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ABSTRACT 
To help visualize the results of dose modeling for 

nuclear materials processing opcrations, we have developed 
an integrated model that uses a simple dosc calculation tool 
to obtain estimates of the dose field in a complex geomctry 
and then post-process the data to produce a video of the now 
time-dependent data. 

We generate two-dimensional radiation fields within an 
existing physical cnvironment and then analyze them using 
three-dimensional visualization techniques. The radiation 
fields are generated for both neutrons and photons. 
Standard monoenergetic diffusion theory is used to estimate 
the neutron dosc fields. The photon dose is estimated using 
a point-kernel formalism, with photon shielding effects and 
buildup taken into account. The radiation field dynamics are 
analyzed by interleaving individual 3D graphic “snapshots” 
into a smoothed, lime dependent, video-based display. In- 
the-room workers are “seen” in the radiation fields via a 
graphical, 3D fly-through rendering of the room. Worker 
dose levels can reveal surprising dependencies on 
operational source placement, source types, worker 
alignment, shielding alignments, and indirect operations 
from external workers. 

BACKGROUND 
Simulating nuclear materials operations has the distinct 

requirement of including worker radiation exposure in the 
calculations. Radiation exposure calculations are generally 
problematic because they are spatially and temporally 
dependent. If a source moves, as would happen often in a 
nuclear materials process model, the dose field changes. 
Likewise, if a worker moves, the dose field changes because 
the person acts as an effective shicld, especially €or 
neutrons. One of the difficulties when modeling processes 
in nuclear operations is that the geometries (e.g., a room of 
glove boxes) are very complex, such thal using standard 
dose calculation tools is difficult. 

Several neutron and photon shielding codes exists 
today. Many of them are difficult to use, only pertain to 
either neutrons or photons, or are case spccific. One of the 
primary codes used today for dosc analysis is MCNP[l], a 

Montc Carlo-based calculation. MCNP uses a complicated 
geometric input structure that allows the user to model 
practically any geometry of interest; herein rests one of the 
greatest benefits of using MCNP. However, the difficulty in 
constructing a geometry can also be its greatest failure. As 
has been done in the past, MCNP can be used to construct a 
glovebox array geometry and perform analysis on that 
system [2], but the manpower required to construct the 
gcornetry is immense. Generally, MCNP is most easily used 
when calculations are required for a relatively simple (e.g., a 
single glovebox) static system. To alleviate the difficulty for 
performing dose analyses for a set of processes in multiple 
gloveboxes, we determined that a simplified tool for 
calculating process dose was required. 

Primary and Secondary Dose 
During glovebox operations, personnel in a room 

receive a dose equivalent that is comprised of three 
components. A person working with nuclear materials in a 
glovcbox receives an exposure directly from the source 
materials in the glovebox. We denote this component of the 
dose equivalent as the primary dose because it comes from 
matcrials with which the person is working. The other two 
components of dose equivalent are the primary background 
dose and secondary background dose. 

received by a person from materials outside of the room, 
which includes cosmic radiation, radiation from elements in 
the building and ground, and radiation from materials in 
other rooms or areas. In general, this component of 
radiation is not measured for nuclear operations as the 
person would receive this dose whether or not he was 
working with nuclear materials. The secondary background 
dose is the dose equivalent received from materials that are 
i n  the room, but with which he has no direct contact. An 
illustration of the primary dose component and the 
secondary background dose component in a room containing 
gloveboxes is provided in Figure I .  

calculate and visualize the primary and secondary 
background dose as a function of time. Pandemonium[3] 
(thoton And Neutron Dose Equivalent Model Qf _Nuclear 
materials In Uncomplicated geometry Models) is a computer 

The primary background dose is the background dose 

This document describes a simple yet integrated tool to 



application that calculates the photon and neutron effective 
dose equivalent (EDE, dose, dose equivalent) received at a 
detector (such as a worker's film badge) for a two- 
dimensional layout of a manufacturing process. This 
application is configured to focus on operations that utilize 
gloveboxes containing plutonium- and uranium-bearing 
materials. Adequate modeling of the dose received by 
workers is an integral part of analyzing nuclear materials 
operations, especially when considering the number of 
workers needed for specific operations, 
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Figure 1. Glovebox array that contain multiple sources of 
radiation and exposure of glovebox workers. 

