and 192,
respectively, that they reduce to unity when acting on nothing yields the final result,

,p1)KE(P1,p3) (42)

Ypc(p ) B.(p, p1)Ka(p1,p2)(54(p1) + Bi(p, 1)S(P4, P5)(55(Ps) + ¥rc(ps)))
B.(p
5p(p1) + V90 (p3) + Bi(p, pa)S(pa,ps)(3s(ps) + Yrc(ps))), p € {prc}.

><(

Compared with Eq. 34, Eq. 42 has only two terms which both have score contributions due to a collision and
surface crossing.

3.3 DXTRAN Variance-Reduction Technique
The HSME with only DXTRAN variance reduction in play is found by taking the first score moment of

Eq. 21,
Upx(p) = /sd)DX(p, s)ds. (43)
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Expanding ¥ px using Eq. 21,
Vpx(p) :/S(TDX(p7p1)ICA(p17p2)/fA(Pl;SA)(S(S_SA)dSA

+ Tox (P, P1)Ke(p1,P3) /fE(plaSE)/¢DX(p3753)
X Bpx (p1,Ps)Vpx(Ps, s — 53 — sg)dssdsg

+ Tox(p, P4)5(P4,P5)/fs(m,SSWDX(P&S - Ss)d55> ds.

(44)

Distributing the integration over s,
() = Tox(p.p)Ka(pr.pa) [ Falprsa) [ sils — sa)dsdss
+ TDX(p»pl)ICE(PlvPB)/fE(pl, SE) /1/JDX(P3, $3)
X Bpx (p1,Ps) / s¥px(Pe, s — s3 — sg)dsdssdsg
+ Tox (P, P4)S(pa, P5) / fs(pa, SS)/S'(/JDX(p5» s — s5)dsdssg.
Setting ¢ = s — 53 — sp and 7 = 5 — sg,
Vox(p) = Tox(pp)Ka(prp2) [ Falprisa) [ sils = sadsdsa
+ Tox (P, p1)KE(P1, P3) /fE(pla SE)/il)DX(P& s3)
x Bpx(p1,Ps) /(q + 83 + sB)¥px (Ps, ¢)dgdssds
+ Tox (b p)Seps) [ Fspass) [[(r-+ s8)oxps. drdss.
Distributing (¢ + s3 + sg) and (r + sg),
Upx(p) = TDX(P7P1)’CA(P1,P2)/fA(puSA)/55(5 — 54)dsds s
+ Tox (P, P1)KE(P1, P3) /fE(Ph SE)/wDX(pSa 53)
x (BDX(plvp(’)) / 9¥px (Ps, q)dq
+ Bpx(p1,Ps) / s3¥px (Ps, 4)dq (47)
+ BDX(plvp(S)/SEwDX(pfia Q)dQ> dszdsp
+ Tox (P, p4)S(p4, P5) / fs(p4,ss) /”/JDX(P&T)deSs

+TDX(P,M)S(PAL,PE))/fs(l%ss)/SS?ﬁDX(mJ‘)d?"dS&
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Evaluating the integral over the Dirac delta, using Eq. 43, and rearranging terms,
Ypx(p) = TDX(P7P1)’CA(P1,P2)/SAfA(P1,8A)dSA
+TDX(papl)’CE(phps)/fE(Pl,SE)/¢Dx(p3783)
X (BDX(phpﬁWDX(Po‘)
+SSBDX(phPG)/wDX(pGaQ)dq (48)
+ SEBDX(P17P6)/¢DX(P6,Q)dQ>d53d5E
+TDX(PaP4)S(P47P5)¢DX(P5)/fS(P4,SS)dSs

+TDX(p,P4)5(P4,P5)/szs(m,ss)dss/¢DX(P5,7“)d7“~

Defining 5(p) = [ sfe(p, s)ds and using the fact that the integration over the full domain of PDFs results in
unity,
Upx(p) = Tox (P, P1)Ka(p1,p2)5a(p1)

+7'DX(P,P1)/CE(P17P3)/fE(PhSE)/%//DX(Ps,%)

X (BDX (p1,P6)YDx (P6)

49
+ s3Bpx (P1,P6) (49)

+ sgBpx (P17p6)>d83d81~:

+ Tox (P P4)S (P41, P5)¥px (P5)

+ Tox (P, P4)S (P4, P5)35(P4)-
Using the property of the Bpx (p,p’) evident in Eq. 193 that if the operator is acting on nothing it reduces
to unity and rearranging terms,

Upx(p) = Tox(p,p1)Ka(p1,p2)54(p1)

+TDX(P7P1)/CE(P17P3)/fE(PhSE)dSE/Z/JDX(P:s,83)d83BDX(P17P6)¢DX(P6)

+TDX<p7p1)ICE<p17p3)/fE(phSE)dSE/33'(/1DX(p3;33)d53 (50)

"‘TDX(papl)ICE(plva)/SEfE(plst)dsE/wDX(p3753)d53

+ Tox (P, P4)S (P4, Ps)Vpx (Ps5)
+ Tox (P, P1)S (P4, P5)35(P1)-

Again using 5 = [ sf.(p, s)ds, Eq. 43, and the integration of PDFs to unity,

Ypx(p) = Tox(p,p1)Ka(p1,p2)54(P1)
(p,P1)KE(P1,P3)Bpx (P1,P6) Y Dx (P6)
(P, p1)KE(P1,P3)VDx (P3)

+ Tox (P, p1)KE(p1,p3)5E(P1)
(P, P4)S(P4,P5)¥YDx (P5)
(P, P4)S(P4, P5)55(Pa).

(51)
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Collecting terms yields the final result,

Upx(p) = Tox (P, p1)Ka(p1,p2)54(P1)
+ Tox (P, p1)KE(P1,p3)(5E(P1) + YDX (P3))
+ Tox (P, P4)S (P4, P5)(85(P1) + VD x (ps5))
+ Tox (P, P1)KE(P1,P3)Bpx (P1,P6s) Y Dx (P6)-

(52)

Comparing Eq. 52 with Eq. 34, the only difference is the substitution of the DXTRAN free-flight transmission
operator for the free-flight transmission operator and the addition of the branch containing the flight-to-
DXTRAN operator.

3.4 Forced-Collision and DXTRAN Variance-Reduction Techniques

The combined forced-collision and DXTRAN HSME is found by taking the first score moment of the
combined-technique HSPDF given in Eq. 25,

Vrepx(p) = /Sch,DX(P,S)dS- (53)

Recall from Eq. 25 that the combined-technique HSPDF is defined for the cases of whether or not forced

collisions are specified in a given phase space, similar to the forced-collision HSPDF'. If forced collisions are

not specified then the combined-technique HSPDF is given by Eq. 24. This equation is of the same form as

Eq. 21, so by taking steps identical to those in Sec. 3.3 the first score moment is found to be
\Ilgg,DX (p) = Tox (P, P1)Ka(P1,P2)54(P1)

+ Tox (p,p1)Ke(p1,ps) (56(p1) + ‘IJIQC)‘(,DX(pB))

+ Tox (P, P4)S(P4,P5)(Ss(P4) + Yre,px (P5))

+ Tox (p, p1)Ke(p1,p3)Box (P1, P6) Y B px (P6)-

(54)
b
p
The steps to derive Eq. 54 are omitted to avoid redundancy. For the opposite case, the combined-technique
HSPDF is given by Eq. 26. Expanding Eq. 53 for this case,
Wrcox(e) = [ 5(BKatorpa) [ faros)
X Bi(p, p1)S (P4, P5) / fs(pa,8s)Vrc,px(Ps5,8 — 85 — s4)dssdsa
DX DX (55)
+ Be(p,p1)KEe(P1,p3) | fE(P1,5E) | Yre px(Ps:s3)Bpx(P1,pe) | Yre px(Pes S6)

X Bi(p, p4)S(p4, Ps) / fs(Pa,s8)Vrc,Dx (P5,5 — 55 — S6 — 83 — SE)dSsd86d53d8E> ds,

p € {prc}

Temporarily dropping the p € {prc} notation and distributing the integration over s,
Vropx(p) = B(p.pKAD1P2) [ Falprisa)
X Bt(P7p4)5(p47p5)/fs(P4, 55) / svre,px (Ps,s — ss — sa)dsdssds a
+Bup. oK p) [ Foorse) [ RS px(pasBox(prpe) [ VR px(pose)  (50)
X Bt(p7p4)5(p4,p5)/fs(p4, 55)

X /51/)FC,DX(175, s — 85 — 8¢ — 83 — Sg)dsdsgdsgdszdsg.
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Setting g=s—sgs—spand r=s— S5 — S¢ — S3 — Sg,
Vrcpx(p) = Belp p)Ka(prp2) [ falpr,sa)
X Bt(P7P4)S(P47P5)/fS(p4, 55) /(q + 585 + 54)Vrc,px (Ps, q)dgdssds a
+ B.(p, P1)’CE(p17p3)/fE(P1, SE)/lﬂzQéDX(P& 33)BDX(p1,p6)/¢}Qg,DX(p67 56)
X Bt(P7P4)S(p47P5)/fS(P4, ss)
x / (r+ ss + S6 + s3 + sp)¥rc,px (Ps, r)drdssdsedssds .

Distributing (¢ + ss + sa) and (r + sg + s¢ + s3 + sg),

Vropx(p) = Be(p, p1)Ka(p1, p2)
X (/ fA(PhSA)dSABt(p,P4)3(P4»P5)/fs(p4,85)d85/qiﬁFaDX(qu)dq

JF/fA(plaSA)dSABt(p7p4)S(p47p5)/SSfS(p475$)dSS/wFC,DX(pSaQ)dq

+ /SAfA(pl,SA)dSABt(P,p4)3(P47P5)/fs(p47ss)dss/¢FC,DX(P57Q)dQ>
+ Be(p, p1)KEe(p1,P3)

X (/ fE(phSE)dSE/1#1%(,[))((173,83)d83BDX(p1,P6)/%Qgpx(pﬁ,%)dsﬁ
< Bilpp)S(pa.ps) [ fo(pisss)iss [ roee.px(ps.ndr
+/fE(P1a3E)dSE/1/’55(,13)((193753)d33BDX(P1,P6)/¢?§DX(P6,S6)(136
X Bt(P7p4)S(p47p5)/szs(pzuss)dss/¢FC,DX(P57T)d7“
+/fE(P1,8E)dSE/wgépx(ll&53)d835DX(P1,p6)/36¢£§DX(P6,86)d86
X Bt(P7p4)5(P47P5)/fs(m,ss)dss/¢Fc,Dx(p577“)d7’
JF/fE(plaSE)dSE/SBw}Qé(,DX(p&SS)dSSBDX(pl,pG)/¢?§DX(p6,56)d56
x Bt(p,p4)8(p4vp5)/fS(p4;SS)dSS/wFC,DX(pE’nT)dT
+/SEfE(PhSE)dSE/wpgg,DX(Psa83)d83BDX(P1,P6)/¢£§DX(P6786)d56

X Bt(pvp4)5(l747p5)/fS(P4,Ss)d85/¢Fc,DX(P57T)dT>~
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Defining $(p) = [ sfe(p, s)ds, using the fact that the integration of PDFs over their full domain results in
unity, and using Eq. 53,

Vrce,px(p) = Be(p, p1)Ka(p1, p2)
x (Bi(p, p1)S(pa, P5)¥Y Fe,px (P5)
+ Bi(p, p4)S(pa, P5)5s(pa)
+ 34(p1)Bt(p, P1)S (P4, P5))
+ Be(p, p1)KEe(P1,P3)
X (Bpx (p1,p6)Bi(P, p4)S (P4, P5)Y Fe,px (P5)
+ Bpx (p1,P6) Bi(P; P4)S (P4, P5)55(Pa)
+ Bpx (p1,96) Y23 px (P6) B (P, P4)S (Pa, P5)
+ V28 px (P3)Bpx (P1,p6)Bi(p, p4)S (P4, P5)
+ 5(p1)Bpx (P1,P6)Bi(P, P1)S (P4, P5))-
Using the property of the surface-crossing, flight-to-transmission, and flight-to-DXTRAN operators evident
from Egs. 188, 192, and 193 respectively, that they reduce to unity when acting on nothing yields the final

result,
Vrepx(p) = Be(p, p1)Ka(p1, p2)

X (54(p1) + Bi(p, p4)S (P4, P5)(55(P4) + Ve, px(ps)))
+ Be(p, p1)KE(P1, p3) (60)
x (88(p1) + Y52, px (P3) + Box (p1,p6)VBE, px (P6)
+ Bi(p, p4)S(pa, P5)(55(P1) + Yre,px(Ps))), P € {Prct-

Comparing Eq. 60 with Eq. 42, the only difference is the addition of the branch containing the flight-to-
DXTRAN operator and the recursion \I/?g px rather than an analog form.

4 Proof that the Forced-Collision Technique is Unbiased

The forced-collision variance-reduction technique is shown to be fair by reducing the HSME derived for
transport with the technique in play to the analog HSME. This is done by using the definitions of several
transport operators given in Appendix A to cast both the analog and forced-collision HSME into characteristic
coordinates in which the two may be directly compared. In this technique, particle weight is adjusted before
making contributions to the total history score in a single random-walk step, so the weight of the particle
must be explicitly considered when reducing the forced-collision HSME to the analog HSME.

4.1 Forced Collisions Not Specified

Recall that the forced-collision HSME takes two forms depending on whether forced collisions are specified in
a given phase space. In the case that forced collisions are not specified, the forced-collision HSME is given
by Eq. 36. Note that Eq. 36 is identical to the analog HSME given by Eq. 34 except that it is recursive
with itself and Wpo. The recursion with ¥Upe is used to account for the particle leaving the current cell
and entering one with forced collisions specified. Temporarily assuming that ¥ rc(p) = Yo(p), p € {Prc},
Eq. 36 becomes

Ui (p) = T2, p1)Ka(P1,p2)54(P1)

+ T(p, p1)Ke(P1,ps) (55(p1) + Vio(ps)) (61)
+ T (p,p1)S (P4, P5)(55(ps) + Vo(ps)), P & {Prc},

which is equivalent to Eq. 34. In other words, if the technique is shown to be fair where forced collisions are
specified, then the technique is also known to be fair in the phase spaces of a simulation with the technique in
play where forced collisions are not specified by Eq. 61. Because the forced-collision HSME is defined for two
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recursively interdependent cases, this temporary assumption must be made for one before the other can be
shown to be fair. Here, the assumption is made for the simpler of the two cases. The unbiased first moment
of the technique where forced collision are specified is shown in Sec. 4.2, proving the validity of Eq. 61.

