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Abstract 

The Monte Carlo code MCNP [l] is used in simulations of neutron well-logging 
in granite to detect water and TCA (C2H3C13), a common ground contaminant, in 
fractures of 1 cm and 1 mm thickness at various distances and orientations. Also 
simulated is neutron well-logging in wet sand to detect TCA and lead (Pb) at vari- 
ous uniform concentrations. The 3H(d,n) (DT) and 2H(d,n) (DD) neutron producing 
reactions are used in the simulations to assess the relative performance of each. Sim- 
ulations are also performed to determine the efficiency of several detector materials 
such as CdZnTe, Ge and N d  as a function of photon energy. Results indicate that, by 

, examining the signal from the 6.11 MeV gamma from the thermal neutron capture of 
C1 in TCA, trace amounts (few ppm) are detectable in saline-free media. Water and 
TCA filled fractures are also detectable. These results are summarized in Tables 7-21. 
Motivation for this work is based on the need for detection of trace environmental 
pollutants as well as possible fracture characterization of geologic media. 
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1 Introduction 

A typical neutron well-logging experiment begins with the release of a pulse of neutrons, 
which for our purposes are either 14 MeV or 2.45 MeV neutrons generated from 3H(d,n) 
(referred to as DT neutrons) or 2H(d,n) (referred to as DD neutrons) fusion reactions 
respectively. A photon detector is used to measure photons produced via the interactions 
of neutrons with various nuclei of the medium. In particular, we are interested in obtaining 
the photon spectrum due to absorption of thermal neutrons (w eV), where each 
nucleus, after capturing a thermal neutron, emits a distinct and discrete set of photon 
energy lines. For simulations involving water, we are interested in detecting the 2.23 MeV 
photon line from thermal neutron capture in H. For the case of TCA, the 6.11 MeV line 
from C1 [2, 3, 41 is of greatest interest since it has a very large thermal neutron capture 
cross section and will therefore produce a large signal. 

For the purpose of selecting an optimal neutron source for well-logging, we use both DT 
and DD neutrons in our simulations. DT neutrons are produced from readily available 
commercial accelerator-based neutron tubes, but at 14 MeV, these neutrons go through 
many scatterings before being thermalized. In the thermalization process, many of the 
fast neutrons are inelastically scattered on nuclei, producing many photons that could 
obscure photon signals from thermal neutron capture. The total neutron absorption cross 
section rises above a few MeV resulting in significant loss of neutron flux. In addition, 
DT accelerators contain radioactive tritium, which poses a potential safety containment 
problem. In contrast, DD reactions do not require radioactive target nuclei and their 
neutrons, produced at  2.45 MeV, are below many high-energy inelastic resonances and so 
undergo fewer scatterings before being thermalized. The total absorption cross section is 
approximately a factor of 100 lower in the energy range of a few MeV than at 14 MeV. 
Thus, more DD than DT neutrons survive to become thermal neutrons, and be captured 
by nuclei to emit the desired characteristic photons. DD reactions however produce fewer 
neutrons than DT reactions due to a lower reaction cross section, since ODD << ODT, see 
Fig. 1. 

i 

i 

The second component needed in well-logging applications is the photon detector. Conven- 
tional detectors such as scintillators, which could operate at room temperature but have 
poor energy resolution, while Germanium detectors, which have excellent energy resolution, 
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Figure 1: DT and DD reaction cross sections versus incident deuteron energy. 

must be operated near liquid nitrogen temperature. In contrast, high-Z semiconductors like 
CdZnTe detectors have better energy resolution than scintillators (though not as good as 
that of germanium detectors) and can be operated at room temperature, making it partic- 
ularly suited to field applications such as ours. 

The organization of the paper is as follows. In Section 2, we introduce the geometry and 
materials used in the well-logging simulations. In Section 3, we discuss the MCNP tally 
used in the simulations, including the need for time-gating and cell-biasing. In Section 4, 
we compare the efficiency and energy resolution of various detector materials and volumes. 
In Section 5, we present the results of the simulations: Section 5.1 presents results of 
attempts to detect water in 1 cm and 1 mm-fractures in dry and wet granite, using DT 
neutrons; Also in Section 5.1 are results for salt water in 1 cm and 1 mm-fractures of salt 
water, and TCA in dry and wet granite, using DT neutrons (DD neutrons for one case 
only); in addition, results of uniform concentrations of TCA’s and Pb in wet sand using 
DT neutrons are presented: Section 5.2 presents results of 1-mm fractures containing salt 
water in dry granite, with angular collimation in order to try to localize the position of the 
fracture. Lastly, Section 6 summarizes results and conclusions. 
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Table 1: Molecular Composition of Granite and Sand 

Molecules Granite (%) 
~ 

66.090 
15.730 
3.830 
3.750 
2.730 
2.730 
1.740 
1.380 
1.040 
0.540 
0.180 
0.008 
0.008 

Sand (%) 
72 
15 
1 
3 
2 
3 
1 
2 
- 
- 
- 
- 
1 

2 Geometry 

The media used in the simulations are either granite,' wet granite (granite with 0.1 g/cc3 
water in pore space) or wet sand (sand with - 30% water). Their molecular compositions 
are listed in Table 1. These choices reflect the conditions under which detailed characteri- 
zation of fractured media or minimum detectable contaminant levels are needed. 

