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Abstract 
The MTTS multigroup/continuous-energy electron-photon 

Monte Carlo transport code system has matured to the point that 
it is capable of addressing more realistic three-diniensional 
adjoint applications. It is first employed to efficiently predict 
point doses as a function of source energy for simple three-
dimensional experimental geometries exposed to simulated 
uniform isotropic planar sources of monoenergetic electrons up 
to 4.0 MeV. Results are in very good agreement with 
experimental data. It is then used to efficiently simulate dose to 
a detector in a subsystem of a GPS satellite due to its natural 
electron environment, employing a relatively complex model of 
the satellite. The capability for survivability analysis of space 
systems is demonstrated, and results are obtained with and 
without variance reduction. 

I. INTRODUCTION 

The adjoint transport method is a powerful technique for 
simulating applications where a knowledge of the particle flux 
is only required for a restricted region of phase space, but where 
this knowledge is required for source parameters spanning a 
large region of phase space. Space applications often fall into 
this category. For example, mission-averaged radiation 
environments encountered by space systems are often broadly 
distributed in space, energy, and angle. Furthermore, the analyst 
may only be interested in the effect of this radiation on a small 
region of the system, such as the dose to a small detector. 

in the important case of coupled electron photon ttaaspoxt, 
the only method that meets the combined requirements of space 
applications for geometrical complexity and physical accuracy 
is Monte Carlo. The integrated TIGER Series (ITS) [1] is one 
of a few codes that meets these requirements. However, the run 
times for the simulation of many of these applications using 
conventional, or forward, transport like that of ITS are so 
prohibitive that tie adjoint method may be the only practical 
method for solving such problems. 

We have developed an adjoint capability for ITS that should 
be especially suited to space applications. This Multigroup/ 

Continuous-Energy Integrated TIGER Series (MTTS) Monte 
Carlo code system [2] combines the cross section generator 
from the CEPXS/ONELD code system [3] with the input/output 
and geometry routines of ITS to obtain the Monte Carlo 
solution of the time-independent Boltzmann-Fokker-Planck 
equation [4]. A preliminary version of the MTTS system has 
been extensively verified against experiment and other 
computational methods in one dimensional applications, and 
has also been verified against other Monte Carlo methods in a 
simple three-dimensional benchmark [2]. In particular, the 
utility of the adjoint mode of MTTS was demonstrated. The 
software has matured to the point where more realistic 
applications can be addressed. 

In this paper we first compare adjoint predictions of MTTS 
with experimental data for a relatively simple three-
dimensional application. In these experiments the spatial and 
angular distribution of the source simulate those that are 
characteristic of approximately uniform isotropic radiation 
fields often encountered in space applications. In an application 
of much greater geometrical complexity, the MTTS system is 
subsequently used, again in the adjoint mode, to predict the 
energy deposition in a subsystem of the Global Positioning 
System (GPS) satellites due to the natural electron 
environment The adjoint method efficiently predicts the 
dependence of the deposition on the kinetic energy and spatial 
location of the source electrons. In particular, the latter 
demonstrates how the adjoint method can reveal weaknesses in 
the shielding of selected satellite components. 

All calculations were performed on an IBM RS/6000 970 
(560-equivalent) work station. 

n. 3-D EXPERIMENTAL VERIFICATION 

Van Gunten [5,6] measured three-dimensional dose 
distributions in hollow aluminum cubes due to isotropic 
radiation fields of electrons of various monoenergetic sources. 
Using radiochromic-dye film dosimeters and a scheme for 
simulating the isotropic fields, he measured the dose 
distributions inside cubes of varying wall thicknesses at 
electron source energies up to 4.0 MeV. 

DISTRIBUTION OF THIS DOCUMENT IS UNLIMffSD 



8! o 
Q 

— Beam from Front Wall M1TS 
—- Beam from Back Wall M ITS 
• Beam from Front Wall Exp 
• Beam from Back Wail Exp 

Source Energy (MeV) 
FIGURE 1. Comparison of the dose measurements of 
Van Gunten [5,6] a t the front a n d back wall of a n 
a luminum cube irradiated on the front wall by a 
uniform, isotropic, a n d monoenergetic flux as a function 
of source electron energy with the predictions of a single 
adjoint calculation. 