4.2 Forced Collisions Specified

Unlike the trivial evidence of equivalence between the forced-collision HSME and the analog HSME given
in Sec. 4.1, work must be done to reduce the forced-collision HSME in phase spaces where forced collisions
are specified to the analog HSME. The analog HSME is cast into characteristic coordinates followed by the
forced-collision HSME and they are shown to be equivalent in this form. When the forced-collision technique
is played, weight adjustment is performed in a single random-walk step prior to particle-score contributions.
This means that average score contribution terms, §4, g, and Sg, must be decomposed into a form that
allows consideration of the weight of the particle when scoring to compare the forced-collision HSME to the
analog HSME. For many applications, the average score contributed at a given event is the product of the
weight of the particle and some event-specific multiplicative factor,

5¢(p) = w - me(x, Q, E) = w - me(r). (62)
This multiplicative factor may often be one but is included here for generality. A possible alternative value of

the multiplicative constant is the cross section of a reaction, in which case the expected score of the tally is
the expected reaction rate. Here, the general form is assumed for all score contributions.

4.2.1 Analog HSME in Characteristic Coordinates

To convert to characteristic coordinates, Eq. 34 is first written with the free-flight transmission operator
expanded using Eq. 187 and the score contributions expanded with Eq. 62,

wo(p) = [ . /] N /. " exp(— L, 21)5(9 — Q)5(Ey — B)s(uws — w)

X Ka(p1, p2)wima(ri)dw;dE1dQqdx,

/ / / / exp(—L(z, 21))5(Q — Q)(Ey — E)d(wy — w)
xe{xr} J4r (63)
x Kg(p1, p3)(wimg(ri) + Yo(ps))dwi dE1dQ dxy

/me{mr} /47r/ / exp(—L(x, @4))5(Qs — Q)6(Ey — E)S(wy — w)
x 8(pa, ps)(wams(rs) + Vo(ps))dwsd E4dQyds.

Evaluating integrals over dimensions with Dirac delta functions specified,
Wo(p) = [ expl(~tla@1)Ka(er, @ B, po)uma(ar, @ E)da,
xze{xr}
[ exp(—tl@ @)@ 9w, p) (wms (@, 9, E) + Vo(pa))doy (64)
ze{xr}

+/{ }eXp(_z(:c,x4))3(m4,Q,E,w,p5)(wms(m4,§z,E)+xp0(p5))dx4.
TE{xTr
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Inserting the definitions of all remaining operators, given in Appendix A,
o(p) = [ exp(-tza)
zc{xr}
X /Ea(ml, E)é(zy — 1)0(y — Q)6(Ey — E)5(wy — 0)wm (1, Q, E)dpyda;

Jr/me{mr}exp(K(ar:,a:l)) (65)

X /Es(wl, Q = Q3, E — E3)d(5 — @1)5(ws — w) (me(ml’ Q,8)+ \Ilo(p?’))dp?’dxl
+ exp(—(z, x5 (x, Q)))

< [ Bas — (e, )60 — Q)5(Es ~ E)5(ws — w) (wms(ws (@, 9. 9,E) + Vo(ps) ) dps.

Note that Eq. 65 assumes that the next surface is not a system boundary for ease of notation; the opposite
case is considered when analyzing the third term in isolation for brevity, see Eq. 96. Evaluating the integration
over the dimensions of po, p3, and ps that have Dirac delta functions,

\Ilo(p):/ { }exp(—[(w,wl))Ea(:cl,E)wmA(:cl,Q,E)dml
TE T

+/ exp(fﬁ(:c,ml))//ES(:cl,Q%Qg,E%Eg)
ze{xr}

(66)
X (me(wl, Q, E) + \Ilo(iL'l, Q37 FEs, w))dﬂnggdl‘l
+ exp(— L@, w5 (@, ) (wms(@s (@, ), @, B) + Vo(@s(@, ), B,w) ).
Using 1 = ¢ + af) yields ¥ in characteristic form,
as(x,9) R . A
o (p) = / exp(— (@, @ + a))Sa (@ + a2, B)wma(z + a2, @, B)da
0
as(x,Q) . A A .
+/ exp(—l(x, x + a?)) // Ys(x+ a2, Q — Q3, E — Es) (67)
0

X (me(w + a2, 2, E)+ Yoz + a2, Qs Es5, w))ngdEgda

+ exp(—ﬂ(az, T+ aS(az, Q)Q)) (me(w =+ as(.’B, Q)Qa Qv E) + \IJO(m + aS(mv Q)Qa Q; Ev ’UJ)),
where ag is the distance from x along Q to the first intersection with a surface.

4.2.2 Forced-Collision HSME in Characteristic Coordinates

In phase spaces in which forced collisions are specified, the forced-collision HSME takes the form of Eq. 42.
Rearranging terms of Eq. 42 and applying Eq. 62,

Urc(p) = Be(p, p1)Ka(p1, p2)wima(r:)
+ Be(p,p1)KE(p1, p3) (wimp(r) + Y9 (ps))
+ (Be(p, p1)Ka(p1, p2) + Be(p, p1)KE(P1, P3))
x Bi(p, pa)S(pa,ps)(wams(ra) + Yrc(ps)), p € {prc}-

(68)

Each term of Eq. 68 is now cast into characteristic coordinates and shown to be identical to the corresponding
terms of Eq. 67. For ease of notation, p € {prc} is temporarily dropped.
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First, considering only the first term of Eq. 68 and applying the definition of the flight-to-collision operator
given in Eq. 191,

Termy = / / / / (U@ ) 56— 0)5(E — B)o(wr — w,)
wc{ar) Jan s 1 —exp(—{(z, zs(x,2))) (69)
X Ka(p1, p2)wima(ri)dwidE1dQdx; .

Evaluating integrals over dimensions with Dirac delta functions,

exp(—{(z, x1)) - :
Term1 = / ~ K:A(zlv QanwcaPQ)wcmA(mla Q7E)dx1 70
zc{xr} 1 _exp(_é(mva(w7Q))) ( )

Using the definition of the absorptive collision operator given by Eq. 189,
Term; = / exp(—l(@ 21)) =
ze{zr) 1 — exp(—f(x, xzs(x,))) (71)
x / Sa(@1, B)d(x2 — 1)8(Qe — Q)6(Ez — E)(wz — 0)wema(ar, Q, E)dpadar.

Evaluating the integration over ps,

Term; = / exp(—f(z, x1)) — Yo (x1, E)wema(x, Q,E)dxl. (72)
ze{zr} 1 —exp(—L(x, xs(x, 2)))

Note that combining Eqgs. 3 and 5 yields

We = wO(l - exp(—@(w, 1135(13, Q)) (73)
Inserting Eq. 73 into Eq. 72,
_ exp(—{(z, 1)) R .
Term; = ——Yq (1, E)w(l — exp(—L(x, xs(x, Q))ma(x1,Q, E)dr.  (74)
we{er} 1 —exp(—L(z, z5(x,)))

Simplifying and using 1 = = + a2 to convert to characteristic coordinates gives an identical expression as
the first term of Eq. 67,

(,2) . . A
Term; = / exp(—L(x, x + af2)) X, (x + af2, E)wmy(x + a2, Q, E)da. (75)
0

Second, considering only the second term of Eq. 68 and again expanding the flight-to-collision operator,

ermy = xp(—t(x, z1)) 5(91 — Q)5(E1 — E)d(wy —w
B /a:e{mr} Aﬁ/ /oo 1 — exp(—£(x, ws(w,ﬂ))) (8 = 2)3(Er — E)o( e) (76)
x Kg(p1,ps) (wime(r) + e (ps))dwidE dQ day .

Evaluating the integrals over dimensions with Dirac delta functions specified,

exp(_g(:&ml)) A A 0
Termy = —Kg(x,Q, E,we,p3) | wemp(x, 2, E) + ¥ 3) )dxy. 77
’ /aze{wr} 1 — exp(—{(, zs(x, 2))) sl pd)( ol : FC(pS)) S

Inserting the definition of the emissive collision operator,
S — CICE5N
ze{er} 1 — exp(—L(z,z5(x,$2))) (78)
X /Es(wl, Q- Q3 F— E5)d(x3 — x1)d(ws — w,) (wcmE(wl, Q, E)+ \I/%C<p3>)dp3dl'1.
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Again evaluating the integrals over dimensions with Dirac delta functions specified,
Termy = / exp(—l(@, 21)) =
zef{er) 1 —exp(—L(x, xs(x,Q))) (79)
X // Es(iL'l, Q — Q3,E — Eg) (wcmE(wl, Q, E) + \IJ%C($1, Qg, E3, wc))ngdEgdxl.

Using Eq. 73,
Terms = / eXp( iB 1131 // 581, Q — Qg,E — E3)
ze{zr} 1 — exp(—L(x, xs(x, Q
x (w(1 = exp(—t(, ws(z, 0)))mp(z1, 2, ) (80)

+ 0% (21, s, B, w(l — exp(—l(a, z5(z, Q))))))ngdEgdxl.

Using the separability of weight and score moment in weight-independent techniques ¥(r, cw) = ¢¥(r, w) [7],

Terms = / exp(—{(@, 1)) // (zq, Q- Qg,E — Es)
x

efar} 1 — exp(—L(z, z5(x, Q))
x (1 — exp(—l(x, zs(x, Q))))(me(:Bl, O E) 4+ 0% (21, Qs, Eg,w))ngdEg,da:l.

(81)

Simplifying and using &1 =  + a$ to convert to characteristic coordinates gives an expression similar to the
second term of Eq. 67,

as(x,2) R A .
Termy = / exp(—f(x, x + af})) // Yol + a2, — Q3, FE — Ej)
0
X (me(w + a2, €2, E)+ \I/%C(:I: + a2, Q3 Es5, w))dﬂnggda.

Third, considering only the third term of Eq. 68 and expanding the flight-to-collision operator,

exp(—{(x,x1)) A& 7 W — w
Terms = </EG{EF}A7T/ /mlexp o8 = QOB — E)o(ws — we)Ka(pi, )iy

exp(—{(x,x1)) 56 _ W — w
/me{mr}/4,r/ /oo 1— exp(— (m,ms(m,ﬁ)))5(91 WoE — E)o(wn C)KE(pl’pS)dp1>
X Bi(p, p4)S(pa,ps)(wams(ra) + Vrc(ps)).

(83)
Evaluating the integration over dimensions with Dirac delta functions and combining the absorptive and
emissive terms,

exp(—(x, 1)) : :
Term?) = / ~ ’CA($1797anCap2)+K:E(m17Q7Ea wc,p?)) dﬂfl
wefar} 1 — exp(—l(z, zs5(x,§2))) ( ) (84)
X Bi(p, p4)S(pa,ps)(wams(ra) + Yrc(ps)).
Expanding the absorptive collision and emissive collision operators,
Terms = / exp(—l(@, 21)) =
ze{zr) 1 — exp(—f(x, xzs(x,2)))
< ([ ater B)3(es — )60 - 2)5(Ex - B2~ 0py )

—+ /Es(xl, Q — Qg, FE— E3)6($3 — $1)6(W3 — ’w(.)dpg) dIl

X Bi(p, p1)S(Pa,ps)(wams(r4) + Yro(ps)).
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Evaluating the integrals over the dimensions of ps and ps that have Dirac delta functions,

Term. — exp(—£(x,x1)) ]
’ /:):E{wr} 1- eXp(—E(iL‘,ws(ZE, Q)))

X (Za(whE) + // Se(x, Q2 — Q3 E — Eg)ngdEg,) dz;
X Bi(p, p4)S(p4,p5)(wams(rs) + Yrc(ps)).

Using the fact that the integration of the double-differential scattering cross section over all angles and energy
results in the macroscopic scattering cross section,

T, — exp(—{(x, 1))
B ’ ~/93€{€EF} 1 —exp(—é(m,mg(x,fl)))
X (Zg(x1, E) + (1, E))dzy

X Bi(p, P4)S(Pa,ps) (wams(rs) + Vo (ps)).

(87)

Using the definition of the total macroscopic cross section and expanding the optical thickness term using
Eq. 4,

Yi(x1, E) exp(— f”ml @l >y (1: + aHm zu)da)
Terms _/ s ]
ze{er} 1 —exp(— f >y (w +a H

X B(p, p1)S(pa,ps)(wams(rs) + Yro(ps)).

d.’El
=2,) da) (88)

X a-exp(—a-x) de = 1

Assuming a constant cross section inside the current cell and using the integral identity f T—exp(—a X)

proven in Appendix B.1,

Y X
Terms :/ 1 XDy zl) dxq (89)
xze{xp p Zt”ws - w“)

X Bi(p, P4)S(Pa,ps) (wams(rs) + Vo (ps)).

Expanding the flight-to-transmission operator given by Eq. 192,
Terms = /5(w4 —25(2,9))0(Q — Q)3(Ex — E)d(ws — w)S(pa,ps)(wams(ra) + Wpc(ps))dpa.  (90)
Evaluating the integration over py,
Term; = S(as (x, ), Q. B, wy, ps) (wims (@s(2, ), 2, E) + Vro(ps)). (91)
Expanding the surface-crossing operator,

Terms = /5(w5 —zg(x,))0(25 — Q)5(Es — E)6(ws — wy)

(92)
x (wims(@s(@, Q). @, B) + Wro(ps) ) dps.
Evaluating the integration over ps,
Terms = wymg(xs(x, Q), Q, E) + Upo(xs(z, Q), Q, B, w). (93)
Inserting Eq. 3, R R
Termsz = wexp(—{(x, xs(x, N)))ms(xs(x, ), Q, E) (04)
+ Upo(@s(@, ), Q, E,wexp(—{(x, zs(z,Q))))
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Again using the separability of weight and score moment in weight-independent techniques and using
zs(x, Q) =z + ag(z, Q) to convert to characteristic coordinates yields an expression identical to the third
term of Eq. 67,

2))

Termsz = exp(—{(x, z + ag(z, Q)
X (wmg(w +as(z, Q)Q,Q, E) + Upe(z + ag(z, ), €, E,w))

(95)

Note that Eqgs. 65 and 92 assume that the surface being crossed is not a system boundary. If the opposite is
assumed, the integration over statistical weight is instead [(-)6(ws — 0)dws. Evaluating this integration over
weight results in a HSME that is evaluated at a weight of zero, ¥g o, po(xs(a, fl), O, F, 0). The separability
of weight and score moment then reduces this term to zero. In this case, Eq. 95 and the third term of Eq. 67
are both equivalent to

Terms = exp(—£(x, = + ag(z, Q)Q))wms(z + ag(z, Q)Q, Q, E). (96)

Finally, combining Egs. 75, 82, and 95 results in the characteristic form of the forced-collision HSME;,
as(x,€2) . N
Upo(p) = / exp(—{(x, x + af2)) X, (x + af2, E)wm ada.
0

(x,€2) R o .
+/ exp(—{(x, x + a?)) // Yo(x+ a2, Q — Q3, F — Es) (97)
0

X (me + 0% (x + a$2, Qs Es, w))ng,dEgda.
+ exp(—£(z, x + as(zx, Q)Q)) (wms + Upe(x + as(x, Q)fL Q. E, w)), p € {prc}.