Fig. 2 depicts the x-y ( z  = 0) plane of a typical geometry model in our simulations. The 
medium is a cube of length 174 cm, where -87cm 5 z,y,z 5 87cm. This dimension is 
such that the majority of neutrons released from a source (located at (0, 0,4cm), roughly 
the center of the cube) are absorbed before escaping across the cubical boundary surface. 
The neutron source is a point isotropic source. A cylindrical borehole of radius 5 cm along 
the z-axis is cut out of the medium. At the origin is a Cd-sphere ( p  = 2.58 g/cc) of radius 
2 cm, covered by 0.5 cm thickness of B4C neutron shield ( p  = 2.255 g/cc). 

lNote that granite itself contains a small amount of water 
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Figure 2: The z = 0 plane of a typical simulation geometry (units in cm): Region 0 is the 
10 cm diameter cylindrical borehole, Region 1 (innermost region) the 0.5 cm thick spherical 
Cd detector, Region 2 (second concentric region) the 4 cm diameter B4C neutron shield 
and Region 3 (partially shown) the medium, approximately 5.3 m3 volume. The detector 
and B4C detector shield are centered within the borehole. 
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Figure 3: Photon Tally (n/cm2/source neutron) for a BaC-shielded detector (solid lines) 
and an unshielded detector (dashed lines). 

It is necessary to shield the Cadmium in the detector from thermal neutron interactions 
because of it's large thermal neutron capture cross section. Such interactions could swamp 
the detector with the associated photons produced in thermal neutron capture. The B& 
region shields the detector from thermal neutron interaction, which minimizes radiation 
damage and reduces unwanted photon production in the detector, by taking advantage of 
the large Boron cross section at low neutron energies (w 3800 barns at thermal energies). 
The following figure illustrates the necessity of providing thermal neutron shielding for the 
Cadmium in the detector. Fig. 3 compares photon spectra from a DT neutron source for two 
cases: for a Cd-shielded detector (solid line), and an unshielded detector (dashed line). The 
2.23 MeV photon signal from Hydrogen capture is clearly seen above the background for 
the shielded detector, whereas the signal is obscured by the background for the unshielded 
detector. 
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3 Tally Statistics and Detector Response 

3.1 Tallies and Time-gating 

Fig. 4 is an MCNP plot of the total neutron absorption cross section (solid curve) which 
include (n,?) cross section (dashed curve) for granite. The total neutron cross section 
(which includes elastic scattering, inelastic scattering, absorption, etc. ) varies between 
1 and 10 barns over this energy range. From this one can see that complete neutron 
absorption is much more likely to occur with a 14 MeV DD neutron source than with a 
2.45 MeV DD neutron source. In the energy range of 10 to 14 MeV absorption reactions 
account for about 1/3 to 1/2 of the total cross section, whereas in the 2 to 3 MeV energy 
range absorption acounts for less than 1% of the total cross section. This makes DD- 
produced neutrons a more efficient source of thermal neutrons than DT-produced neutrons 
- per source neutron. However one must weigh this against the difference in the DD vs 
DT reaction cross section as discussed earlier. These arguments provide some incentive 
to perform some comparisons between DD and DT sources for otherwise identical models. 
These will be presented in the Results section. 

In sand and granite media photons produced from inelastic (n,n’) interactions, with Comp 
ton down-scatterings, could increase the background so much that the spectrum due to 
thermal neutron capture is obscured. Fortunately, these inelastic interactions take place 
relatively quickly after the release of DT neutrons. After a few psec, most of the fast 
neutrons will have been either thermalized or absorbed, and thus most of the photons pro- 
duced subsequently are from thermal neutron capture. This makes possible the common 
technique of gating off the detector for an initial time period after the neutron source is 
pulsed to reduce the background and prevent pulse pileup of extraneous signals. Fig. 5 is 
a plot of the total photon tallies (over all photon energies) versus time for dry and wet 
granite media. From t = 0 sec to t = sec, the photon flux at the detector is quite 
high, 1.42 x m-2sec-1, due to inelastic neutron scatterings. This results in a large 
background. Also plotted is the 2.23 MeV photon flux, once again showing the high flux, 
immediately after the neutron pulse, due to inelastic scattering. However 2.23 MeV photon 
fluxes from thermal neutron capture by H arrive in the neighborhood of 1 psec and increase 
to a maximum at 200 - 500 psec, decreasing to zero after sec. The total photon flux 
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Figure 4: Neutron total absorption (solid curve) and (n,r) (dashed curve) cross sections 
for granite. 

starts to increase at 20 psec and subsequently follows the trend of the 2.23 MeV flux, which 
suggests that all the flux from 20 psec onward is due to thermal neutron capture. For the 
wet granite medium, there is significantly more H in the medium (0.1 g/cc water) than in 
dry granite to thermalize neutrons. The higher concentration of H also results in enhanced 
probability of thermal neutron capture. Hence the 2.23 MeV flux from the wet granite case 
arrives earlier and is larger than that from dry granite. It is interesting to note that the 
presence of small amounts of water in the medium does not affect the thermalizing time, 
but only the magnitude of the thermalized neutron flux. 