A single adjoint calculation was performed for the dose at 
the center and just inside a wall, where that wall is exposed to 
the electron source (front wall) and where the opposite wall is 
exposed to the source (back wall). By symmetry the same 
experimental data was obtained by irradiating only one wall. 
Figure 1 compares the calculated data with the experimental 
data. Not shown, but also obtained from this calculation, are the 
predicted doses where any of the four lateral walls are exposed 
to the source (these four distributions are the same from the 
symmetry of the problem). Thus, a single adjoint calculation 
gives the predicted dose at a point for all source energies and all 
source surfaces. Obtaining this information would have 
required multiple calculations in the forward mode. The 
agreement between the calculations and the experimental data 
in Fig. 1 is quite good. The run time for the calculation was 4.7 
hrs, resulting in a statistical uncertainty that is usually less than 
1 % but reaches a maxi'trnim of 3 % in the lowest-energy group. 

The edge of the aluminum cube is 20.32 cm and the wall 
thickness is 0.1524 cm. The latter is small enough that the dose 
is dominated by direct electron deposition over the range of 
source energies plotted in Fig. 1. If lower energies or thicker 
walls had been chosen, the dose would have been dominated by 
bremsstrahlung produced by the source electrons. This would 
have been a more severe test of the MITS code, but 
experimental data for this situation were not available. An 
example of such a "combined radiation effects" adjoint 
calculation using the MTTS system is given in the following 
GPS application (see also Reference [2]). 

In contrast to Fig. 1, Fig. 2 shows the more familiar sort of 
information obtained from a single forward calculation at 3.0 
MeV, namely energy deposition profiles as a function of 
distance from the wall exposed to the source along a line 
through its center and one through its comer. Obtaining this 
information would have required multiple calculations in the 
adjoint mode. Agreement with experiment is again very good. 
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F IGURE 2. Comparison of the dose measurements of 
Van Gunten [5,6] as a function of distance from t h e wall 
of an aluminum cube irradiated by a uniform, isotropic, 
3.0 MeV flux along a line through the center a n d 
through the corner of the wall with the predictions of a 
single forward calculation. 

Note also the agreement between the forward calculation of the 
dose at the extremes of the profile along the center with the two 
adjoint results at 3.0 MeV in Fig. 1. 

m. GPS APPLICATION 

Because of the altitude and inclination at which GPS 
satellites are deployed, they are exposed to a very severe natural 
electron environment. Components must be sufficiently 
radiation hard to survive the mission-averaged total dose. The 
MTTS code system has the capability of predicting these doses 
with a higher degree of confidence than the less accurate mass-
sectoring codes, albeit with a much longer run time. On the 
other hand, it is applications such as these for which simulation 
by conventional forward Monte Carlo codes like ITS is 
precluded_by.exeessive run times. 

One of the subsystems aboard the GPS satellite is the Burst 
Detector Dosimeter (BDD) box. The ACCEPT code of the 
MITS system was employed to calculate the dose at a point 
within this subsystem. 

A. Geometry 

.Figure 3 is a projection of the geometrical model employed 
for radiation analysis of the BDD box. It consists of a set of 
components inside an (actual) aluminum, box. The five external 
walls of the box are 0.508 cm thick. The model is described 
using the combinatorial geometry (CG) method of the ACCEPT 
code and represents all materials by aluminum with different 
mass densities so as to preserve the actual masses and 
dimensions. The model includes an artificial array of small 
hemispherical shells surrounding the locations of the detectors 
[7] where dose is to be calculated. The detector location 
selected for the adjoint MTTS simulation is indicated in the 
figure. The hemispherical shell had inner and outer radii of 
0.1067 and 0.1270 cm, respectively. 
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FIGURE 3. Projection of the geometrical model of the 
BDD box employed in calculations with the MTTS code 
of the dose at the indicated detector: 

BDD Box 

FIGURE 4. Approximate model of the GPS satellite 
obtained with BRL-CAD [8] showing the location of 
the BDD box. 

BDD Box 

FIGURE 5. Projection of the combinatorial geometry 
body specification approximating the GPS satellite in 
simulations with the ACCEPT code of the MTTS 
system. 