Compared with the characteristic form of the analog HSME given in Eq. 67, Eq. 97 is identical except that it
is recursive with ¥ po and \II%C. Recall from Eq. 61 that the forced-collision HSME is equivalent to the analog
HSME where forced collisions are not specified. Eq. 97 shows that the forced-collision HSME is equivalent
to the analog HSME except where forced collisions aren’t specified. Considered together, Eqs. 61 and 97
prove that the forced-collision HSME is equivalent to the analog HSME for all phase spaces, so the technique
played in isolation is shown to be unbiased,

Urc(p) = Yo(p). (98)

5 Proof that the DXTRAN Technique is Unbiased

The DXTRAN variance-reduction technique is shown to be fair by reducing the corresponding HSME down
to the analog HSME. This is done by first separating the HSMEs into two equations, the «/f form, and
then casting them into characteristic coordinates using the formal definition of transport operators given in
Appendix A. In characteristic coordinates, the DXTRAN HSME is shown to reduce to the analog HSME,
demonstrating that the technique does not alter first-moment results, making it unbiased. Note that, unlike
the forced-collision technique, weight adjustment is not performed directly prior to score contributions. This
allows weight adjustment to be accounted for solely through the separation of weight and score moment used
in Eq. 122. As a result, the average score contribution terms, 54, §g, and Sg, are not decomposed into any
particular form such as that in Eq. 62.

5.1 History Score Moment Equations in «/8 Form

Eq. 52 gives the expected score of a particle history continuing on from any point in phase space; however,
the DXTRAN variance-reduction technique is not a fair technique when considering an arbitrary portion of
the particle history. The DXTRAN technique disallows particles from entering the DXTRAN region through
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normal transport, so the conservation of statistical weight is dependent on DXTRAN particles spawned
following the construction of the particle from the source or collisions prior to entering a region. To show
fairness, Eq. 52 is analyzed at DXTRAN particle creation by breaking the equation into two different forms,
with each governing a different set of points in particle transport. The first form, termed the « form, governs
a particle immediately following construction from the source or emission from a collision. The second form,
termed the 8 form, governs a particle at all other points in the history. For direct comparison, the a/8 forms
of both the analog and DXTRAN HSMEs are derived.

To find the DXTRAN HSME at these points, Eq. 52 is first written with the terms following the emissive
collision operator combined,

Upx(p) = Tox (P, p1)Ka(p1,p2)54(p1)
+ Tox (P, P1)KEe(P1,P3)

x (5g(p1) + ¥px(p3) + Bpx(p1,p6)¥Ypx(Ps)) #9)
+ Tox (P, p1)S(P4,P5)(5s(Pa) + Vpx (P5))-
Expanding the emissive collision operator defined in Eq. 190,
Vpx(p) = Tox(p,p1)Ka(p1,p2)54(p1)
+ Tox (p, 1) / Sa(@1, Q1 — Q3, By — E3)d(w3 — @1)5(ws — wy) (100)

X (3e(p1) + ¥px(p3) + Bpx (p1,ps)¥px (ps))dps
+ Tox (P, P4)S (P4, P5)(55(P4) + ¥px(Ps))-

Separating the double-differential macroscopic scattering cross into the scattering cross section and the PDF
governing the outgoing angle and energy,

Upx(p) = Tox(p,p1)Ka(p1,p2)54(P1)
—+ TDX(p )/ (scl,El)f(acl, Ql — Qg, E1 — E3)5($3 — wl)(S(’LUzg — ’LU1) (101)
X (5g(p1) + ¥px(p3) + Box (p1,Ps)¥px (ps))dps
+ Tox (P, Pa)S(P4, P5)(55(Pa) + Ypx (Ps)).

Utilizing the property that integrating over the entire domain of a PDF results in unity,

Upx(p) = Tox (P, p1)Ka(p1,p2)54(p1)
+ Tox(p,p1)Xs(x1, Er)

X (SE(P1) +/f(=’1317ﬂ1 — Q3, By — B3)Vpx (p3)d(zs — 21)8 (w3 — w1 )dps (102)

+ BDX(plaPG)\IIDX(p(S))

+ Tox (P, p1)S(Ps, P5)(55(P4) + ¥px (ps)).

Defining an augmented emissive collision operator to separate terms concerning the initiation of an emissive
collision and the emergence from that collision,

Ky(p,p) = / So(x, B)o(x' — x)6(Y — Q)0(E' — E)d(w' — w)dp', (103)
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and inserting it into Eq. 102,

Upx(p) = Tox (P, P1)Ka(P1,P2)54(P1)
+ Tox (p, p1)K% (1, P3)

X (SE(p1) + / Fxs, Qs — Qr, B3 — Br)Vpx(pr)d(zr — 223)0(wr — ws)dpy (104)

+ BDX(PhPﬁ)‘I’DX(Pes))

+ Tox (P, P4)S (P4, P5)(35(pa) + ¥px (Ps))-

Eq. 104 is split into two different HSMEs by first defining the HSME for a particle following an emissive
collision or particle construction,

2 (P) = /f(m, Q= 0, E— BNV (p1)d(21 — 2)0(wy — w)dpy (105)

+ BDX(p7p2)\I]DX(p2)

where \Il%  is defined by inserting Eq. 105 into Eq. 104. The HSME for a particle not directly following an
emissive collision or particle construction is then

‘I’%X(P) =Tpx (P, P1)Ka(P1,P2)54(P1)
+ Tox (p, P1)Kp(P1,P3)(56(P1) + ¥y (P3)) (106)

+ Tox (P, p4)S(p4, Ps) (gs(m) + ‘I’%X(ps))-

Because Eq. 106 is derived without approximation from Eq. 52, it is an exact representation of the first
history score moment, but the moment directly following a scattering collision or source event ¥, , where
DXTRAN particle creation takes place, is now available for analysis. For reference the same form of the
analog HSME is derived in much the same way as follows. First, the emissive scattering operator in Eq. 34 is
expanded using Eq. 190,

Uo(p) = T(p,p1)Ka(p1,p2)54(p1)

+T(p0) [ Sl @ > QB Bies - 21)3(uws — ) o)

x (8e(p1) + Yo(ps))dp.

+ T (P, p1)S(pa, Ps)( (p4) + ¥o(ps))-

Separating the double-differential macroscopic cross section into the scattering cross section and the PDF
governing the outgoing angle and energy,

Vo(p) = T (p,p1)Ka(p1,p2)54(P1)

+ T(pvpl)/zs(a:l»El)f(wla Q1 — Q3. E1 — E3)d(x3 — 1)d(ws — wy)

(108)
x (5p(p1) + Yo(ps))dps
+ T (P, P4)S (P4, P5)(55(Pa) + Yo(ps)).
Applying the fact that the integration over the full domain of PDFs results in unity,
Yo(p) =T (p, P1)/CA(P17P2)SA(P1)
+ T (p,p1)Xs(x1, E1)
(109)

x | 55(p1) /f @1, — Q3, By — F3)Wo(p3)d(xs — x1)8 (w3 — wl)dp3>

+ T (P, p1)S (P4, P5)(35(pa) + Yo(ps))-
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Inserting the augmented emissive collision operator defined in Eq. 103,

Vo(p) = T(p,p1)Ka(p1,p2)54(P1)
+ T (p, p1)KE(p1,p3)

X ( (p1) /f @3, Q3 — Q7, B3 — E7)Wo(pr)d(xr — x3)8(wr — ws)dp7>

+ T(p, P4)S (P4, P5)(55(p4) + Yo(ps)).

As with the DXTRAN HSME, the analog HSME is split into two forms, each governing a different set of
points in particle transport by defining

(110)

\I/a /f xT, Q — Ql,E — El)\I/ (p1)5($1 — m)d(wl — w)dp1 (111)

governing a particle following a scattering collision or particle construction. Inserting Eq. 111 into Eq. 110,
U (p) = T (p,p1)Ka(p1,p2)54(p1)
+T(p,p1)Ks(P1,p3)(5E(P1) + V5 (P3)) (112)
+ T (P, p4)S(p4, P5) (55(174) + ‘Pg(m))-

Note that the two modifications to analog transport from DXTRAN variance reduction, the DXTRAN
free-flight transmission operator and the flight-to-DXTRAN operator, are now accounted for separately by
the 8 and « forms, respectively. Additionally, note that phase space subscripts have been altered in the «/3
forms relative to the DXTRAN HSME given in Eq. 52.

5.2 Characteristic Form of o/ History Score Moment Equations

After casting the analog and DXTRAN HSME:s into o/ form, some operator notation is expanded to cast the
equations into a partially characteristic form. It is possible to cast both equations into a purely characteristic
form by expanding all operators, but this is not necessary to show fairness. In the case of transport not
following particle creation or emission and outside of a DXTRAN region, the HSME given by Eq. 106 can be
expanded using Eq. 194 to

V)= [ | expltta @i - 3 — Byt —w)
we{wrﬂ“wpx} 4
X (Ka(p1,p2)54(p1) + K5(p1,p3)(5e(p1) + ¥ x (P3)))dwidE dQy diy

/ / / / exp(—£(x, 24))0(Qy — Q)0(Ey — E)6(ws — w)
ze{xrN-xpx} J4m
x S(p4, Ps) (55(194) + ‘I’Dx(P5))d’tU4dE4dQ4d$4,

(113)

where {&r N ~xpx} is the set of all points on the ray from x along Ql in the current cell and not in the
DXTRAN region. Evaluating the integrals over statistical weight, energy, and direction,

V)= [ exp(~((z,21))
:.BE{:EFI'T":BD)(}
X (ICA(mlv Q7 Ea w7p2)§A(m17 Qa E7 U/)

+ Kpp(@, @, B, w,ps) (55, @, B, w) + Wy (ps) ) )doy (114)

—|—/ exp(—{(x, x4))
{mrﬁ‘\mpx}

X S(m4,ﬂ F w,p5)( (w4,ﬂ E, w) +\IIDX(p5)>dx4.
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Combining the integrations over position and setting @1, = « + a2 yields N ' x (p) in characteristic coordinates,

min{as(w,ﬁ),anx (w7ﬂ)_6}
¥ (p) = lim

e—0 0

X [ICA(;L' + a2, Q, B, w,p2)5a(x + a2, Q, B, w)

exp (—E(m, T+ aﬂ))

(115)
+ Kis(@ + a2, B, w, po) (55(@ + €, @, B, w) + W (py))

+8($+GQ7QaE>w7p5)<SS(w+aQ Q E ’LU) —’—‘;[IDx(pS))]da7

where ag(x, Q) is the distance to the first surface intersected by €2 from @, apx (z, Q) is the distance to
the point of intersection with the DXTRAN region from from x along Q, and € is used to denote that the
upper bound of the integration over a does not include apx(x, fl) For ease of notation, € will be treated as
arbitrarily small and the limit of € to zero will not be explicitly denoted in later equations. The characteristic
form in the case of analog transport not following a collision or particle construction is similarly found by
expanding Eq. 112 using Eq. 187,

_ Le{mr} /477 /Oo /Oo exp(—(z, 21))8(Q1 — Q)5(E1 — E)S(wr — w)

X (Ka(p1,p2)54(p1) + Kip(p1,p3)(5e(p1) + 5 (p3)))dwi dE1dQ d,

. (116)
/ / / / exp(—L(x, 24))8(Qs — Q)6(Ey — E)d(wy — w)
ze{xr} Jar
X S(p47p5) (55 (p4) + \I/g (p5))dw4dE4dQ4dl‘4.
Evaluating the integrals over statistical weight, energy, and direction,
\Ijg(p) = / exp(fé(:c, :131)> (ICA(wla Qa E7 vaQ)EA(mh Q7 E7 ’lU)
ze{xr}
+ Kz, QB w pg)( ez, Q, E,w) + U (p )))dxl )
117

—|—/ exp(—f(x, x4))
zc{xr}

X S(-’BE,, Qv E7 w7p5) (59(‘1345 Qa E7 U)) + \Pg(p5)> d1'4.

Again, combining the integrations over position and setting ; = x« + af) yields \I/g (p) in characteristic
coordinates,

S(m,ﬂ) R A o
\Ilg(p) = / exp(—é(ac, T+ aﬂ)) [ICA(sc +af), 2, E,w,p2)54(x + a2, Q, E, w)
0
+ Kl (@ + a2, Q, E,w, p3) (§E(m +a2,Q, B, w) + \pg(p3)) (118)

+S(x + afL fL E,w,ps) (Eg(w + aﬂ, Q,Em}) + \I/g(pg,))}da,

It is clear from comparing Eq. 115 and Eq. 118 that score contributions from phase spaces inside and beyond
the DXTRAN region, a > apx(z, Q), may not be accounted for depending on the minimum function in
Eq. 115. This corresponds to the case of a particle starting a history at some point in phase space without the
creation of a DXTRAN particle and being killed upon arrival to a DXTRAN region. The score contributed
by these phase spaces is accounted for by the DXTRAN particles created previously in transport at phase
spaces outside of the DXTRAN region according to Eq. 105. For the case of transport immediately following
particle creation or emission and outside of a DXTRAN region, Eq. 105 is cast into characteristic form as
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follows. Expanding the second term of Eq. 105 using Eq. 193,

%x(p) = /f(:c, Q= Q1 E - BNV (p1)d(z1 — )6 (wy — w)dE1d
+/ / R / / ]].(.’I) ¢ {-’BDX})(S(CCQ — :IJD)((:E,QQ)) (119)
174 QQE{QD)(} 0 —00
X fpx(ic, Q — QQ,E — EQ)(S(U)Q — U/D)()\I/%X(pg)dwngngle’g,
where {Q px } is the set of vectors directed towards the DXTRAN region from @ and V' is the volume of the

entire system. Using that positions outside of the DXTRAN region are considered in this case, ¢ {xpx},
and integrating over 1, wi, and xo,

px(p) = / / @, Q= Q, E — BV (@, 0, By, w)dEd
47 JO
+/ / / Fox(@,Q — Qo E — E2)6(ws — wpx) (120)
QZG{QDX} 0 —00

X ‘I’%X(OCDX(%,Q@, Qa, Eo, ws)dwad EadQs.