Pandemoniumo can be applied to all nuclear materials 
handling facilities that use gloveboxes (the simple dose 
calculations used in this tool are not applicable to 
containment systems that use large amounts of shielding 
materials, such as hot cells). Calculated doses from 
Pandemoniumo directly support dose and ALARA (as low 
as reasonably achievable) evaluations. Plutonium 
processing layout drawings and estimates of material 
location and throughput as a function of time are a source of 
data for analyses to calculate the primary and secondary 
background dose. 

Dose Calculational Requirements 
We can estimate the dose by determining (1) the 

distance from a particular source to the detector (presumably 
a whole-body dosimeter), (2) the amount and type of 
shielding that is present between the source and the detector, 
and, (3) source characteristics. The model is two- 

dimensional if we neglect the variation in flux in the vertical 
direction. In this model we assume that all sources and 
whole-body detectors are approximately at the same 
elevation. 

As an adjunct to Pandemoniumo, results are collected 
as a function of time, given an arbitrary source, shield, 
and/or person time variation and the processed into a video 
viewable on a computer platform. The advantage to moving 
into animated visualization is primarily in the training and 
design arenas, where workers and process-area designers 
would certainly obtain a more concrete concept of the main 
concepts in dose minimization through minimization of time 
exposed, maximization of distance from source and 
shielding in place. 

GEOMETRY CONSTRUCTION 

Pandemonium@ is the drawing/CAD tool VisioTM [4]. The 
user launches the VisioTM application by opening a special 
stencil file that contains specially-designed icons. Inserting 
a new file then launches a blank screen upon which the user 
can draw the geometry. A VisioTM screen with a sample 
problem is shown in Figure 2, with the stencil shown on the 
left side of the screen. The stencil contains six icons for 
inserting geometric objects onto the drawing by click-and- 
dragging. These icons are 

The key interface in the dose calculations in 

Person - generally not used; 
Detector - a single point detector; 

Glovebox - a rectangular glovebox without windows; 
Source - a spherical radioactive source; 

Detector Grid - a rectangular grid of detectors. 
Poly Shield - a rectangular hydrogenous shield; and 

Figure 2. VisioTM screen with typical problem shown. 



When the user places an object in the drawing, a 
customized properties window appears that allows the uscr 
to set key parameters such as shielding thicknesses or source 
properties. The drawing in Figure 2 shows two gloveboxes, 
two thin hydrogenous shields, three sources (circles inside 
gloveboxes), and two detectors. 

DOSE CALCULATIONS 
For all situations of intcrest at Los Alamos, the primary 
component of the dose is composed OS neutrons and 
photons. Neutrons arc born through spontaneous Cission and 
(a,n) reactions, and can then be multiplied if the medium 
through which they travel has a nonzero fission cross 
section. Photons (gamma-rays) come from the natural decay 
of radioactive isotopes. A dcscription of thc equations used 
to calculate these quantities is provided bclow. 

Neutron Dose Calculations 

the source and then radially attenuating it to the detector 
determines the flux at the detector. Assuming a 
monoenergetic neutron spectrum (the source neutrons have 
some minor energy dependence), the neutron current density 
is governed by Fick’s Law from diffusion thcory, which is 
stated as 

Calculating the neutron current density at the surfacc OS 

where 
J = the neutron current density or the net number of 

neutrons that pass per unit time through a unit area 
I n/cm2-s 1, 

D = the difSusion coefficient Icm], and 
@ = the neutron flux [n/cm2-sl. 

The generalized neutron diSfusion equation lhat 
approximates the transport of neutrons through media that 
contain absorbing and fissionable materials is 

where 
&, = the macroscopic absorption cross section [cm-’I, 
C, = the macroscopic fission cross section [cin-’1, and 
v = the average number of neutrons emitted per fission. 