The significant reduction in background photon flux when the detector is gated off for 30 
psec after the neutron pulse is shown in Fig. 6 .  These results are shown for illustrative 
purposes only. DT neutrons are released in a granite medium containing a nearby water- 
filled fracture. The goal is to detect water in the fracture by looking for the 2.23 MeV line 
resulting from thermal neutron capture in H. The dashed lines represent photon spectra 
from a detector tallying from t = 0 to t = 00. The signal at 2.23 MeV is not distinguishable 
from background. In contrast, the solid lines representing photon spectra tallied from 
t = 30 ps to t = 00 show a signal that is an order of magnitude above background. It is 
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The F5 tally from MCNP [l] is used in all the simulations due to its good statistical 
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properties. The F5 tally, also known as the point detector tally, is a deterministic estimate 
of the photon flux at a spatial point. In this work the tally is placed at the center of the 
spherical Cd detector. This tally makes an estimate of the flux at this point from collision 
events throughout the problem. These contributions are added to the final result but with 
a weight reduced by the probability of the particle travelling from the collision point to the 
tally point. This results in many small contributions to the resulting flux value yielding a 
better statistical estimate. The photon spectrum (see Figs. 3 and 6) is a plot of the photon 
tally, interpreted as the photon flux (n/cm2/source-neutron) that reaches the detector, 
versus photon energy in intervals of lo4 eV. The majority of simulations use 2 x lo6 source 
neutron histories to produce acceptably small error bars. 
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Figure 6: Illustration of photon tally time intervals for granite with a nearby water-filled 
fracture. Solid curve has tally time from 30 ps to 00. Dashed curve has tally time from 0 
to 00. 

3.2 Cell Biasing 

Due to the large dimension used in the simulations, a cube with sides of 154 cm, many 
source neutrons are needed to ensure statistical reliability and so MCNP computation time 
was quite high, usually requiring a few days on a Sun SPARClO workstation. Hence cell 
biasing [l], a numerical and statistical method to count those neutrons and photons in 
regions of interest (i.e. near the detector) relatively more than those in far away regions, 
was used to reduce computation time. The relative weights of different cells, constructed as 
nested cubes, are obtained using the SWAN [5]  code, a deterministic (as opposed to Monte 
Carlo) neutron and photon transport code. The cell weights used in MCNP correspond to 
SWAN results which determined the relative importance of various regions in contributing 
to the photon flux at the detector. Appendix A.2 contains a sample MCNP input code 
with cell biasing. 

. 
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4 Efficiency and Energy Resolution of Detectors 

The efficiency of a detector determines the number of incoming photons that are counted, 
and thus has a big influence on the statistical reliability of the gathered data. Detectors 
with low efficiency may require higher source neutron intensity (number of source neutron 
released per second) and larger volume to gather enough data. Table 2 lists detector efficien- 
cies as a function of detector volume and photon energy for detector materials CdgZnTelo, 
Ge(Li) and NaI. These efficiencies are calculated using MCNP with it’s pulse height tally 
option. The MCNP pulse height tally records the energy deposited in a cell by each source 
particle and its secondary particles. This results in a realistic modeling of microscopic 
events. A planar mono-energetic photon source is assumed to be at normal incidence with 
respect to one surface of a cubic detector. The detector efficiency (photopeak counts per 
incident photon) is determined as a function of the incident photon energy and the detector 
volume. 

’ 
These results demonstrate one of the advantages of the CdgZnTelo detector - for a fixed 
volume it has a higher efficiency than either Ge(Li) or NaI. For example, at  2 MeV and 
for 10 cc’s, CdgZnTelo has an efficiency roughly a factor of 2.5 higher than either Ge(Li) 
or NaI. At 6 MeV the efficiency of CdgZnTelo is higher by a factor of roughly 3. Based on 
these advantages the detector is treated as CdgZnTelo. 