Inserting Eq. 6 and integrating over statistical weight wo,

OLDX(p) :/ / f(.’B,Q4)Ql,E*)El)\lf%x(m,ﬂl,El,w)dEldgl
47 JO

+[ . / fpx(m,ﬂ—)QQ,E%Eg)
92€{QDX} 0

f(:l:,ﬂ — QQ,E — Eg)
fpx(w7ﬂ — QQ,E — EQ)

X \II%X (mDX (x, Qg), QQ, Ey,w e><p<—£(m7 rpx(x, QQ)))> dEsdSs.

(121)
Using the separability of weight and score moment in weight-independent techniques ¥(r, cw) = ¥ (r,w) [7],
Eq. 121 yields the characteristic form of the « DXTRAN HSME,

%X(p) :/ / f(a:,ﬂ%ﬂl,E%El)\I/%X(m,Ql,El,w)dEldﬁl
47 J O

+/ / f(®, Q= Q9 E — Ey) exp(_z(m, zpx(z, Qg))) (122)
QzG{ﬁDX} 0
X \I’%X (mDX(.'E, QQ)a QQ: E2a w)dEQdQQ

Eq. 111 is cast into characteristic coordinates by evaluating the integration over dimensions with Dirac delta
functions, x1 and wr,

U3 (p) = A /0 f(x, Q= Q1 E — BV (2, Qy, By, w)dE, dQ;. (123)

The characteristic forms of the o/ DXTRAN and analog HSMEs are now derived and are shown to be
equivalent in Sec. 5.3.

5.3 Reduction of DXTRAN HSME to Analog HSME

With the characteristic forms of the «/8 DXTRAN and analog HSMEs, the DXTRAN form of the HSME is
now shown to reduce to the analog HSME. This is shown first for the case of a particle following creation or
emerging from a collision outside of the DXTRAN region and then inside the DXTRAN region. Beginning
outside of the DXTRAN region, ¢ {xpx}, the DXTRAN HSME is reduced to the analog HSME by
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analyzing the moment for sets of directions of flight as follows. All following equations are restricted to
positions & outside of the DXTRAN region until stated otherwise. Expanding Eq. 122 with Eq. 115,

/min{as(m,fh),an(%Ql)—E}

IS« (p) = Aﬂ /OO f(:c,fl — Ql,E — Ey) exp(—ﬁ(m,w—i—afll))

0
{ICA(:B—&-an,QhEl,w p2)sa(x + ady, Q, By, w)
+ Klp(x + af2y, Q1 E1,w, ps ( w+aﬁl,ﬂl,Elaw)+‘I’%X(P3))
+S(m+aﬂl,ﬂl,E1, w, Pa ( :c—f—an,Ql,El,w)+\I'%X(p4))]dadE1th
Qs

ooy b 79

/min{as(asz (w,ﬁz),ﬂz)ﬂlDX (zpx (m,flﬁfh)—e}

,E — Ey) exp( Uz, zpx (2, 92))) (124)

X exp(—ﬁ(:cpx(w, QQ),ZBDX((B7QQ) +af22))

0
X [ICA($DX(:E, Q?) + CLQ27 QQ; E27 w, p3)‘§A($DX (w, QQ) + aﬁ% QQ, EQ; 'LU)

+ Kip(xpx (@, Q) + afa, Qo Ea, w, py) <§E(xDX(x7 Qo) + aQy, Do, By, w) + T (P4))
+ S(mDX(wa QQ) + GQQ7 QQa EQa w, p5)

X (gs(CEDX(ZE, Qz) + aﬂg, QQ, E27U}) + \I’%X(pg)))}dadEngg.

Changing the bounds of the second integration over a while keeping the range of integration identical and
using the fact that ag(zpx(x, Q2),Q2) < apx(zpx(x,N2), Q) because the distance to the entry point of
the DXTRAN region from inside the region is infinite,

) R R min{as(m,fh),apx(m,ﬂl)—é}
W%X(p):/ / f(:l:,Q—>Ql,E—>E1)/
47 JO

X |:K:A(Q'J + CLQthyElaU%PZ)gA(CL' + thQhElaw)

exp(—é(:z:, x+ aflﬂ)
0
+ Kiy(z 4 a2, Q, E1,w ,pS)( B+ aQy, Q, By w )JF\I]%X(pLS))

+ S(SC + an, Ql, El,w,p4)<§s(m + an, Ql, Fq, UJ) + \IJ%X(pzl))}dadEldQl,

+ /ﬁze{QDx} /00 f(a:,fl -, E — Es) exp(—é(m,az[)x(m,flg))> (125)

aDX(w,ﬁ2)+as(2[)x(z,ﬂ2),ﬁ2) R R
X / exp(—ﬁ(scpx(a:,ﬂg),w—i—aﬂg))

DX (maQQ)

X {ICA(w—r—aQQ,Q27E2,w,p3)§A(:c+af22,f22,E2,w)
JF’C/E(CC+aﬂ27Q2,E2,1U,P4)(5E(33+GQQ,QmEz,w)+‘I’%X(P4))

+ S(:c + GQQ, QQ, Eg,w,p5)<§s($ + G/Q27 QQ, EQ,U}) + \P%X(p5))}dadE2dﬂg.

The integration bounds of the second terms of Eqgs. 124 and 125 are identical, as is illustrated in Fig. 4.
Combining the two exponential functions in the second term,
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apx(x, Q) [ as(zpx(z, ), Q)
e AN =
.......... /4
(:]3792 mDX(m7QQ) ms(mDX(va2)792)
Cell 0 Cell 1 Cell 2

Figure 4: Diagram of the integration path of the second term of Eqs. 124 and 125. Note that an arbitrary
number of surfaces could divide cells 0 and 1 or there could be no division.

/min{as(ic,ﬁl)#lDX (037571)—6}

%X(p):/4 /Ooof(:c,flﬁfh,E%El) exp(—ﬁ(m,m—i—aﬂl))

0
X [’CA(fC + a1, Erw, p2)iale + aly, Q, By, w)
+ K (z + anaQI,Elyvai%)(gE(w + a2, Q, Br,w) + ‘I/%X(pzs))

+ S(QZ + aﬂlv Qly E17 w7P4) (75(:8 + a’ﬂla Ql? E17 ’IU) + \IJ%X (p4))j| dadElth
QQ?

" /ﬁze{ﬂpx}/o fl@, 2= 80, B = By) (126)

apx (2,Q2)+as(zpx (z,822),22) .
X / e><p(—£(m7 T+ a(b))

px (2,822)
X {ICA(‘E + Sy, o, By, w, p3)sa(@ + afdy, Qa, Ea, w)
+ K (x + a2, Qa, B, w, py) (§E(-’B +afdy, Qa, B, w) + ‘I’%x(m))
+ S(ZB + GJQQ; QQv EQ, U.),p5) <§S(ZI5 + aﬂ?a QZa E27 ’U)) + l:[}I%X(I)5)):| dadE2d92~
To break up the min{} function in the first term, define two subsets of {{2px}: the set of directions that
intersect with the DXTRAN region before the surface bounding the current cell {€2559¢} and the set of

angles that intersect the DXTRAN region after the surface bounding the current cell {Q‘B‘}?ide}. Applying
these definition to Eq. 126,

UHx(p) = X1+ Xo + X3 + Xy + X, (127a)
where
oo . . apx(w,ﬂl)—e R
X = / f(m7ﬂ—>91,E—>E1)/ exp(—@(w,m—i—aﬂl))
i e{Qigsice} Jo 0
X |:K:A(w + afll, Qh El,w,pg)EA(as + an, Ql; El, U}) (127b)

+ Kz + a2y, O, Ehw’Ps)(gE(w + a2y, Qy, By, w) + W%X(PB))
+ S(.’I} + G,Ql, Ql, El,w,p4)<§g(m + an, Ql, El,’LU) + \I/ﬁDX(p4))]dadE1th
0 . ~ as (x,€21) R
Xy = / flx, Q2 — Q,F— El)/ exp(—((:c,w + aﬂl))
QG e{Qgusicel Jo 0
X |:K:A(.’E + an? Qh Ela w7p2)§z4(x + a‘ﬂla le E17 ’U)) (127(3)
+ Kz + aSt, i, Ey,w,p3)(5e(x + aSt, 4, B, w) + ‘I’%X(Pg))

+ Sz + af2y, Qu, By, w,ps) (55(93 +a$y, Qy, By, w) + ‘I’%X(PAL))]dadEMQl,
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oo ~ ~ ag(m,fll) R
X3 = / flx, 2 — Q,E — El)/ exp<f€(m, T+ aﬂl)>
Q1¢{ﬂDX} 0 0

X {KA(CL' + a2, Q, By w, p2)5a(z + ady, Q, By, w) (1274)
+ Kz + a2y, Q, E171U,P3)(~§E($ + ady, Ei,w) + \II%X(pIi))

+ S(z+ aQ1,Q17E1,w7P4)<§S(-’U +a$h, Q, By, w) + ‘ng(IM))}dadEMQl,

as(x,S22)

X, = }/OOO F(z, Q= Qo E— Eg)/a exp(—e(m,m + aﬂg))

Qe {Qipgde px (z,82)

X [’CA(OJ+GQ2,Q2»E27W,P3)§A(QU+aﬂzvﬂz,E%w) (127¢)
+ K (@ + aQ, Oz, By, w, py) §E($+GQ2,QQ,E27W)+‘I’an(p4))

+ S(x + afdg, Qy, Fa, w, ps) (55(1‘ + afdy, Qy, By, w) + W%X(p5))}dadE2dQQ,

and

X5:/ / f($,ﬂ—>ﬂ2,E—>E2)
Qre{Qgpide} Jo

apx (2,Q2)+as(zpx (x,£22),Q2) R
X / exp(—ﬁ(a:, T+ a(b))

DX (m1§22)

L o (127f)
X [KA(CL'+aﬂ27927E27w>p3)§A(33+9927927E27w)

+ Klp(z + afda, s, E27U/,P4)(~§E(CC + afda, Q, By, w) + \II%X(IM))

+ S(w + CLQQ, QQ,EQ, w,p5) (55‘(% + @QQ, QQ, EQ,U)) + W%X(p5)>}dadEngQ.

Note that the upper bound of the integration over a in Eq. 127e is changed from Eq. 126 to an equivalent
form using the restriction to directions in {QiDnii(de}. A visualization of a system divided into these terms is
given in Fig. 5. Note that both green colors correspond to the set of directions {QiD“?(de} and both purple
colors correspond to the set of directions {Q%‘}fide}. Combining the integrations over a in terms X; and X4
gives

) R R as(z,ﬂl) R
X1,4 :/ A / f(w,ﬂ—>ﬂl,E—>E1)/ exp(—f(m,w—&—aﬂl))
Qe{Qizsice} Jo 0

X {]CA(-'B + a1, 1, By, w, pa)sa(m + aQy, @, By, w) (128)

+ K:/E(m + aﬁlaQIaEhwapi’))(gE(x + thQlaElaw) + \IJ%X(p?)))
+ S(x+ aﬂl,ﬂl,El,w,p4)<§S(w +a)y, QhEl,w) + \IfﬁDX(p4)>]dadE1dQl.

To reduce Eq. 105 to Eq. 111 exactly, temporarily assume that the DXTRAN technique is not played at
later collisions. This means that later collisions do not create DXTRAN particles and that particles exiting
those collisions are not truncated if they enter a DXTRAN region and is denoted as “Assumption 1”7. This
assumption changes Eq. 105 at later collisions to

IS« (p) = /f(m,ﬂ -, E > El)\I/g(pl)(S(acl —x)0(w; — w)dp; = U (p) | Assumption 1, (129)
so Eq. 106 following the DXTRAN collision becomes

U5 x(P) = Tox (p,P1)K a(P1, P2)54(P1)
+ Tpox (P, p1)K5(P1,p3)(56(p1) + VG (p3)) (130)

+ Tox (P, p1)S (P4, P5) (55(174) + \I/%X(p5)> | Assumption 1.
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DXTRAN region
Cell 2

Cell 1

emergent position

(a) Schematic of simulation geometry. (b) Simulation geometry with regions color coded.

Figure 5: Representative arrangement of Monte Carlo geometry cells and an overlapping DXTRAN region,
with the right figure regions corresponding to Eqgs. 127b-127f relative to a particle emerging from the source
or an emissive collision at the indicated position.

With this assumption, only non-DXTRAN particles streaming towards the DXTRAN region are truncated
because Eq. 195 cannot be satisfied without undergoing another collision, in which case the DXTRAN
technique is no longer in play. This means that for DXTRAN particles or particles not streaming towards the
DXTRAN region Eq. 130 becomes

U (p) = T(p,p1)Ka(p1, p2)5a(p1)
+ T (p,P1)KE(P1,p3)(5E(P1) + VG (p3))
+T(p,p5)S (p4,p5)<§s(p4) + W%x(m)),
\II%X(p) = \Ilg(p) | Assumption 1.