Assuming a solid spherical source and that the flux varies in 
the radial direction only, we can apply the symmetry and 
surface boundary conditions, where d is the extrapolation 
distance [cm], to obtain the solution for the neutron flux in 
the source sphere as 

where R is the radius of the source and B2 is the material 
buckling, given by 

(4) 

To obtain the current at the surface (the number of neutrons 
leaking from the sphere per unit area), we take the derivative 
of the flux and multiply by the diffusion coefficient 
according to Eq. (1). The results of the derivation and 
multiplication are 

(5) 
S ( R  + d )  sin BR - BR cos BR 

J ( R )  = 
B ~ R ~  sin B ( R  + d )  

Finally, we calculale the neutron flux at the detector by 
radially attenuating the current density to the detector 
position, I f a  is the distance from the surface of the source 
to the detector, the equation for the flux at the detector is 

R 2  
(b(R + a )  = J ( R )  

(A + a)2  ’ 

Note that Eq. (6) does not take into account any shielding. 
The presence of water can have a significant effect on the 
ncutron EDE. To account for neutron thermalization from 
hydrogenous materials (e.g., polyethylene shields or 
persons), we use a numerical fit for neutron thermalization 
effects. The discrete-ordinates particle transport code 
ONEDANT[5] is used to determine the effect of water. 
Although the fast tlux drops below the thermal flux in 
increasingly thick water shields, the EDE from fast neutrons 
comprises about 90% of the total EDE, even with very thick 
water slabs. This is the result of the much larger dose 
conversion factor for fast neutrons than for thermal neutrons 
(the EDE from fifty 0.0253-eV neutron flux units = the EDE 
from one 2-MeV neutron flux unit). To account for the 
removal of neutrons from the fast groups (with thermal 
neutrons being discounted as contributing negligibly to the 
total EDE), a macroscopic “removal cross section” of 0.15 
cm-‘ is used per the transport analysis, and the neutron EDE 
is therefore given by 

where 



A =  
si = 

h E  = 

the thickness of water shielding pass [cm], 
the source strength for spontaneous fission or (qn)  
neutrons [n/s-cm’], and 
the ANSI fluence-to-dose conversion [6] factor 
[mrem-cm2-s/n]. 

where hE(Ei) is the hence-to-dose factor for photons at 
energy E p  

VISUALIZATION 

related to radiation exposure minimization when it is a 
It can be very difficult to educate people on the issues 

Photon Dose Calculations 
The source strength, the source material, and the shields 

between the source and detector are essential to determining 
the photon flux at the detector. The photons are treated in a 
multi-group format; however, cross-group interactions are 
neglected, or incorporated into calculation of buildup 
factors, so that the calculation of the photon flux occurs on a 
group-by-group basis. 

The photon scalar flux is given by the solution for a 
self-absorbing sphere in a vacuum multiplied by a buildup 
factor and the attenuation obtained from shields between the 
source and detector. This is formally given as 

i=l 

where 
B = the photon buildup factor at energy E,, 
a = the distance from the surface of the source to the 

detector [cm], 
p,, = the source photon attenuation coefficient at energy 

p, = the photon attenuation coefficient of the i“’ shield at 
energy E, [ I/cm], 

A’,,,,(,= the total number of shields between the source and 
detector, 

A, = the thickness of the it” shield [cm], and 

E, [ I/cml, 

$[a,RI ,qV(E)] is the unshielded flux from a self-absorbing 
sphere. The buildup factors are calculated according to 
ANSI/ANS standards [7]. The total buildup is 
approximated by 

(9) 
i=l 

The photon flux at the detector is easily converted to a dose 
by using the ANSI/ANS fluence-to-dose factors. Summing 
over the energies yields the total photon dose as 

relatively intangible quantity (we are generally not able lo 
see, taste, smell, or feel radiation). Currently, the most 
tangible evidence of the effects of radiation is a detector 
with an audible signal such as a Geiger-Mueller counter. 

The purpose of system-level visualization of the bi- 
radiation field is to “see” the details of complex, dynamic 
behavior not otherwise observable. This requires that the 
visualization environment display relevant behavioral details 
that were easily understood, rapidly modified, clearly 
represented, obviously unambiguous, and sufficiently 
comprehensive. The most effective visualization 
environment easily produced is a video. Current video 
technology readily captures the time-dependent 
characteristics of the complex radiation field unique to the 
physical environment of interest. 

to assess the technical impacts of visualizing the radiation 
field dynamics discussed above. For the purpose of this 
assessment, we require videos that are (1) naturally intuitive 
to use, (2) reasonably inexpensive, and, (3) useable on a 
“standard“ engineering platform. 