Another concern is the energy resolution of a detector, which reflects the ability to dis- 
tinguish a photon energy peak from that of neighboring peaks. Poor energy resolution 
can result in, for example, an increased threshold for detecting trace contaminants in the 
media due to the inability to distinguish the photon energy peak of a contaminant from the 
background signal. In Fig. 7 plots of photon flux versus photon energy from MCNP runs 
for two cases are shown: (1) a wet sand medium (see Table 1 for its molecular composition) 
and (2) a uniform concentration of TCA at 100 ppm in a wet sand medium. The signal 
from the case with TCA, the photon flux at  6.11 MeV due to C1 thermal neutron capture, 
is clearly visible above the background (wet sand medium) if the energy resolution is 0.01 
MeV, corresponding to 0.16%. However, if the energy resolution is 3%, then the photon 
fluxes from 6 MeV to 6.05 MeV are included, and the signal is somewhat obscured. Table 
3 lists photon fluxes for the TCA and the background cases as a function of energy resolu- 
tion about the 6.11 MeV energy interval. The C1 signal drops from being 7.1 times above 

* 
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0.5MeV 

14.6 
18.2 
23.8 
29.0 
35.1 
54.5 
60.5 

1MeV 

4.58 
6.10 
8.82 
11.6 
15.2 
28.4 
33.9 

2MeV 

1.58 
2.31 
3.62 
5.03 

4MeV 6MeV 

5.11E-1 2.353-1 
7.743-1 3.60E-1 

1.33 6.683-1 
2.01 1.08 

1 cc 
2 cc 
5 cc 
10 cc 
20 cc 
50 cc 
80 cc 

95.7 
98.7 
99.0 
99.2 
99.4 
99.6 
96.9 

2MeV 

4.193-1 
6.23E-1 

1.13 
1.77 
2.74 
6.53 
8.86 

4MeV 

1.353-1 
2.17E-1 
4.07E-1 
6.693-1 

1.09 
2.97 
4.28 

Table 2:' Detector efficiency (in %) versus detector volume (rows) for various incident 
photon energy (columns). 

Detector Material - CdsZnTelo 1 
8 MeV I 1 0  MeV 

1 

7.00 
14.7 
18.4 

3.02 1.73 
4.69 
6.55 

1.07 
3.24 
4.77 

7.40E-1 
2.38 
3.60 

7.22 
9.78 

Detector Material - Ge(Li) 
0.1 MeV 0.5 MeV 10 MeV 1 MeV 

1.10 
1.64 
2.74 
4.07 
6.00 
12.5 
16.2 

6 MeV 

6.243-2 
9.723-2 
1.89E-1 
3.233-1 
5.62E- 1 

1.71 
2.55 

8 MeV 

3.023-2 
4.783-2 
9.433-2 
1.65E1 
2.99E- 1 

1.00 
1.56 

83.6 
88.1 
92.2 
94.5 
96.1 
97.6 
95.6 

3.83 
5.16 
7.69 
10.5 
14.3 
25.7 
30.9 

1.343-2 
2.283-2 
4.773-2 
8.823-2 
1.74E -1 
6.553-1 

1.06 

1 cc 
2 cc 
5 cc 
10 cc 
20 cc 
50 cc 
80 cc 

Detector Material - NaI 
0.1 MeV 0.5 MeV 1 MeV 

1.97 
2.64 
3.92 
5.29 
7.17 
14.5 
18.0 

2 MeV 4 MeV 

1.80E-1 
2.733-1 
4.70E- 1 
7.163-1 

1.09 
2.84 
3.84 

6 MeV 

7.423-2 
1.15E-1 
2.0 1E- 1 
3.19E-1 
5.223-1 

1.52 
2.19 

8 MeV 

4.083-2 
5.613-2 
1.11 E-1 
1.823-1 
2.993-1 
9.163- 1 

1.40 

10 MeV 

1.623-2 
2.573-2 
5.3 1 E-2 
9.713-2 
1.81E-1 
5.883-1 
9.423-1 

7.56 
9.23 
12.4 
15.6 
19.6 
34.4 
39.8 

6.13E-1 
9.03E-1 

1.44 
2.05 
2.93 
6.57 
8.57 

92.2 
96.5 
97.3 
98.1 
98.5 
98.8 
95.5 

10 cc 
20 cc 

80 cc 
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Table 3: Photon flux as a function of energy resolution centered about the C1 6.11 MeV 
line. 

this effect properly in the simulations. This pulse height tally is a true stochastic tally 
that does not allow variance reduction techniques such as cell or energy biasing. Using this 

I tally would result in unacceptably long cpu times. However, rough estimates of detector 

Energy Resolution 

1.0% 
2.0% 
3.0% 

I 
13 

100 ppm of TCA Background 

3.48 x 4.91 x loe8 
4.70 x 10-7 1.78 x 10-7 
7.96 x 10-7 5.20 x 10-7 
1.03 x 7.68 x 10-7 
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Figure 7: Photon flux versus photon energy for a wet sand medium (solid lines) and a 
uniform concentration at 100 ppm of TCA in wet sand (dash lines). 

5 Results 

Results are presented in this section. In all cases the photon fluxes are tallied after the first 
30 psec of the neutron pulse. The detector region is modeled as a Cd sphere for neutronics 
purposes. Photon flux is tallied at  the center of the detector. The actual detector efficiency 
is not taken into account. Quantitative results are based on the 2.2 MeV photon line from 
thermal neutron capture in H for those cases containing only water. For cases containing 
TCA or salt water the 6.11 MeV line from thermal neutron capture in C1 is used. 