(131)

Note that the expanded form of \IJ% « in Eq. 131 is identical to Eq.112, justifying the equality. In the following
intermediate equations, “Assumption 1” is dropped for ease of notation. Because DXTRAN particles are
those crossing the cell surface, both Eq. 131 and Eq. 129 can be inserted into Eq. 128,

oo N . as(x,821) ~
Xi4= / / F(z, Q= QL E— El)/ exp(—e(m, @+ aﬂl)>
Qle{ﬁinside 0

X {’CA(iB + a2y, Q, By, w, p2)5a(z + aQy, Qu, By, w) (132)
+’CIE(:B+GQ1;Q17E17 7p3)( (33"‘(191,91,E1, )+‘I}8(p3))

+ Sz + a2y, Qy, By, w,ps) (55(37 + a2, Q, By, w) + ‘I’g(p4)>]dadE1dQ1-
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Because the only directions considered are not directed towards the DXTRAN region, both Eq. 131 and
Eq. 129 can also be inserted into Eq. 127d,

as(x,$21)

X3 = /Oof(a:,flﬁﬂl,EﬁEl)/

0.¢{Qpx ) 0

X |:ICA(m + aﬂl7ﬂl7El7w7p2)§A(w + thQl?Eluw)

exp(fﬁ(m7 T+ an))

(133)
+ Ky (x + aQy, Q1 Er, w, p3) (§E(3’3 +a$y, Qy, By, w) + ‘1’8(1)3))

+ S(SC + CLQl, Ql, El,w,p4)(§s(a: + an, Ql, El,w) + Woﬁ(pzl))}dadEldQl-

Adding Egs. 127c and 127f and inserting Eqs. 129 and 131,

Xz,sz/ / f(maﬁ_)QhE_)El)/
e{Qgpidel Jo 0
X |:’CA(:C + G‘Qh leE17w7p2)‘§A(w + ana Qh Elvw)

el exp (—E(a}, T+ an))

+ Klip(x + aQ, Q1 By, w,p3) (5p(z + a, Q, By, w) + \PS(pg))

+ S(QE—FGQl,Ql,El,U} Pa ( a:—i-an,Ql,El,w) + \P%X(p4))}dadE1dQl

N /Q I / (@ 2 E — By) (134)

apx (®,€)+as(@px (x,022),2) R
X / eXp(—E(w, x+ aﬂg))
a

px (2,822)

X |:’CA($ + aﬂ?a ﬂQa E‘27(‘Uap3)‘§A(m + aﬂZa QQaEQa w)
+ Ky (@ + aSdz, Qa, Bz, w, pa) <§E(CU +aSds, o, By, w) + ‘1’8(174))
+ S(:L' + GQQ, Qg, Eg,w,pg))(gs(w + GQQ, QQ,EQ,M) + \I/g(ps))}dadEngQ

Note that transport of a non-DXTRAN particle following a surface does not satisfy Eq. 131, resulting in
\Il% y remaining in Eq. 134. To reduce Eq. 134 to only analog terms it is shown in Appendix B.2 that

00 ) R as(x,821) .
/ / f(:c,ﬂ—>ﬂl,E—>E1)/ exp(—@(:c,:c—i—aﬂl))
Qe{Qgpide} Jo 0
x S(a + aft, @, By, w, pa) U (pa)dad Erdh

00 . . aDX(waﬁ2)+a5(wDX(wyﬁ2)aﬁ2) R
+/ / [z, = Qo E — E2)/ exp(—f(:c, x + aﬂg))
flze{ﬁoutside 0

apx (x,822)

X [ICA(fB + aQ, Qo, Eo,w, p3)5a(x + aQa, Qo, Bz, w)
+ Kl (@ + aQ, Qa2 Es, w, py) <§E(fc + afda, Qg, By, w) + ‘1’8(174))

+ S(iL‘ + G/QQ, QQ, E27w,p5)(55(33 + CLQQ, Qg, EQ,’LU) + \I’g(p5))}dadE2ng

o N N s(x,Q21) .
:/ / f(m,ﬂ%ﬂl,E%El)/ exp(fé(w,eraﬂl))
QlE{QL’D“}t(Side} 0 0
x S(x + afy, 4, By, w,ps)Vh (py).  (135)

Eq. 135 may be interpreted as equating flight to the cell boundary followed by transport disallowing travel
into the DXTRAN region plus the simulation of a DXTRAN particle with flight to the cell boundary followed
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by analog transport. Inserting Eq. 135 into Eq. 134 yields

) R R as(z,) .
Xo5 = / o / [z, — 1, E — El)/ exp(—é(m, T+ aﬂ1))
Qi e{ayiitc} Jo 0

X [’CA(fB +ay, @, Er,w, p2)sale + ady, Q, By, w)

(136)
+ Ky (z + a2y, Q, By, w, ps3) (EE(:C +aQy,Q, By, w) + \118(p3)>
+S(x + ay, 2, By, w, Pg) (Es(w +a$2y,Q, By, w) + \Ifg(p4))} dadE1d;.
Finally, combining Egs. 132, 133, and 136 yields
0o . . s(@,€) .
\D%X(p):[m/o f(:c,ﬂ—)ﬂl,E—>E1)/0 exp(—é(x,ac—&—aﬂﬂ)
X {/CA(CL' + a2y, 1, By, w,pa)sa(x + af2y, 4, By, w)
+ Klg(x + afdy, Q4 By, w, p3) (EE(SB + a4, En, w) + \Ilg(pg)) (137)
+8(x + a1, Qy, By, w, py) (53(3} + a2y, Q, By, w) + \Ilg(pél))} dadE1dQ,
x ¢ {xpx} | Assumption 1.
Using Eq. 118 and Eq. 123, Eq. 137 reduces to
bx (@) =¥§(p), © ¢ {xpx} | Assumption 1. (138)
For the case of « € {xpx}, Eq. 105 becomes
Sx(P) = /f(a:, Q— QB — BV (p1)d(x) — 2)d(wy — w)dpy, x € {zpx} (139)

because Eq. 193 goes to zero inside the DXTRAN region. For the same case, Eq. 106 becomes

2 (p) = T(p, p1)Ka(P1,P2)54(P1)
+ T (P, p1)KE(P1,P3)(56(p1) + ¥V x (P3)) (140)

+ TP, p)S (1 p5) (55(pa) + W (p3)), € {wpic}

because Eq. 195 can never be satisfied inside the DXTRAN region. Recognize that Eqgs. 139 and 140 are
identical to Egs. 111 and 112 so transport inside the DXTRAN region is identical to analog.

It has been shown by Eqgs. 139 and 140 that transport with the DXTRAN variance-reduction technique is
identical to analog transport when inside the DXTRAN region. Because transport is carried out identically,
the technique is fair. For the case of transport outside of the DXTRAN region, Eq. 138 shows that the
first moment of the score contributed by the history is identical to the analog moment when analyzing the
particle history directly following particle construction or scattering. Because the first moment of the score
contribution is unaltered by the technique, it does not bias estimates of quantities of interest and is fair when
played in isolation. Recall that Eq. 138 is derived with the assumption that the technique is not in play at
later collisions, allowing the use of the analog moment for later collisions in Eq. 131. Because the technique is
proven to be fair, the use of the analog moment for later collisions is justified without assumption, so Eq. 138
may stand alone and the general statement

px(P) =¥ (p) (141)

holds for all phase spaces.
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6 Proof that the Combined Forced-Collision and DXTRAN Techniques are
Unbiased

The combined variance-reduction techniques are shown to be fair by reducing the combined-technique HSME
to the DXTRAN HSME. Because the DXTRAN HSME is shown to be equivalent to the analog HSME in
Sec. 5, reducing the combined-technique HSME to it demonstrates an unbiased first score moment. The
combined-technique HSME is analyzed separately for the cases of forced collisions either specified or not so that
forced-collision operators can be expanded into case-specific definitions. Note that the combined-technique
HSME in the case where the forced collisions are not specified is different from the DXTRAN HSME because
the particle may travel to a region where forced collisions are specified.

6.1 Forced Collisions Not Specified

Phase spaces (i.e., cells in the MCNP code) without forced collisions specified are governed by Eq. 54. Note
that the only difference between Eq. 54 and the DXTRAN HSME given by Eq. 52 and proven to be fair
in Sec. 5 is the recursion with Wpe px rather than W53 | following a surface crossing. This difference
accounts for the possibility of a particle crossing a surface and entering a phase space where forced collisions
are specified. Temporarily assuming that the combined-technique HSME is equivalent to the DXTRAN
HSME in phase spaces where forced collisions are specified, Eq. 54 becomes

VP& px (P) = Tox (P, p1)Ka(p1,p2)54(p1)

+ Tox (P, p1)KE(P1,p3) (5e(p1) + VP& px (P3))
+ Tox (P, P4)S (P4, P5)(55(P4) + Ypx (P5))
+ Tox (p,p1)KE(p1,p3)Box (P1,P6) Y o px (P6),

(142)

which is equivalent to the DXTRAN HSME. In other words, if the combined technique is shown to be
equivalent to the DXTRAN technique where forced collisions are specified, then the combined technique is
also known to be equivalent in the phase spaces where forced collisions are not specified by Eq. 142. Because
the combined-technique HSME is defined for two recursively interdependent cases, this temporary assumption
must be made for one before the other can be shown to be equivalent. Here, the assumption is made for the
simpler of the two cases. The assumed equivalence of the combined-technique HSME to the DXTRAN HSME
where forced collisions are specified is shown in Sec. 6.2. The general equivalence of the combined-technique
HSME to the DXTRAN HSME proves an unbiased technique because the fairness of the DXTRAN technique
is shown in Sec. 5.

6.2 Forced Collisions Specified

When forced collisions are specified, the combined-technique HSME takes the form of Eq. 60. To reduce
this form to the DXTRAN HSME, the forced-collision operators are expanded into case-specific definitions.
This expansion is done for two cases, the streaming path intersecting a DXTRAN region before the next
surface and vice versa. The expanded form for both cases is then shown to be equivalent to the DXTRAN
HSME. This process is essentially converting the flight-to-collision and flight-to-transmission operators with
the corresponding weight adjustments into the DXTRAN free-flight transmission operator. Again, because
the DXTRAN HSME is shown is be unbiased in Sec. 5, reducing the combined-technique HSME to it proves
that it is also unbiased.

6.2.1 Expansion for the Case of the DXTRAN Region Next in the Streaming Path

In this case, the next surface intersected by the particle’s trajectory is the surface of the DXTRAN region. Note
that a particle traveling inside the DXTRAN region does not consider intersections with the bounding surface
of the DXTRAN region. For forced-collision transport operators, this means that ||z — zs|| > ||z — zpx||
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is true, so the flight-to-collision and flight-to-transmission operators in Eq. 60 can be expanded using the
second cases of Eqgs. 191 and 192. Writing the combined-technique HSME with forced collisions specified
with terms conveniently separated,
Vre,px(p) = Be(p, p1)Ka(p1,p2)54(P1)
+ Be(p,p1)KE(P1,p3) (52(p1) + Y23, px (P3)
+ Be(p, p1)(Ka(p1,p2) + Kp(p1,ps)) (143)
X Bi(p, p1)S(p4,p5)(5s(pa) + Yre,px (Ps5))
+ Be(p,p1)KE(P1,p3)Bpx (P1,p6) Y Pé px (Ps), P € {prc}

The forced-collision operators are now expanded on a term by term basis with p € {prc} temporarily
dropped for ease of notation.

In the first term of Eq. 143, expanding the flight-to-collision operator using Eq. 191 and the average score
contribution using Eq. 62 yields

exp(—{(x, 1)) A A B o —
Ferm = /me{mmmx}[m/ / e —— e

X ICA(pl,pg)wlmA(rl)dwldEldQldxl.

Evaluating the integral over weight and changing the starting weight of the absorptive collision operator
because it is arbitrary as is apparent in Eq. 189,

erm, = exp(—f(x, 1)) 56 — 5(E —
LR N A e e L B L R S

X ICA(’I”'l, w,pg)wcmA('rl)dEldQldxl.

As noted in Eq. 191, px should be used in Eq. 3 rather than xs when using this definition of the
flight-to-collision operator. Combining Eqgs. 3 and 5 after making this substitution results in

we = wo(1 — exp(—L(z, px (@, )))). (146)

Inserting Eq. 146 into Eq. 145 and simplifying,

Term; = / / / exp(—L(z,21))6(Q, — Q)d(E, — E)
we{mrﬂ‘\wpx} 47 JO
1 (147)

lfexp(fe(mvw ) A)))

X ICA(rl,w,pg)w = mA(’I’l)dEldQldlﬂl.
1 —expt—(z, xpx(z, Q)

Eq. 147 is equivalent to integrating over all possible weights with support only for the weight w using a Dirac
delta and again using Eq. 62 such that

Term; — / / / / exp(—(m, 21))5(S — Q)5(Ey — E)(wr — w)
mG{mrﬁ"me} 47 JO —00 (148)
X ]CA(pl,pg)gA(pl)dwldEldﬂld$1.

In the second term of Eq. 143, expanding the flight-to-collision operator using Eq. 191, the average score
contribution using Eq. 62, and the emissive collision operator using Eq. 190 yields

exp(—{(x, 1)) A A
ferms = /mE{mrﬂﬁmDX} [m/ / 1 — exp(—l(x, zpx (z,Q))) O — 3B = E)o(un = we)

X //// So(w, Q — Qs, By — E3)d(xs — 21)d(ws — wy) (wimp(r) + \Ij?é(',DX(pS))
X d”UJngnggdl’gdwldEldgldl'l.

(149)
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Evaluating the integrations over weight,

Termy = / / / exp(—é(x,x1)) 5(1 — Q)S(E, — E)
we{zrn-epx} J4r 1 —exp(—{(x,zpx(x,2)))

X /// ZS<£L'1,Q:1 — Qg,El — E3)5((L‘3 — wl)(wcmE(rl) + \I/gé(«)DX(’r‘g,wc))
X dEnggd.%‘ngldQldfCl

(150)

Using the separability of weight and score moment in weight-independent techniques ¥(r, cw) = c¢¥(r,w) [7]
and the value of w, given in Eq. 146,

Term, = / / / exp(—l(x, 21))56(Q1 — Q)6(E, — E)
we{wpﬂﬁ:va} 47 JO

1
A 151
/// (21,1 — Q3, E1 — E3)d(x 3—m1)1ieXp( Uz, 02))) (151)

W m( .)))

(me(rl) + \IIFC DX(T‘g, ))dEnggdCngEldQ d.Tl

Eq. 151 is equivalent to integrating over all weight with support only for weight w using Dirac delta functions
such that

Termy — / / / / exp(—(m, 21))5(S — Q)5(Ey — E)o(wr — w)
ze{xrN-xpx} J4r JO —o0

X //// Zs(wl,fh — Q;;,El — E3)5(£B3 — 1131)(5(’(1)3 — wl)(wlmE(rl) + \Ilgé(’,DX(pfi))
X dwngngg,dxgdwldEldﬁldxl.

(152)

Simplifying the emissive collision operator as g and again using Eq. 62,

Termy = / / / / exp(—l(z, 21))5(Q1 — Q)6(Ey — E)d(wy — w)
ze{xrN-xpx} J4m JO —o0 (153)
x Kp(p1,ps) (5e(p1) + V23 px (ps)) dwidEydQy day.