The instrument is mounted on the outside of the satellite at 
the minimum-Z plane of the projection of Fig. 3. In the BRL-
CAD [8] model of Fig. 4, it is shown mounted atop the large, 
approximately rectangular parallelepiped (RPP) main body of 
the GPS satellite. Numerous other cybndrically shaped 
antennas and other components are similarly mounted atop the 

main body. All of these objects as well as the main body itself 
will perturb the natural environment, thus affecting the 
radiation field to which the BDD is exposed. Consequently, a 
realistic simulation of the effect of the natural environment on 
the BDD box should include the full satellite geometry. 

What we have done in the present simulation is to include 
reasonably full detail of the BDD box itself as shown in Fig. 3, 
along with a simplified model of the rest of the satellite as 
already approximated in Fig. 4. The BRL-CAD model is 
already consistent with the CG specification of the ACCEPT 
code. We homogenized the main body as a single RPP and each 
of the cylindrical and conical features of Fig. 4, as well as a few 
other less obvious features of that figure. They were 
homogenized to solid regions of aluminum with mass densities 
that preserve the total masses and external dimensions. The 
projection of the resulting CG body specification is plotted in 
Fig. 5 from a different perspective. The virtually black internal 
portion of the BDD box in the projection is a consequence of the 
detail to which this subsystem has been modeled (see Pig. 3). 

2?. Source Specification 

Any non-reentrant surface element in a uniform isotropic 
radiation field will experience a constant inward-directed 
surface current (ignoring tb& half of die isotropic flux that 
makes a negative contribution to the current) that has a cosine-
law angular distribution with respect to the inward normal. 
Consequently, in forward mode we surround the satellite 
geometry with a non-reentrant surface, sample source positions 
uniformly in area over this surface, and sample source direction 
from acosine-law distribution with respect to the local inward 
normal at its sampled source position, ignoring the outward-
going half of the flux. On the one hand, the surface should 
circumscribe the satellite as snugly as possible for efficient 
sampling of source particles (rmmrnize sampling of particles' 
that miss the satellite). On the otiier hand, the surface should be 
simple enough to avoid unnecessarily complicated sampling 
algorithms. Any of the CG primitive body types of the 
ACCEPT code should satisfy the latter condition. We chose to 
surround the GPS satellite with a tightly fitting RPP, the source 
RPP. To obtain dose per unit flux for absolute normalization, 
the default dose per source electron is multiplied by one fourth 
the area of the source RPP. A factor of one half comes from the 
ratio.of the 2n steradian current density to the 2TT flux and the 
second factor of one half comes from the feet that the outward-
going half of the flux is ignored in that calculation. 

The space/angle sampling just described is carried out 
explicitly only for forward Monte Carlo calculations. In adjoint 
mode this sampling is replaced by an implicit folding of the 
adjoint flux based on the response function of the detector dose 
with the GPS uniform isotropic flux at the source RPP as shown 
inEq.(2)ofRef.[2]. 

The spectrum of the uniform isotropic flux to which tbs six 
faces of the source RPP enclosing the satellite are exposed is 
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FIGURE 6. Spectrum of the uniform isotropic 
electron energy flux [9,10] to which the GPS satellite 
is exposed, with minimum and maximum energies of 
0.04 and 6.0 MeV, respectively. 

plotted in Fig. 6 [9,10]. The minimum and maximum energies 
are 0.04 and 6.0 MeV, respectively. The thickness of the five 
external walls is more than the range of an electron with an 
energy of 2.0 MeV. Only about half a percent of the source 
electrons have energies greater than this value. Consequently, 
the source spectrum is dominated by electrons that do not have 
energies sufficient to penetrate the walls, and the dose is 
dominated by the effects of bremsstrahlung radiation. 

C. Results 

In principle, a great deal of information can be obtained 
from a single adjoint calculation. Ultimately, of course, we 
want a single number, the dose at the selected location in the 
BDD box due to the isotropic radiation field described above. 
However, we can obtain this dose differential in the phase-
space parameters of the source. This information may have 
many uses. 

Consider, for example, the following. The source as we have 
described it is already uniform in space and direction. If we 
were to make it uniform in energy as well (flat spectrum), we 
could use the results to obtain the dose for any source within the 
energy range of the calculation. We would simply save the dose 
differential in all of the phase-space parameters. We could then 
obtain the dose for an arbitrary source after the MTTS 
calculation has been completed by folding that source with the 
saved differential distributions. The numerical accuracy of this 
procedure would be limited only by the histogram form and the 
statistical accuracy of the distributions. 