5.1 Fractures in Granite and Uniform Concentrations in Wet 
Sand 

A typical simulation geometry is depicted in Fig. 8 for detecting signals from fractures filled 
with water or TCA, where Region 4 is a l-cm fracture volume between the y = 10 c m  and 
y = 11 cm planes. Assumed densities are: water - 1.0 g/cc,  granite - 2.50 g/cc,  TCA-filled 
fracture - 1.0 g/cc  TCA, and sand - 2.19 g/cc.  

14 



Figure 8: The z = 0 plane of a simulation geometry with a 1-cm x-z fracture at y = 10 
cm: Region 0 is the cylindrical borehole, Region 1 the spherical Cd detector, Region 2 the 
BBC neutron shield, Region 3 the medium and Region 4 the fracture. 

Photon tallies of fracture cases are compared and analyzed with that of the base case 
containing no fracture. The model geometry is shown in Fig. 2. Fig. 9 shows the photon 
tally (photons/cm2/source-neutron) of the base granite case (dashed line) versus that for 
the a 1-cm “incident” fracture of water, located between y = 0 cm and y = 1 m planes 
(solid line). The 2.23 MeV peak is from thermal neutron capture in hydrogen (water). 

The 2.23 MeV photon tallies (T’s) and uncertainty ratios (AT/T’s) for a 1-cm water 
fracture located at various distances d from the origin are listed in Table 4. Also listed in 
the table are quantities used to find the the range of detectability, defined as the maximum 
distance of the water fracture for which the 2.23 MeV tally is statistically higher than that 
of the base case. According to [6] ,  a signal is detectable if D 2 2.33ab, where 

T - Tb D = -  
Tb 
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Figure 9: Photon tally (photons/cm2/source-neutron) for granite medium, base case (solid 
curve) and photon tally for a 1-cm incident fracture of water in granite medium (dashed 
curve). 

Table 4: Photon tally (y/cm2/source-neutron), tally uncertainty ratio, range and range 
uncertainty as a function of distance from a 1 cm water-filled fracture. Medium: granite. 
Neutrons: DT. Fracture: 1 cm; water. 

I I I = io7 n/sec (( 

0 
10 

T (2.11 MeV) 
2.22 x 10-7 
9.74 x 10-7 
5.84 x 10-7 
2.84 x 10-7 

, = 2.13 x 

0.0349 - 
0.0174 160 
0.0183 76.8 
0.0299 13.2 

b R  - 
- 

8.06 
4.88 
2.77 - 
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where Tb is the base tally, and Nb is the number of the base photon flux. For a neutron 
source of intensity I (neutrons/sec) running for t sec, then Nb = I x t x Tb. For example, 
a neutron source of intensity I = IO7 (neutrons/sec) running for IO3 sec leads to Nb = 
lo7 x lo3 x (2.22 x loe7) = 2.22 x lo3 and ab = l / f i  = 2.13 x In Table 4, R and 

b R  are defined as, 

SR = J[q2+[$] 2 T  - *  

Tbob (4) 

Thus, if R > 2.33, then the signal is detectable. b R  is the uncertainty in R. The functions 

are used to fit d to R and bR.  Using the data in Table 4, regression analysis gives. 

QR = 40.30 

PR = -7.581 

= 39.24 

Pa = -18.70 

The range, dR,  is found by extrapolating Eq. 5 to R = 2.33. The uncertainty in the range, 
A d R ,  is obtained also by extrapolating to the range d R  (at which R = 2.33). Substituting 
QR and PR into Eq. (5), with R = 2.33 gives dR = 34 cm. Using both Eqs. (5) and (6), the 
uncertainty in the range A d R  is 
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‘Oo0 9 

Distance (cm) of Fracture from origin 

Figure 10: R (black circles), the best-fit function (dashed line) versus d, and the extrapo- 
lated range dR (open circle). 

Fig. 10 shows the three data points of R, the best-fit function d = QR + ,f3~ log R versus d, 
and the range dR. 

The above results are derived assuming a neutron source intensity I = lo7 (neutrons/sec), 
leading to ab = 2.132 x The ranges and their uncertainties are similarly calculated 
for source intensities I = lo8 (neutrons/sec) (ob = 6.742 x in Table 5 .  Note that R 
and 6R are larger than those in Table 4 by a factor of since ob is smaller (by a factor 
of m) for a higher intensity (by a factor of 10). Here R and 6R are fitted with 

d , = 

d = 60.77 - 18.70 log(GR) , 
49.03 - 7.581 logR 

leading to dR = 43 cm and an uncertainty A d R  = 9 cm. 