In the third term of Eq. 143, expanding the flight-to-collision operator using Eq. 191 and the average score
contribution using Eq. 62 yields

Terms = / / / / exp(—l(z, x1)) §( — D)S(E — E)d(wy — we)
z€{zrN-xpx} J4r oo 1— eXp (:IJ, IDx (ZI}, Q))) (154)
X (Ka(p1,p2) + Ke(p1,p3))dwidE1dQdx, B (p, pa)S (pa, Ps) (wams(rs) + Yre,px (Ps))-

It is shown in Eqs. 83-89 that the integration over p; for a case nearly identical to that of Eq. 154 results in
one. The only difference between the integration in those equations and Eq. 154 is the integration in position
over the range « € {xr N ~xpx} and the use of xpx in the denominator of the integrand. Applying the
steps taken in Eqs. 83-88 to Eq. 154 and assuming a constant total macroscopic cross section ¥, inside the
current cell,
— £ exp(~Sille —al)
zef{zrn-zpx} 1 —exp(=Eiflzpx —z|) (155)

X Bi(p, p1)S(pa,ps)(wamg(rs) + ¥pe px (Ps)).

The integral identity [; X %dw = 1 proven in Appendix B.1 and applied to Eq. 88 can also be applied

to Eq. 155 resulting in

Terms = B:(p, p4)S (P4, P5)(wams(rs) + ¥re,px (Ps))- (156)
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Expanding the flight-to-transmission operator using Eq. 192,

Term; = / / / / 8(@1 — o (@, 2))0( — Q)O(Es — E)d(ws — 0)

(157)
X S(p4, p5)(w4m5(7’4) + \I’FC,DX (p5))dw4dE4dQ4dx4
Evaluating the integration over phase space three,
Termy = S(@px (@, ), 2 E,0,p5) (0 ms(@px (@, ), . E) + Vrc.px (ps) ). (158)

Because the surface-crossing operator is being evaluated at a position not on an internal or system boundary,
the whole term goes to zero so,
Terms = 0. (159)

Finally, the fourth term of Eq. 143 is considered. Note that modified particle weights are denoted throughout
simply as wpias, where the subscript denotes the type of modification to the particle weight. In this term,
the particle weight is modified by both variance-reduction techniques. To more clearly denote which weight
is being considered by each technique, modified particle weights are given here as wbias(woriginal)7 where
the original weight is that of the particle prior to the modification from a variance-reduction technique.
Expanding the flight-to-collision operator using Eq. 191, the emissive collision operator with Eq. 190, the
flight-to-DXTRAN operator with Eq. 193, and the average score contribution using Eq. 62 yields

ferma = /me{mrmm} /M/ / 1- exixp é(ifﬁl fz)))é(Ql I - B)
« 5(w1 — we(w)) //// (@1, 0 — Qy, By — Fy)d(as — 1)5(ws — wr)

X ////]1(331 ¢ {mDX})5<€C6 - CCDX(CUl,QG))fDX(JJl,Q1 — Q6, By — Eg)
X 6(w6 — wWpx (w1))\Pgé{DX(pg)dwgdEngGdxgdwngnggdxgdw1dE1dQldac1.

(160)

Evaluating the integration over the weight dimensions,

Termy _/ / / exp(—{(z, 1)) —5(Qn — Q)S(E: — E)
ze{xrN-xpx} J4m 1 —GXp (a:,acDX(a:,Q)))

X ///Es(ml,ﬂl %Qg,El HE3)5(333—:C1) (161)
X /// 1(xz; ¢ {ZBDX})5(€L’6 - $DX($17Q6))fDX($1,Ql — Qg, By — Eg)
x URX px (e, wpx (we(w)))dEgdQsdrgd B3dQsdasd By dQy day .

Expanding the wp x (w.(w)) weight term using Eqgs. 6 and 146,

Term, _/ / / U@ 2)) 56 6B — )
we{zrn-opx} J4r 1 —exp(—L(z,zpx(x,)))

X /// 28(331,91 — anEl — E3)5(SE3 — iL’l) (162)
X ///]1(3’11 ¢ {fL'DX})(S(wﬁ - ﬂSDX(ﬂﬁhﬂﬁ))fDX(fL’l,Ql — Q, E) — Fg)
X UPS px(re, wpx(w)(1 — exp(—l(z, zpx (z,Q)))))dEedQpdred E3dQsdrsd B1dQy dzy.

Using the separability of weight and score moment in weight-independent techniques ¥(r, cw) = ¢¥(r,w)
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and simplifying,
Termy = / / / exp(—l(z, 21))56(Q1 — Q)6(E, — E)
we{wrﬁ‘vax} 47 JO

X /// ES(Cﬂl,Ql — Qg,El — E3)5((B3 — 2151)

. N N 163
X ///1(931 ¢ {fBDX})5(fB6 - CBDX(M,QG))fDX(thfh — Qg, By — Eg) (163)
. 1
1-— — M
« L= (U zpxtr )))wgg{ b (76, wp x () dEdQsdred E3dQ3desd By dy diy

1= =z, zpx(xz,

Eq. 163 is equivalent to integrating over all possible weight with support restricted to a weight of wpx (w)
using Dirac delta functions such that

Termy = /{Ee{mrmm} /47r /OOO /O; exp(—L(z, 21))5(Q — Q)(Ey — E)d(wy — w)
« //// (@1, @1 — Q. By — Es)d(as — 21)6(ws — w1)

X ////]1(331 ¢ {$DX})5($6 - QJDX(ﬂ?hQﬁ))fDX(ﬂJth — Q6, By — Eg)
X (5(’[1)6 — WpXx (wl))q/?é{DX (pﬁ)d’wﬁdEGdQGd$6dw3dE3ngdl‘3dw1dE1dQ1d1‘1.

(164)

Recognizing the emissive collision and flight-to-DXTRAN operators,

Termy = / / / / exp(—L(z, 21))5(Q — Q)6(Ey — E)d(wy — w)
ze{xrN-xpx} J4r JO —00 (165)
x Kg(p1,p3)Bpx (p1,p6) VRS, px (P6)dwi dE1dQy day .

Note that the integration over p; of the first, second, and fourth terms of Eq. 143 (given by Eqgs. 148, 153, and 165)
is identical and that the third term (given by Eq. 159) is zero. Therefore, Eq. 143 can be written for the case
of the particle streaming path intersecting the DXTRAN region before a cell surface as,

Vre,px(p) = /

xT

e{@rn-@px} /47r /OOO /O:o exp(—{(z, #1))3( — Q)S(Ey — E)é(w; — w)

X </CA(P1,P2)5A(171)

+ Ke(p1.p3) (56(p1) + VRS px (Ps))
+0

(166)

+ ’CE(plapS)BDX(p17p6)\I'1L?)g’,DX(p6)> dwidE1dhdzy, p € {prc}-

6.2.2 Expansion for the Case of a Cell Surface Next in the Streaming Path

In this case, the next surface intersected by the particle streaming path is a part of the computational
geometry, not the surface of the DXTRAN region. For forced-collision transport operators, this means that
le — zs|| < || — xpx]|| is true, so the flight-to-collision and flight-to-transmission operators in Eq. 60 can
be expanded using the first cases of Egs. 191 and 192. Again, The forced-collision operators in Eq. 143 are
expanded on a term by term basis with p € {prc} omitted for ease of notation. Because a similar process is
used in this section as in Sec. 6.2.1, some steps are omitted to avoid undue redundancy.
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In the first term of Eq. 143, expanding the flight-to-collision operator using Eq. 191 and the average score
contribution using Eq. 62 yields

Term1 / / / / exp E(a:, :131)) = (5((21 - Q)(S(El - E)(S(Ml - wc)
we{er) Jar 0o 1 —exp(—f(x, xz5(x,2))) (167)
X ICA(pl,pg)wlmA(m)dwldEldQldxl.

Note that Eq. 167 and Eq. 144 differ because the flight-to-collision operator definition depends on the first
surface intersected by the particle streaming path. Taking the identical steps to those in Eqgs. 145-148 except
inserting Eq. 73 for we,

Term; = / / / / exp(—£(x, 21))6(Qy — Q)0(Ey — E)§(wy —w)
ze{xr} J4n JO —00 (168)
X ICA(pl,pg)EA(p1)dw1dE1dQ1da:1.

In the second term of Eq. 143, expanding the flight-to-collision operator using Eq. 191, the average score
contribution using Eq. 62, and the emissive collision operator using Eq. 190 yields

e [ e o

x //// So(x, Q — Qs, By — F3)d(xs — 21)6(ws — wy) (wimp(ry) + \ch)‘(,DX(p?)))
X dwngngdegdwldEldﬁldxl

(169)

Repeating the steps taken in Eqs. 150-153 except using Eq. 73 for w, yields

Termy = / / / / exp(—£(x, 21))6(Qy — Q)0(Ey — E)d(wy —w)
ze{xr} Jar JO —o0 (170)
X Kp(p1,ps)(56(p1) + YEE px (ps))dwidEydQ dxy.

In the third term of Eq. 143, expanding the flight-to-collision operator using Eq. 191 and the average score
contribution using Eq. 62 yields

exp(—{(x, 1)) A A B o —
ferms = /mG{mr‘} /47r/ / 1 — exp(—4(x, xs(x, Q)))5(91 o(Er = E)o(un e) (171)
X (Ka(p1,p2) + Ke(p1, p3))dwid E1dQ dxy Bi(p, pa)S(Pa, Ps) (wams(ra) + Y re px (Ps)).

It is shown in Eqgs. 83-89 that this integration over p; results in one. Using this,
Terms = Bi(p, p4)S(pa, ps)(wams(rs) + Ype,px (Ps))- (172)
Expanding the flight-to-transmission operator with Eq. 192 and the surface-crossing operator with Eq. 188,

Term; — /// 5(ms — (@, 0))5( — Q)5(Es — E)3(ws — wy)

/// 8(x5 — 24)8(Qs — Qa)3(Es — Ea)d(ws — w}) (173)
w4ms(r4) + \IJFC DX(p5))dw5dE5dQ5dx5dw4dE4dQ4dx4,

where w} is either wy or 0 depending on whether the surface being crossed is an internal or boundary surface
as specified in Eq. 188. Evaluating the integrations over weight,

Termna = [ [ [ 821 - ws(w. 2)5( - 6(Es - E)

// 5 335 — £B4 95 — Q4)(5(E5 — E4)
X wtmg(m) + ’(ﬁpc DX (7’5,wt ))dE5dQ5d£L’5dE4dQ4d$4,

(174)
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where wy is either w; due to the Dirac delta functions in weight or 0. Note that the separability of weight
and score moment in weight-independent techniques ¥(r, cw) = c¢¥(r,w) implies that ¥ pc px (r4, wy) is
either ¥ pe px(re, wy) or 0. This means that Eq. 3 can be used to pull the weight modification out of the
sum of the average score and HSME,

Term; — / / / esxp(—H(@ @s(2. ) )o(as — w5 2)5( — QS(E; — B)
< [[[ st~ w6 — Q5085 - ) (175)
x (wmg(rs) + Ype, px (rs, w*))dEsdQsdrsdEsdQaday,

where w* is either w or 0. Eq. 175 is equivalent to integrating over the weight dimension with support only
for weight w using Dirac delta functions such that

Termgz = //// eXP<—f(9@7$s($7 Q)))5@4 — Q)3(Es — E)S(ws — w)

X 8w — s (w, Q) //// 55 — 24)5(Ss — Q4)0(Es — Ba)d(ws — w?) (176)
X (w4m5(r4) + \IIFC,DX (p5))dw5dE5dQ5d.’L‘5dw4dE4dQ4d£L'4.

Recognizing the surface-crossing operator,

Terms — / / / / exp(—t(z, zs(z, Q)))5(§z4 — OBy — E)d(ws — w)

x 8(xs — z5(2,2)S(pa, ps) (wams (re) + Ve, px (ps))dwsd E4dQuda .

(177)

Adding explicit integration bounds, removing the Dirac delta function over position that is redundant with
the surface-crossing operator, changing xs to x4 in the exponential function because they are equivalent due
to the surface-crossing operator, and using Eq. 62,

Terms = /me{mr} /M/O /m exp(—z(m,m(m,n)))d(m —NS(Es — E)d(ws — w) 7s)
X S(p4,p5)(5s(Pa) + Yre,px (Ps))dwsd EsdQsdry.

In the fourth term of Eq. 143, expanding the flight-to-collision operator using Eq. 191, the emissive collision
operator with Eq. 190, the flight-to-DXTRAN operator with Eq. 193, and the average score contribution
using Eq. 62 yields

ferma = /we{wr} Aﬂ/ / . e::;p fiwxilf fz)))é(Ql ~(E - )

x 6(wy — we(w)) //// So(@1, 1 — Q3, B1 — E3)d(x3 — 1)d(ws — wy) (179)

X ////1(331 ¢ {iEDX})5<$6 - wDX(€U1,Q6)>fDX(iB17Q1 — Q¢, By — E)
X 5(11.)6 —WpX (wl))qjgg,DX (pﬁ)dwﬁdEﬁdQﬁdIﬁdU)ngnggdIgdwldEldgldIl.

Repeating the steps taken in Egs. 161-165 on Eq. 179 except using Eq. 73 for w,. yields

Termy = / / / / exp(—L(z, 21))6(Q — Q)6(E, — E)d(wy — w)
zc{xr} J4n JO —o0 (180)
X ’CE(Pl7PS)BDX(Pl,P6)‘I’IQ(§DX(pe)dwldEldﬂldxl.