We use SigmaPlotTM 2000 to generate 3-dimensional 
snapshots of the radiation field. The time-dependent 
snapshots are exported as high-resolution (600 dpi) JPEG 
(Joint Photographic Experts Group) graphics. Using high- 
resolution JPEG formats enable display using very large 
screen formats (up to 2.6 x lo6 pixels), accessibility by non- 
WindowsTM operating systems; and simplified video 
manipulation (Adobe Premier generates “fly-through” 
effects). We use VideoStudiolM 5.0 by Ulead Systems, Inc. 
to produce the final products based on MPEG-2 (Moving 
Pictures Expert Groups) video technology. 

Existing, commercially available video software is used 

Three-Dimensional Graphic Rates 

technically informative video is directly proportional to the 
smoothness of the desired video. The video is ineffective if 
the change between each snapshot is too great. The video 
becomes computationally unwieldy if the change between 
each 3D graph is too small. The best compromise between 
graphic change rates and “on-screen” time was found to be 

The number of snapshots required to produce a 

0.5 degrees of arc < S, < 1.1 degree of arc, and, 
0.60 seconds > S, > 0.40 seconds, 

where S,, is the maximum amplitude of the 3D transition 
sequence (in any of/or all three dimensions) corresponding 



to the on screen time, S,. For example, if thc incremental 
change from graph N ,  to graph N+1, is 0.5 degrees (for any 
or for all three graphic planes - sec Figure 3), the preferred 
on screen time, S,, is 0.60 seconds. If the incremental 
changc is 1 .0 degrees, then the recommended on screen time 
is approximately 0.40 seconds. 

The selcction of the appropriatc pairing of transition 
significance and on screen time depends on the complexity 
of‘the 3D graphics. The greater the complcxity, the smaller 
S,, should be. Values of S,, = 0.5 degrees and I .0 degrees 
with the corresponding S, = 0.40 seconds are used for the 
radiation field analysis reported here. 

The results shown in Figure 3 are those for the photon 
dose with two workers at glovebox stations, each of which 
contains a source. A schematic diagram of the geometry 
(plan view) is shown in Figure 4. The photon shielding by 
the gloveboxes and workers are evident in Figure 3. 

I: 
2 Rotntinii Axis 

Figure 3. Thrce-dimensional results showing rotation axes. 

Video Production 
Using a standard frame-to-frame transition effect 

commonly called “crossfade” produces technically useful 
and acsthetically pleasing video. This effect is essential to 
the quality of the video produced particularly in very large 
screen applications. 

The crossfade transitional effect is produced by 
incrementally fading-out one frame while fading-into thc 
next. The rate at which the fade-out/fade-in sequence occurs 
determines the smoothness of the video. The preferred rate 
is F, = 0.5 S,, whcre F, is the crossfade rate in seconds. 

As with the signals from a Geiger-Mueller counter, the 
impact of audible stimuli can not be underestimated. To 
provide a similar stimulus with the calculated rcsults, 
appropriate music is also superimposed on the video. 

Figure 4. Two-glovebox geometry. 

The three snapshots shown in Figure 5 show the neutron 
dose ficld for two workers at the glovebox stations. Because 
gloveboxes are generally made of steel and/or lead, they are 
poor neutron shields, so the glovebox shielding effect is not 
calculated for neutrons. The worker in the lower portion of 
the graph moves away from his workstation (moves to the 
right), thereby exposing the second worker to a larger 
neutron field. This example displays the effects of neutron 
shielding by a specific form of hydrogenous shield, namely a 
person. If a hydrogenous shield were present in the 
glovebox, the worker who leaves his workstation could 
reduce the second workers dose by moving the shield into 
place before leaving the glovebox. 

CONCLUSIONS 
This paper attempts to advance dose calculations from the 
current mode of simply providing a numerical result from an 
analysis to the world where more information can be 
conveyed by using advanced visualization techniques. If 
these calculations can help workers internalize the concepts 
of radiation transport and its resultant dose impacts, the 
costs of performing seemingly innocuous operations could 
be better understood by all. 

RESULTS 
Because the primary results of the dose calculation and 

subsequent visualization,are in a video format, they are not 
readily presented in a paper format. However, we can 
obtain some idea of the tool hy examining individual graphs 
and a series of graphs. 
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Figure 5. Three neutron dose snapshots. 
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