Lastly, for I = IO9 (neutrons/sec) (ob = 2.132 x w3), the statistical quantities are listed 
in Table 6, with R and 6R a factor of 0 larger than those in Table 4 since a b  is smaller 
(by a factor of m) for a higher intensity (by a factor of 100). Also R and 6R here are 
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Table 5: Range and uncertainty for a 1 cm water-filled fracture in a granite media. DT 
neutrons are assumed as the source at an intensity of lo8 n/sec. 

I = 10' n/sec (q = 6.71 x 

base - - 
0 505 25.5 
10 243 15.4 
20 41.6 8.76 

Table 6: Range and uncertainty for a 1 cm water-filled fracture in a granite media. DT 
neutrons are assumed as the source at an intensity of lo9 n/sec. 

I = io9 n/sec (ab = 2.12 x 

base - - 
0 1600 80.6 
10 768 48.8 
20 132 27.7 

fitted with 

d = 57.76 - 7.581 logR 

d = 82.30 - 18.701og(6R) , 

leading to d R  = 51 cm and an uncertainty A d R  = 17 cm. 

The ranges and the associated uncertainties for 1-cm water-filled fracture in granites are 
summarized in Table 8. Results from MCNP runs and data analysis for other cases, similar 
to those listed in Table 4, are listed in tables in the Appendix. The following is a list of 
tables of range versus intensity of the neutron source, similar to Table 8. I t  is important to 
note that curve fitting of the few (three or less) data points and then extrapolating to the 

19 



Table 7: Index of Tables containing the results. 

Table # 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

19 
20 

21 
22 

Medium 

granite 
wet granite 

granite 
granite 

wet granite 
wet granite 

granite 
granite 
granite 

wet granite 
granite 

granite 
granite 

wet sand 
wet sand 

Neutrons 

DT 
DT 
DT 
DT 
DT 
DT 
DT 
DT 
DT 
DT 
DD 

DT 
DT 

DT 
DT 

Fracture Size (cm) 

1.0 
1 .o 
1.0 
0.1 
1 .o 
0.1 
1 .o 
0.1 
0.1 
1 

0.1 

1 @ 0 c m  
1 @ 15 cm 

Material in Fracture. 

water, 
water 

salt water 
salt water 
salt water 
salt water 

TCA (1 g/cc) 
TCA (1 g/cc> 

TCA (0.1 g/cc) 
TCA (0.1 g/cc) 
TCA (1 g/cc) 

TCA 
TCA 

range will yield results that are quite sensitive to the fitting functions. Most of the data 
are fitted with R - e-d and 6R - ed. The cases of 0.1-cm fractures of water in granite, 
wet or dry, are not included due to lack of signal. Water has density 1 g/cc; wet granite 
has uniform density of 0.3 g/cc water; salt water has density 1.3 g/cc which includes 0.3 
g/cc of NaC1. In tables 8 to 18, the range is defined as the maximum distance of a fracture 
with a detectable signal. In tables 19 and 20, the range is defined as the minimum density 
in a fracture with a detectable signal (fracture is located at a fixed distance). In Tables 21 
and 22, the range is defined as the minimum uniform concentration in a medium with a 
detectable signal. 

i 
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Table 8: Medium: granite. Neutrons: DT. Fracture: 1 cm; water. 

I 2.23 MeV signal I 
Intensity (n/sec> I io7 I 10' 1 io9 

Table 9: Medium: wet granite. Neutrons: DT. F'racture: 1 cm; water. 

I 2.23 MeV signal 
I Intensity (n/sec> I 107 1 10' I io9 I 

Table 10: Medium: granite. Neutrons: DT. Fracture: 1 cm; salt water. 

42 51 60 

Table 11: Medium: granite. Neutrons: DT. Fracture: 0.1 cm; salt water. 