Finally, combining the integrations for all terms given in Egs. 168, 170, 178, and 180 results in the combined-
technique HSME for the case of the particle streaming path intersecting a cell surface before the DXTRAN
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region,

Urepx(p /wE{:cr} /4ﬂ/ / exp(—f(x wl))é(fll Q)é(El — E)d(w; —w)

X (KA(Plapz)SA(pl)

181
+ Ke(p1,ps)(56(p1 +‘I’FCDX(P3)) (181)

+S8(p1,ps)(55(P1) + VYre,px(ps))

+ /CE(phpg)BDX(PhPG)‘I’pQg,DX(PG)>dw1dE1dQ1d$1, p € {prc}

6.2.3 Equivalence of the Combined Cases to the DXTRAN Technique

With the forced-collision operators expanded for both cases, the equivalence with the DXTRAN transport
operator can be shown. The case of a particle traveling toward a DXTRAN region and intersecting it before
a cell surface is described in Sec. 6.2.1. This case satisfies the first three considerations of the truncation
function of the DXTRAN free-flight operator given in Eq. 195. The fourth consideration of the truncation
function is satisfied for all positions that lay inside the DXTRAN region. The definition of the DXTRAN
free-flight transmission operator given in Eq. 194 requires that the particle is killed for all phase spaces
which completely satisfy the truncation function. This is done exactly in the integration over position of the
combined-technique HSME for this case given in Eq. 166 by excluding positions inside the DXTRAN region,
x € {zr N ~zpx}. The HSME may then be written as

Vre,px(P) = Tox (P, p1) (’CA(phpQ)gA(pl)

+ Kg(p1,p3) (56(p1) + VR& px (P3))

o (182)

+ /CE(pl7p3)BDX(P17P6)‘I’IQ(,)~(,DX(P6)>7 p € {prc}|Case 1,

where Case 1 denotes the assumptions about the particle streaming path made in Sec. 6.2.1. Similarly,
because the DXTRAN free-flight operator kills the particle before reaching a cell surface in this case, the
third term may be replaced with the surface-crossing operator without losing equality because it will never
be non-zero on this range of positions so,

Vre,px(p) = Tox (P, p1) (’CA (P1,P2)34(P1)

+ Ke(p1,p3) (5e(p1) + \Pgé’(DX(pS))

_ (183)
+ 8(p1,ps)(5s(ps) + ‘I’Fc px(Ps))

+ ’CE(pl7pS)BDX(p17p6)‘1/FC,DX(p6)>7 p € {prc}|Case 1.

In the opposite case presented in Sec. 6.2.2, the second and fourth considerations of the truncation operator
are never satisfied together because the particle streaming path intersects a cell surface before the DXTRAN
region. Because the truncation function is never satisfied, the DXTRAN free-flight transmission operator
takes the form of the analog free-flight transmission operator, which is identical to the expanded form of
combined-technique HSME for this case given by Eq. 181. The HSME may then be written as

Vre,px(P) = Tox(p,p1) (/CA (P1,p2)54(P1)

+ Ke(p1,ps)(55(p1) + \IJII?)‘()J(DX(p?)))
+ S(p1,ps) (5s(ps5) + VB px (P5))

+ ICE(plap3)BDX(p1,p6)\I’FC,DX(p6))a p € {prc}|Case 2,

(184)
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where Case 2 denotes the assumptions about the particle streaming path made in Sec. 6.2.2. Note that
Egs. 183 and 184 show that the combined-technique HSME takes identical forms for each disjoint case, so it
may be written generally as
Vrepx(p) = Tox(p,p1)Ka(p1,p2)54(p1)
+ Tox (p,p1)KE(P1,p3) (5e(P1) + VEE px (P3))
+ Tox (P, P4)S (P4, 5) (35(P4) + VS px (P5))
+ Tox (p,P1)KE(P1,P3)Bpx (P1,P6) V23 px (P6), P € {Prc}-

(185)

The combined-technique HSME in a phase space where forced collisions are specified given in Eq. 185 is
identical to the DXTRAN HSME except that it is recursive with \I/}Qé( px rather than itself. Recall that
Eq. 142 shows that \Ilgg px is equivalent to the DXTRAN HSME. Considered together, Eqgs. 142 and 186
show that the combined-techniques HSME is equivalent to the DXTRAN HSME for all phase spaces,

Vreopx(p) = Ypx(p). (186)

Because the DXTRAN HSME is shown to be equivalent to the analog HSME in Sec. 5, Eq. 186 proves that
the combined-technique HSME is similarly equivalent to the analog HSME and no scoring bias is expected.

7 Conclusions

Starting from the definitions of the forced-collision, DXTRAN, and combined forced-collision and DXTRAN
variance-reduction techniques, this report provides proof that the these techniques do not bias Monte Carlo
particle transport. This is done by first deriving the History Score Probability Density Function (HSPDF),
a function that governs the probability of a particle at some phase space contributing a given combined
score to all tallies when simulated to the end of its history, for analog transport and each variance-reduction
technique. Then, first History Score Moment Equations (HSMEs), functions that govern the expected
combined score to all tallies from simulating a particle at some phase space to the end of its history, are found
by calculating the first score moment of each HSPDF. Finally, through a series of manipulations with care
taken to show all necessary detail to follow the derivation exactly, each HSME is shown to be equivalent to
the other. Because the HSMEs for transport with variance-reduction techniques in use are shown to reduce
to the analog HSME, it is shown that the expected score to tallies in these simulations is unaltered by the
techniques. Demonstration of an unaltered expected score is proof that these techniques do not bias Monte
Carlo simulation results.

For simplicity, a non-multiplying medium and specific variance-reduction technique methodologies are assumed.
If suspicious results from simulations employing these techniques are obtained where these assumptions
are violated, future work may extend this proof to relax simplifying assumptions. In addition to providing
rigorous proof that these techniques may be safely employed by Monte Carlo simulation code users, the
authors hope that the derivation provided here sheds light on the nature of these techniques, what makes
them fair, and how they may be correctly implemented in more cases than are explicitly detailed here for
future researchers in the area.
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A Operator Definitions
The mathematical definitions of all operators used in this derivation are given in this appendix.
A.1 Free-Flight Transmission Operator

The free-flight transmission operator is
T(p.p) = / / / / exp(—L(z, ))3( — Q(E — B)S(w' — w)dw/dE'dds!,  (187)
ze{xr} J4r JO —00

where ¢(x, 2’) is the optical thickness between & and &’ defined in Eq. 4 and {xr} is the set of points on
the ray from « along €Y in the current cell. This operator governs the transmission of particles without a
collision or surface crossing from x to @’ by enforcing that all dimensions of the phase space other than the
particle position remain the same and by accounting for the probability of free flight.

A.2 Surface-Crossing Operator

The surface-crossing operator is
ffff (S(ml - w)é( - Q)(S(E/ - E)(S(w/ - w)dw’dE’dQ’dx’, T € {wlnternal Surfaces}7

S(papl) = ffff 5(33/ - .’13)6( - Q)(S(E/ - E)(S(wl - O)dw/dEldQ/dx/, T € {mBoundary Surfaces}a (188)
0, otherwise,

Q/
Ql

where {Zinternal Surfaces } is the set of all points that lay on the internal surfaces of the system and {€Boundary Surfaces }
is the set of all points that lay on the boundary surfaces of the system. This operator governs particles
crossing a cell surface at position . Because the cell that the particle currently resides in is not included in
the phase space defined herein, crossing a surface does not alter the particle phase space unless the surface
crossed is a boundary of the system, in which case the particle is killed as denoted by a statistical weight of
zero. Note that this operator may be modified to take on different roles in the presence of variance-reduction
techniques not considered here such as when importance splitting is applied at boundaries between cells.

A.3 Absorptive Collision Operator

The absorptive collision operator is

Ka(p,p') = //// Yo, E)o(x' — 2)6(Q — Q)6(E' — E)é(w' — 0)dw'dE'dY da’, (189)
where ¥, is the macroscopic absorption cross section. This operator governs particles undergoing an absorptive

collision at phase space p and emerging in phase space p’. Because an absorption kills a particle in this work,
the only phase space considered is that of the incident particle with a statistical weight of zero.

A.4 Emissive Collision Operator

The emissive collision operator is
Ke(p,p') = //// Se(2, Q2 = QL E — ENé(2' — x)d(w' — w)dw' dE'dY dx, (190)

where ¥ (x, Q- Q ,E — FE’) is the macroscopic double-differential scattering cross section. This operator
governs particles undergoing an emissive collision at phase space p and emerging in a new phase space p’ by
enforcing that the position and weight of the particle does not change and accounting for the probability of
emerging in a given direction with a given energy.
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A.5 Flight-to-Collision Operator

The flight-to-collision operator is

N / o [z —zs|| < |z — zpx||
exp( E(.’I},.’I} )) _ 5(9/ _ Q)é(El _ E)(S(w’ _ wc)dp’, and s
1~ exp(—{(w, @s(x. ) | e (e
Bc(p,p') = _ ’ _H:B—:ES” > |l —zpx|,
exp(—{(x,x')) ] 5(Q1 _ Q)(S(E’ — B)(w' — we)dp, x e {zr}, and |,
1- eXP(—E(xv :BDx(:TJ, Q))) L x’ ¢ {%DX}
0, otherwise,

(191)
where the collided weight w, and surface position &g are defined in Eq. 5, the DXTRAN-entering position
xpx is defined in Eq. 6, {r} is defined in Eq. 187, and {xpx} is defined in Eq. 193. In the second case of
Eq. 191, xpx should be used in Eq. 3 rather than &g because it is the extent of the truncated exponential
distribution being sampled. This operator governs the transmission of a portion of the statistical weight
of a particle to a collision before reaching either the boundary of the current cell or the DXTRAN region
depending on which is intersected first by the streaming path.

A.6 Flight-to-Transmission Operator

The flight-to-transmission operator is

. . . |z — 5| < ||z —zpx|]
Jo(z — zs(z,92))6( — Q)5(E' — E)d(w' — wy)dp’, and ,
i x' € {xr}
Bi(p.p') = A . R [z —zs| > ||z — zpx]|] (192)
Jo(x' —zpx(z,92))6(2 — Q)F(E' — E)d(w' — 0)dp/, and ,
i z € {xr}
0, otherwise,

where the transmitted weight w; and surface position &g are defined in Eq. 3, {zr} is defined in Eq. 187, and
the DXTRAN-entering position & px is defined in Eq. 6. This operator governs the transmission of a portion
of the statistical weight of a particle to either the boundary of the current cell or to the DXTRAN region
depending on which is intersected first when traveling along the current direction of flight. If the weight is
transmitted to the DXTRAN region the particle is killed.

A.7 Flight-to-DXTRAN Operator
Adapted from Ref. [5, Sec. 3.7.1], the flight-to-DXTRAN operator is

Box(p.0) = [ 12 ¢ {eox (e — wpx (. 5V))
X fD)((QZ, Q — Q/,E — E’)(S(w' — wpx)dp/, (193)

where 1 is the indicator function; {&px} is the set of all points in the DXTRAN region; and the DXTRAN-
entering position xpx (x, Q’), DXTRAN emergence PDF fpx(, Q- Q F— E'), and DXTRAN weight
wpx are defined in Eq. 6. This operator governs the creation of a particle on the surface of the DXTRAN
region by enforcing that the weight is created according to Eq. 6 on the surface of the DXTRAN region and
accounting for the biased probability of emerging towards the DXTRAN region with a given direction and
energy. Note that this operator integrates to unity over its full domain because it consists of probability
distribution functions in all dimensions.
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A.8 DXTRAN Free-Flight Transmission Operator

Adapted from Ref. [5, Sec. 3.7.2], the DXTRAN free-flight transmission operator is

(z, Y)Y — Q)S(E — E)é(w' — 0)dp’, 1(t te),
Tox(p.p') — J exp(—t(, zpx (e, 2)))( BB~ BB~ 0)dp', Ltruncate),
T(p,p'), otherwise,
where
z ¢ {zpx},
/
S
1(truncate) = l‘m/,m”x : {il:F} 1, and ,3g€{xpx}, (195)
x'—x g—x

@' — x| > |lg — |

where {(x, xpx) is the optical thickness defined in Eq. 5, {&px} is defined in Eq. 193, and {@r} and T are
given by Eq. 187. This operator governs the free flight of particles in much the same way as the free-flight
transmission operator 7 except that particles are killed if they arrive at the surface of the DXTRAN region
as enforced by the Dirac delta function on w’ if 1(truncate) is satisfied.

B Useful Equivalences

B.1 Truncated Exponential Integration to Unity

A truncated exponential distribution defined for a range starting at zero is given by

a-exp(—a-x)

— -, 0z < X, 196
1—exp(—a-X)’ =T (196)

f(z) =

The result of the integration of this distribution over the entire range of x is one. This is shown starting with
the definition of the distribution,

X B X a-exp(—a-x)
/0 F@)do _/O ey (197)

Pulling out constants,

a X
/ f(z =1 T—ep(—a X) /0 exp(—a - z)dx. (198)

Taking the antiderivative of the integrand,

b'e
a 1
_Z —a- 199
[ = [ e xﬂo (199)
Evaluating the antiderivative at the bounds of integration,
b'e
a 1 1

de = ———mM | —— —a-X —. 200
[ fohe = ot | (e 0+ (200

Simplifying yields the final result of integration to unity,

X
/0 f(z)dz = 1. (201)

47



B.2 Equivalence of DXTRAN and Analog Transport Past a Cell Surface

The equivalence of transport with the DXTRAN variance-reduction technique in play to analog transport in
phase space past the boundary of the current cell traveling towards a DXTRAN region, stated formally in
Eq. 135, is proven here. First, the terms concerning transport past the bounding surface of the current cell
are isolated from Eq. 134, which governs DXTRAN transport in directions pointed towards the DXTRAN
region, and the definition of the surface-crossing operator given in Eq. 188 is applied,

Xé)aértial,o = A f(fl!,ﬂ — Ql,E — El)exp(—ﬁ(:c,ml))\Il%X(a:l,fll,El,w)dEldQl

/flle{ﬁoDu;(side,O}
+/ o / (@, Q= Qo E — E»)
Qze{ngx;;xde,o} 0

apx (x,Q2)+as(xzpx (z,£22),822) R
X / exp(—é(w, x+ aﬂg)) (202)

px (2,822)

X [’CA(fB + aQg, Qg Ea,w, p3)5a(z + aQy, Qa, Fa, w)
+ Ki(z + af2a, Qa, E27w7p4)<§E(f'3 + afda, Qg, By, w) + ‘PS(IM))

+ S(x + afda, Uy, Fa, w, ps) (55(33 + aly, Qa, Ea,w) + ‘I’g(ps))}dadEdem

where 1 = x + ag(x, Ql)ﬂl and the superscript 0 is used to denote that this is the term for the cell 0
cells away from x, i.e., the current cell. Note that a superscript 0 is used in other sections to denote analog
transport and is being redefined for this proof while a subscript 0 is still used to denote analog transport.
Next, expand @%X(ml,ﬁl,El,w) with Eq. 115,

partial,0 __

55 = / f(=, Q- QL F— Ey) exp(—4(x,x1))
0

Ale{ﬂgliide,O}

/min{as(whﬂOﬂDx(w17ﬁ1)—€}
X

; exp(—f(wl,xl —&-afh))

X [/CA(wl +ay, Q, B, w,p2)sa(x + ay, O, By, w)
+ Klp(xy + a2y, Q, By, w, ps) <§E(CC1 +a$dy, 0, By, w) + ‘I’%X(pg))

+ S(Zl?l + CLQl, Ql, El,w,p4) (55(131 + aﬁl, Ql, El,w) + ‘If%X(p4))}dadE1dQ17 ( )
203

+/ ) / f(IE7Q—>QQ,E—>E2)
e {azueiieoy Jo

apx (®,Q2)+as(zpx (x,£22),822) .
X / exp(—ﬁ(m, T+ aﬁg))
a

px (x,$22)
X []CA(-'B + a2, D, Eo, w, p3)5.a(z + aQla, Qa, Fo,w)
+ Klip(z 4 a2, o, E271U,p4)<§E(93 + aQ, Qo, Bo,w) + WS‘(M))

+ S(@ + afdy, Qy, Ea, w, ps) (53(-’1c + a, Qy, Ea,w) + ‘I’g(Ps)ﬂdadEdez.