Perhaps more important is the possibility of employing the 
differential dose information for improvirig the design of the 
system. These distributions, or importance functions, reveal 
those source parameters that contribute most strongly to the 
calculated dose. They could point to minor rearrangements in 
subsystems or the optimization (i. e., minimization of weight 
penalty) of additional shielding that could significantly reduce 

radiation dose where necessary. Of course, such analyses are 
most effectively carried out during the design phase of a system. 

Finally, the importance function from the adjoint 
calculation can be used to reduce the variance of a forward 
calculation. Suppose, for example, that point deposition is not 
sufficient, but rather a localized dose profile is required. 
Orjtainirig this profile would necessitate multiple adjoint 
calculations. On the other hand, the importance function from a 
single adjoint calculation of the dose in the region of interest 
could . b e . employed^toefficiently bias a single forward 
calculation of the dose profile. It should be emphasized, 
however, that the profile must be sufficiently localized that the 
importance function is valid for the entire profile region. 

FIGURE 7. Contour plots of the spatial importance 
function of the detector dose using a flat spectrum of 
source electrons from 0.04 to 6.0 MeV. 

Figure 7 shows, from two perspectives, a pair of contour 
plots of the dose to the specified detector in the BDD box 
differential in source position over the surface of the source 
RPP. In this case, however, we have employed a flat source 
spectrum from 0.04 to 6.0 MeV instead of the GPS spectrum. 
These exponential contours of the spatial importance function 
show the dominance of the source near the box as indicated by 
the dark region in the comer of the rninimum-Y plane. Had we 
chosen a detector location deeper within the satellite, the 

\ BDD Box 
FIGURE 8. Projection of the GPS body specification 
showing two unobstructed paths from the maxhnum-X 
and maximum"Y surfaces of the source RPP to the 
BDD box that correlate with regions of high spatial 
importance on these surfaces in Fig. 7. 



dynamic range of this function would presumably have been 
much smaller, and the dose would not have been dominated by 
so small a spatial region of the source. 

Note the elongated dark regions on the maximura-X and 
maximum-Y planes near the top of satellite and away from the 
BDD box. These correspond to source areas of these planes 
where the radiation has a relatively unobstructed path, to the 
box. They can be correlated with gaps within the antenna field 
as shown in Fig. 8. If this were a significant contribution to the 
dose, designers could, for example, use this information to 
rearrange the antenna field and/or add shielding in such, a way 
as to minimize the weight penalty. 

In Fig. 9a, we have plotted the contribution to the dose from 
the miriimum-Y plane (i.e., the one that dominates the total 
dose) differential in source energy, as well as its integral, for the 
flat source spectrum. This energy importance function shows 
the dominance of high-energy source electrons for a flat source 
spectrum. This dominance may be due to the fact that high-
energy electrons have the best chance of reaching the detector 
and/or that they produce more radiation that can reach the 
detector. The statistical uncertainty in this contribution was 
0.28% for a run time of about 20 hrs. 

Figure 9b shows the same importance function for the GPS 
spectrum. The dominance of low-energy electrons in the 
spectrum is reflected in their increased importance here. 
However, the large statistical fluctuations lead to a statistical 
uncertainty in the contribution of this source plane to the total 
dose that is 5.3 % for a run time of 20.9 hrs. The large statistical 
uncertainty relative to the flat source spectrum is a consequence 
of the fact that while Fig. 9a shows that low-energy source 
electrons make a disproportionately low (statistically poor) 
contribution to the dose, it is just these low-energy electrons 
that are highly weighted by the GPS spectrum. 

Thus, even in adjoint transport, variance reduction is highly 
desirable, if not necessary. Because the detector is beyond the 
range of all but a few of the source electrons, we are faced with 
a combined radiation effects calculation. Such, simulations are 
among the most difficult for Monte Carlo electron-photon 
transport, forward or adjoint This is because variance-
reduction methods for the efficient calculation of the production 
of radiation by electrons generally impede those for efficiently 
calculating the energy deposition resulting from that radiation. 