I 6.11 MeV signal I 
I Intensity Inlsec) I 107 I 108 I 109 I 
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Table 12: Medium: wet granite. Neutrons: DT. Fracture: 1 cm; salt water. 
~~~ 

6.11 MeV signal 
Intensity (n/sec> 1 107 1 108 I 109 

Table 13: Medium: wet granite. Neutrons: DT. Fracture: 0.1 cm; salt water. 

28 38 48 

Table 14: Medium: granite. Neutrons: DT. Fracture: 1 cm; TCA (1 g/cc). 

Table 15: Medium: granite. Neutrons: DT. Fracture: 0.1 cm; TCA (1 g/cc). 

22 



Table 16: Medium: granite. Neutrons: DT. Fracture: 0.1 cm; TCA (0.1 g/cc). 

I 6.11 MeV signal 
I Intensity (n/sec) I io7 I lo8 I io9 

Table 17: Medium: wet granite. Neutrons: DT. Fracture: 1 cm; TCA (1 g/cc). 

Table 18: Medium: granite. Neutrons: DD. Fracture: 0.1 cm; TCA (1 g/cc). 

6.11 MeV signal 
Intensity (n/sec) io7 lo8 io9 

d R  (cm) 54 64 74 
A d R  (Cm) 3 3 4  

Table 19: Medium: granite. Neutrons: DT. Fracture: 0.1 cm; TCA. Location: 0 cm. 

I 6.11 MeV signal I 
Intensity (n/sec) 107 108 109 

densities (g/cc) 7.4 x 2.0 x loe3 5.3 x 
uncertainty (g/cc) 1.8 x 6.4 x 2.3 x 
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Table 20: Medium: granite. Neutrons: DT. Fracture: 0.1 cm; TCA. Location: 15 cm. 

concentrations (ppm) 
uncertainty (ppm) 

I 6.11 MeV signal I 

2.00 0.83 -OF 
0.71 0.38 0.26 

I Intensity (n/sec> I 107 I 108 I io9 I 

Intensity (n/sec) 

concentrations (ppm) 

densities (g/cc) 
uncertainty (g/cc) 

io7 10' io9 
230 120 20 

Table 21: Medium: wet sand. Neutrons: DT. Material in Medium: TCA (ppm). 

uncertainty (ppm) 

I 6.11 MeV signal 

230 120 20 

I Intensity (n/sec> I 1 0 7 W l Y l  

Table 22: Medium: wet sand. Neutrons: DT. Material in Medium: Pb  (ppm). 
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Figure 11: The z = 0 plane of a simulation geometry: Region 0 is the gap, Region 1 
the spherical 1 cm3 Cd detector, Region 2 the B4C neutron shield, Region 3 the granite 
medium, Region 4 the 0.1-cm fracture (exaggerated in size) of salt water (with p = 0.3 g/cc 

NaCl) and Region 5 the W photon shield ( p  = 19.3 g/cc). 

5.2 Angular Dependence of Incident Fractures 

The MCNP geometry for a case with an incident fracture is depicted in Fig. 11 (magnified 
view of the z = 0 plane). Region 4 is a 1-mm fracture of salt water (0.3 g/cc NaCl in 
water). ( p  = 19.3 g/cc). Region 0 is a parallel-plane gap, 0.6-cm thick and at 30 degrees 
with respect to the fracture, in the photon shield.2 Results of photon tallies for the gap 
rotated from 0 to 90 degrees are shown in Figs. 12 and 13. In Fig. 13, the normalized tallies 
are plotted to compare the relative width of the maxima. The maxima occurs when the 
gap is at 0-degree with respect to the fracture. The maximum of the C1 signal is about 
an order of magnitude higher than its neighbor, whereas the maximum of the H signal is 
about twice as high as its neighbor [7]. 

2Results were also obtained for a 1.2-cm thick gap in the W shield. The smaller gap thickness produces a 
sharper (narrower) peak, hence localizing the incident fracture better. However a very small gap thickness 
would let in too few incoming photons, and could result in statistically unreliable data. 
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Figure 12: Photon tallies at 2.23 and 6.11 MeV for a 1-mm salt water fracture versus angle 
of the photon gap. 

6 Conclusions 

From our geometrical setups (see Fig. 8), MCNP results ana data analysis show that it is 
possible to detect signal of the 2.33 MeV photon line of H in granite for a 1-cm fracture 
of water located out to 34 f 4 cm with a neutron source intensity of lo7 DT neutron/sec 
running for lo3 sec (Table 8). 

However, it is not possible to detect any signal for 0.1-cm fractures beyond the neighborhood 
of the origin. Furthermore, if the granite medium is saturated with a uniform density of 
0.1 g/cc water, all the ranges of the H line diminish significantly (see Table 9). 

In comparison, the 6.11 MeV C1 signal from only a 0.3 g/cc density of NaCl in fractures of 
water has longer ranges than those of H (Tables 10 and 11). In fact, the range of the C1 
signal for granite saturated with water (Tables 12 and 13) are slightly higher than those 
for dry granite, due to the good moderating effect of H in water. Fig. 14 illustrates the 
superior properties of the C1 signal relative to the H signal. However, the C1 signal cannot 
be used in naturally saline environments. 
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Angle of Gap 

Figure 13: Normalized photon tallies at 2.23 and 6.11 MeV for a 1-mm salt water fracture 
versus angle of the photon gap. 
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20.0 : :.. 