48



Inserting Eq. 129, breaking up the exponential function in the second term, and changing the bounds of the
integration over a in the second term,

Xpaall = /0 f(x, 2 = Q1 E — Ey) exp(—{(x, z1))

\/Sile{sﬁzoDu)t(side,O}

/min{as(w1,Q1),aDX(w1aQ1)6}

X exp(fé(wl,:cl +an)>

0
[/CA(iL'l + a2y, 1, B, w, pa)sa(x + ay, O, By, w)

+ Ky + a0, Q, By w, p3) (5e(z1 + af, 0, By, w) + ‘I’S(P?,))

+ S(x1 + ay, Elvwap4)(*§5(ml +a$y, Q, By, w) + \P%X(p4))}dadE1th
(204)

—|—/ / f(:c,fl—>Q2,E—>Eg)exp(—€(m,m1))
Q2€{ﬁoDu)t(side,0} 0

an($17Q2)+as(wa(mhﬁz),flz) R
X / exp<f€(:c1,m1 +aﬂg))

DX (wl;ﬁ2)

X [’CA(-’Bl + ady, Qa, o, w, p3)5a(@; + alla, o, Eo,w)
+ Klp(xy + afy, Qa, Bo, w, py) <§E(CB1 + aQ, Qg, Ba,w) + ‘1’8‘(P4)>

+ S(x1 + aa, o, EQ,W,P5)(§S(331 + afda, Qg, By, w) + ‘I’g(Ps)”dadEdez-

Recall that the subset of direction vectors {Q(BJ;; ide’o} is defined for the cell containing position . Inside

and outside direction vector subsets of {Q%J;f ide’o} can also be defined for the cell entered after traveling

along Q € {Q‘El)tfide’o}. The subset of directions that intersect the DXTRAN region before a surface from the
cell entered after traveling along € € {Q9190) is denoted as {Qgiéde’l.}. Similarly, the subset of directions
that does not intersect the DXTRAN region first is denoted as {Q‘Bl)t(s 1de’l}. Using the inside and outside
direction subsets of {Q2gytside:0Y

Xg’a;tial,o — Yy 4 Yo+ Y3+ Vi, (205a)

where,

Y, = / / f(:E,Q — QhE — Ey)exp(—{(x,x1))
a,e{aiae) Jo

apx(ml,ﬂl)—é .
X / exp(—f(wl, T+ an))
0

o . (205b)
X |:ICA($1 + an; ﬂla E17wap2)§A(w1 + G/Ql, Qla E17w)

+ ]CIE(:Bl + G’Qh Qla Elawapi?t) (EE(wl + aﬂla Qla Elvw) + \Pg(pS))

+ S(x1 + aldy, 2, El,w,p4)<§5(sc1 +a, 0, By w) + \II%X(pél))}dadEldQl;
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Y, = / / f(z, Q2 — Q, E — Ey)exp(—£(x, x1))
Qle{sﬁzoDu)t(side,l} 0

aS(wlaﬁl) .
X / exp(—ﬁ(whwl + aﬂl))
0

. - (205¢)
X [ICA(wl +a$2, Q, By, w,p2)5a(xr + a2y, 24, B, w)

+ Ky (21 + a2y, 4, By, w, ps3) (§E($1 + a2, Q, By, w) + ‘I’g(ps))

+ S(z1 + afy, E17w7p4)(§s(331 + a2, Qy, By, w) + Wﬂpx(ﬂ))}dadElth

Ys = / / f(z, Q2 — Q9 E — Ey) exp(—{(x, x,))
Qe{Qinieet} Jo

as(®1,22) R
X / exp(—ﬂ(wl,wl + aﬂg))

px (®1,822)

. . (205d)
X [/CA(HH +afda, Qa, By, w, p3)5a(x1 + aQda, 2, Ea, w)

+ Ky (21 + a2, Do, Ea, w, pa) (5p(z1 + alla, Qa, Ea,w) + ‘1’8(194))

+ S(x1 + afds, Q2,E2,w,p5) (Es(wl + ado, Qs Es,w) + \I/()’B(pg,))]dadEQdQQ7
and .
Yy = / A / S, Q— Q) E— Es) exp(—{(x,x1))
Qze{ﬁgj}t(slde.l} 0

apx (®1,Q22)+as(@px (®1,22),922) R
X / exp(—((wl,xl + aﬂg))

px (21,822)
A A A (205e)
X [/CA(% + aQdy, Q, Eo, w,p3)54(x1 + afda, Lo, Ez, w)

+ Kl (1 + af2a, Qo E2,w7p4)(§E(331 + a2y, Qa, By, w) + ‘1’8(@1))

+ S(x1 + afda, o, Ea, w, ps) (gs(wl + a2y, Qa, By, w) + ‘I’g(Ps))}dadEdew

Note that the upper bound of integration over a in Eq. 205d is changed from Eq. 204 to an equivalent form
using the restriction to directions in {Qgil(de’l}. A visualization of a system divided into these terms is given

in Fig. 6. Note that both blue colors correspond to the set of directions {fzi,_i}iife’l} and both red colors

correspond to the set of directions {fl%‘f)t; ide’l}. Combining the integration over @ in terms Y7 and Y3,

Xpial0 :/ o / f(x, 2= Q1 E — Ey) exp(—{(x, x1))
de{apie'}Jo
as(w17ﬂl) R
X / exp(—((:cl,asl + aﬂl))
0
X [/CA(wl + a2y, Qu, By, w, p2)3a(z + afy, 4, By, w) (206)
+ Klp(xy + a2y, Q4 By, w, ps3) (EE(CLH +ay, 0, By w) + ‘1’8(P3)>
+ S(z1 + a2y, 1, E1,w, py) (§S($1 + a2, By w) + ‘Ifg(p4))]dadE1d91
+ Yy + Y,

Eq. 206 is then simplified with Eq. 118,

f(:c, Q — Ql, E— El) CXp(—é(.’B, .’131))\I’§ (581, Ql, Eh’w)dEldQl

partial,0 __
X2 5

/ﬁle{sﬁ‘gj@de*l} 0
+Ys + Y,

(207)
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DXTRAN region
Cell 2

Cell 1

Celt \

emergent position

(a) Schematic of simulation geometry. (b) Simulation geometry with regions color coded.

Figure 6: Representative arrangement of Monte Carlo geometry cells and an overlapping DXTRAN region,
with the right figure regions corresponding to Egs. 205b—205e relative to a particle emerging from the source
or an emissive collision at the indicated position.

By the definition of the surface-crossing operator and using the definition of ®;, Eq. 207 can be equivalently
rewritten as,

' oo ) A as(z,$1) .
Xpartial0 _ /0 [z, — Q,FE— El)/o exp(—é(w,m + a91))

/ﬁle{fz‘,_;‘i‘(de*l}
x S(x + afll, fh, Eq, w,p4)\Ilg(p4)dadE1d91
+Y; + Y.

(208)
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Expanding Y> and Y, with Eqs. 205¢ and 205e, respectively,

partial,0 __
2,5 -

oo . . S(m,ﬂl) N
/ / flx, Q2 — Ql,E—>E1)/ exp(—@(w,w—i—aﬂl))
ety Jo 0

X S(x + aQdy, Q1 By, w, pa) V5 (pa)dad By d

+/ / f(x, Q2 — Q1 E — Ey) exp(—{(x,x,))
Qle{QoDu)t(side,l} 0

as(mlyﬁl) .
X / eXp(—K(w17w1 + aﬂl))
0

X |:’CA($1 + aﬂl,QhEhnyb)gA(wl + thQlaElaw)
+ K(z1 + anthElawaPS)(gE(wl +a$dy, 0, By, w) + ‘I’g(Ps))

+ S(ml + an) Qla E17 wap4) (55(331 + an) Qla E17 w)):| dadEldQI
(209)

o] R R as(a:,fll) ~
+/ ‘ / f(w,ﬂ—)ﬂl,E—>E1)/ exp(—ﬁ(m,w—i—aﬂl))
Qle{ﬁoDu)t(slde,l} 0 0

x S(@ + afdy, Q, By, w,pa) V5 (ps)dad By dSy

+/ / f(m,Q%QQ,E%EQ)
ﬁze{ﬁyju}t{side,l} 0

apx (@,Q2)+as(@px (@.£22),022) N
X / exp(—£(w, T+ aﬂg))

px (z,822)

X |:K:A(.’E + aQQ? QQ7E2a 1”7133)514(:r + aﬂQy QQa E27w)
+ K (x + ala, s, E2>w,p4)<§E(fB + S, Qs Ey,w) + ‘1’8(194))
+ S+ 0, O, Ba,w,p5) (55(@ + 0, @, B, w) + 04 (ps) ) | dad Fd 2.

Note that the non-analog terms isolated in Eq. 135 appear in the last two terms of Eq. 209 except they now
concern angles that do not intersect the DXTRAN region in the cell containing position @ nor in the cell
containing position x;. Using this similarity to Eq. 135, Eq. 209 can then be written recursively,

. 00 . R as (@, ) R
ngmal,o — / . / flx, Q= Q,FE— El)/ exp(—ﬂ(:c,w + aﬂl))
Qe{apy'} Jo 0
x S(x + afdy, fll, Eq, w7p4)\llg(p4)dadE1dQl

+/ / f(z, Q2 — Q1 E — Ey) exp(—£(x, x,))
e{agiaett Jo

as(z1,81) .
X / exp(—ﬁ(ml, x1 + aﬂl)> (210)
0
X []CA(%'l +aQ, Qu, B, w, p2)sa(zy + af, 0, Er, w)
+ Klp(z1 + a1, @1, By, w, ps) (§E($C1 +aQ, 0, By w) + WS(Fs))
+ S(z1 + aS2, 0, By, w, pa)ds(z1 + al, 4, By, w)|dad E1dQy
+ Xgaértial,1.

The same process of expanding the definition of \I/% «» defining new subsets of angles, and merging terms

may be repeated continuously until the set {Q%59" 1} s empty. This situation is shown in cell 2 in Fig. 6.
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The set being empty corresponds to the case where all angles being considered intersect with the DXTRAN
region inside the cell being considered, the cell of position «,,. This must occur eventually because there are
a finite number of cells in a given problem. In this base case, Eq. 209 becomes

partial,n o0 . . as(@n ) )
2,5 = /ﬁle{ﬁ‘[’;i‘fe’"“}/o [z, 2= Q,E — El)/o exp(—é(:cn, x, + aﬂl)) (110)
X S(@y + aSt, Qu, By, w, pa) Uy (pa)dad B,
or
partial,n 0 . . as (@) R
Xos = /Qle{ﬁ%u;idem,} /0 fl@, = QB — E1)/0 exp(—ﬁ(mn,mn + aﬂl)> (211b)

X S(xy + aldy, Qy, B, w,p4)\1’§(p4)dadE1th

where x,, = ,,—1 + as(®p_1, ﬂl)ﬂl and oy = x. Unfolding the recursive dependency using Eq. 211, the
case of the cell before the base case becomes

oo

il n— ~ ~
ngaértla n—1 — / R f(m, Q— Ql, E— El)
e{apon} Jo

as(@n_1,1) R
X / eXp(*g(xn—lamn—l +a91))
0

X S(@p_1 + a2y, B, w,p4)\l'§(p4)dadE1d(21

+/ } / f(x, Q2 — Q1 E — Ey)exp(—l(Tn_1,,))
Qi ef{agteny Jo

aS(mnaﬁl) N
X / exp(—f(a:m:cn + aﬂl))
0

X [’CA(an + a2y, Q, By w, p2)3a(z, + aldy, Q, By, w)

(212)

+ Kp(xz, + thQl»Elava3)(§E(mn + a2, Q, By, w) + q’%(?s))

+ S(IL’n + afll, Ql, FEq, w,p4) (gs(IBn + afll, Ql, I w) =+ ‘l’g(p4)>j| dadE1d) .

Applying Eq. 118 and the definition of the surface-crossing operator to the second term, Eq. 212 may be

reduced to

Xpartial,n— 1 _

2,5 / f(%,ﬁ%ﬂl,E—)El)
0

/lee{fzg;dw}

as(@n_1,81) R
X / exp<f€(a:n_1, Tp_1+ aﬂl))
0

X S(xn_1 + ay, Qy, 1w, pa) V5 (pa)dad B1dQ,

+/ / f($,ﬂ‘)ﬁ1,E4)E1)
Qle{aoDu;(side,n} 0

as(@n_1,801) .
X / exp(—ﬁ(mn,l, Tp_1+ a91)>
0

X S(xn_l + Cbﬂl, Ql, FEq, w,p4)\1105(p4)dadE1dQl.

(213)
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Combining the integrals over angle yields

Xpartial,n— 1

2,5 = / f(.’I},Q—)Ql,E—)El)
0

‘/Sile{QoDu}t(side,nl}
as(m,L71,Q1) ~ (2]‘4)
X / exp(—g(ivnfl, Tp—1 + a!h))
0
X S(xp_q + aldy, Q, El,w,p4)\IJ€(p4)dadE1dQl.
Note that {Qigii(de’"} may be empty, in which case the step from Eq. 213 to Eq. 214 is unaffected. The

unfolding of the recursion shown in Eqs. 212-214 is repeated to the case of the first cell considered, proving
Eq. 135.
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