To overcome this difficulty, we make use of a new variance-
reduction package [11] that will be implemented in both. MTTS 
and ITS. In particular, for the present adjoint calculation 
variance reduction was achieved by biasing electron-to-photon 
cross sections in the vicinity of the source and photon-to-
electron production in the vicinity of the detector. The resulting 
energy importance function for the GPS spectrum 
corresponding to Fig. 9b is plotted in Fig. 9c. Except for an 
anomaly near 1.0 MeV, the biasing has substantially reduced 
the statistical fluctuations. The run time was 9.42 hrs, and we 
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FIGURE 9. Energy importance functions of the 
detector dose and their integrals for the mininuim-Y 
plane of the source RPP for (a) the flat spectrum 
without variance reduction, (b) the GPS spectrum 
without variance reduction, and (c) the GPS spectrum 
with variance reduction. 

obtain 2.2 I x l O 1 " MeV/g-yr as the contribution to the dose from 
this surface with a statistical uncertainty of 4.4%. The biasing 
has reduced the variance by a factor of three (Eq. (5) of Ref. 
[2]). The contribution to the dose without biasing was 
2 .06x l0 1 0 MeV/g-yr, which agrees with the biased result within 
the statistical uncertainties. 

The total dose to the detector for the GPS environment, as 
well as the contribution to the dose from each of the six sides of 
the source RPP, are shown in Table 1. Results are shown with 
and without the use of the variance reduction package. The 
numbers in parentheses are the estimated one-sigma statistical 
uncertainties expressed as a percent of the dose that they follow. 
About half the total dose comes from the minimum-Y surface. 



That surface together with the minimuTn-X and maximum-Z 
surfaces contribute over 90% of the total because these planes 
offer the most unobstructed exposure of the BDD box to the 
electron environment. Still, probably in excess of 5% is 
contributed by the other 3 planes. This distribution of the dose 
among the source planes is, of course, unique to the detector we 
have chosen. A detector somewhere else in the satellite system 
will, in general, have an entirely different spatial importance 
function. 

Dose (MeWg-yr) 1 

surface no variance reduction variance reduction 

min y 2.06x101 0 ( 5.3) 2.21 x10 1 0 ( 4.4) 

maxy 1.60x10s (18. ) 1.49x10s (20. ) 

min x 7.78x109 (10. ) 7.80x10s ( 6.5) 

maxx 1.12x10s (16. ) 6.83x10s ( 8.6) 

minz 1.34x108 (11. ) 1.48x10s (14. ) 

maxz 6.70x10s (11. ) 8.98x10s (11. ) 

total 3.78x101 0 ( 4.2) 4.13X101 0 ( 3.7) 

TABLE 1: Total dose to the detector for the GPS 
environment and contribution to the dose from 
each of the six sides of the source RPP. 

IV. SUMMARY AND CONCLUSIONS 

Using the MTTS system, we have demonstrated the 
exceptional efficiency of adjoint Monte Carlo for simulating the 
responses of point detectors in space applications. 

Dose predictions of the ACCEPT code of the MTTS code 
system in the adjoint mode are in very good agreement with the 
three dimensional measurements of Van Gunten from an 
experimentally simulated uniform isotropic electron flux. It 
would be desirable to have such data for wall thicknesses 
beyond the ranges of the source electrons. Predicting these 
radiation-dominated doses would be a more severe test of the 
MTTS codes. 

In the much more complex simulation of the dose to a 
detector in the GPS satellite, the MTTS system was able to 
generate spatial and energy importance functions. These are 
powerful tools for analyzing the radiation survivability of space 
systems. Moreover, they can be employed to predict the dose to 
the detector for an arbitrary source distribution within the phase 
space spanned by the calculation. 

Much work remains to be done in order to optimize variance 

reduction procedures for the adjoint mode of the MITS system 
and to efficiently use adjoint results for optimizing forward 
Monte Carlo simulations. 

The GPS application is an application where not only are 
run times of the forward solutions very long, if not prohibitive, 
but the adjoint solutions themselves require very long run times 
as well. Extensive analyses of these applications will require 
parallel processing. There are already developmental parallel 
versions of the ITS systems that have been run on a UNIX 
workstation network[12], the Intel PARAGON [13], and both, 
few-processor [14] and many-processor (Maui High 
Performance Computing Center) [15] IBM SP2 systems. 
Because Monte Carlo is inherently parallelizable, this work 
shows that efficiencies in excess of 90% are easily achieved for 
large problems. Version 4.0 of the ITS system will have a 
parallel option. This capability is easily extendible to MITS as 
well. Moreover, achieving a capability for running either code 
system on the multi-teraflop machines now being developed 
should be straightforward. 
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