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Figure 14: Range versus neutron intensity of H (2.33 
1-cm and 0.1-cm fractures of water and salt water. 

MeV) and C1 (6.11 MeV) lines for 
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Figure 15: Range versus DT and DD Neutron Intensity for a 0.1-cm fracture of TCA (1 
g/cc) in granite. 

Results and analyses also show that the C1 signal from TCA-filled fractures (Tables 14 to 
17), are detectable to even longer ranges than fractures of salt water (Tables 10 to 13), due 
to the higher concentration of C1 in TCA than in salt water. Similarly, the range of the C1 
signal from TCA increases slightly for granite saturated with water. 

Fig. 15 compares the ranges from using DT and DD neutrons for the case of a 0.1-cm 
fracture of TCA. DD neutrons, as discussed before, give longer ranges and smaller errors. 

The C1 signal from lower densities of TCA in 0.1-cm fractures can be detected, from N lov2 
to g/cc, depending on location and neutron intensity (Tables 19 and 20). 

Also detectable is the C1 signal for small uniform concentration of TCA, about lO-lppm 
(21), in wet sand. Detection of uniform concentrations of Pb  is more difficult. We use the 
7.38 MeV line for detection [2]. As can be seen in Table 22 much higher concentrations are 
required for detection as compared to C1. The error bar is quite high due to the relatively 
low photon production at 7.38 MeV. Detectable Pb  concentrations vary from about 200 
ppm for a neutron source intensity of io7 n/sec to 20 ppm for io9 n/sec. 

Lastly, Figs. 12 and 13 suggest that it is possible to detect the angular location of an 
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incident lmm fracture of salt water by its C1 signal, where the coincident signal (photon- 
shield gap lining up with fracture) is about ten times that of non-coincident signals. Future 
work may realize gains from an optimization of detector shielding and collimator geometry. 
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A Appendix 

A . l  Tables of MCNP Data 

Tables for MCNP tallies T ,  uncertainty ratios ATIT, statistical quantities R and bR are 
listed, all assuming a neutron source intensity of lo7 neutrons/sec running for lo3 secs 

(hence, ab = l/dm). Water has density 1 g/cc; wet granite has uniform density of 0.3 
g/cc water; salt water has density 1.3 g/cc which includes 0.3 g/cc of NaCl. The following 
is a list of the tables. 

I Table 

4 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

Medium 

granite 
wet granite 

granite 
granite 

wet granite 
wet granite 

granite 
granite 
granite 

wet granite 
granite 

granite 
granite 

wet sand 
wet sand 

Neutrons 

DT 
DT 
DT 
DT 
DT 
DT 
DT 
DT 
DT 
DT 
DD 

Fracture Size (cm) 

1.0 
1.0 
1 .o 
0.1 
1.0 
0.1 
1.0 
0.1 
0.1 
1 

0.1 

1 @ 0 c m  
DT DT I 1 @ 1 5 c m  

D T I  DT I 

Material in Fracture 

water 
water 

salt water 
salt' water 
salt water 
salt water 

TCA (1 g/cc) 
TCA (1 g/cc) 

TCA (0.1 g/cc) 
TCA (0.1 g/cc) 
TCA (1 g/cc) 

TCA 
TCA 
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Table 23: Medium: wet granite. Neutrons: DT. Fracture: 1 cm; water. 

I I = lo7 n/sec (ob = 6.47 x 

I d (cm) I T (2.23 MeV) I (AT)/T ( 1  R I bR 
base 2.39 x 0.0111 - - 

0 3.53 x lov6 0.0094 73.7 3.32 
10 2.98 x 0.0265 38.2 5.54 
20 2.43 x 0.0106 2.59 2.41 

Table 24: Medium: granite. Neutrons: DT. Fracture: 1 cm; salt water. 

I = lo7 n/sec (cq, = 7.09 x 

d (cm) T (6.11 MeV) (AT)/T R bR 
base 1.99 x low8 0.0607 - - 

0 6.59 x 0.0216 453 30.1 
20 1.08 x 0.0356 62.5 5.39 
40 2.36 x 0.0747 2.62 1.61 

Table 25: Medium: granite. Neutrons: DT. Fracture: 0.1 cm; salt water. 

I = lo7 n/sec (q = 7.09 x 
d (cm) 1 T (6.11 MeV) 1 (AT)/T 11 R I 6R 

7.24 x 

32 



Table 26: Medium: wet granite. Neutrons: DT. Fracture: 1 cm; salt water. 

d (cm) T (6.11 MeV) (AT)/T R 
base 4.27 x 0.0404 - 

0 9.87 x 0.0180 457 
20 1.51 x 0.0499 52.4 
40 5.10 x 0.0711 4.01 

bR 
- 

21.1 
4.69 
2.02 

Table 27: Medium: wet granite. Neutrons: DT. Fracture: 0.1 cm; salt water. 

0.0607 
0.0092 
0.0141 
0.0399 

I I = io7 n/sec (q, = 4.84 x 

- - 
773 48.3 
90.8 6.54 
7.30 1.56 

d (cm) I T (6.11 MeV) I (AT)/T 11 R I 6R 

Table 28: Medium: granite. Neutrons: DT. Fracture: 1 cm; TCA (1 g/cc). 

d (4 
base 

0 
20 
40 

T (6.11 MeV) 

1.99 x 
1.11 x 
1.48 x 10-7 
3.02 x 
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Table 29: Medium: granite. Neutrons: DT. F'racture: 0.1 cm; TCA (1 g/cc). 

(AT)/T 
0.0607 
0.0170 
0.0165 
0.0285 
0.0525 

I I = lo7 n/sec (ob = 7.09 x 
R SR 

- - 
155 10.7 
78.8 5.84 
21.0 2.35 
6.95 1.69 

T (6.11 MeV) 

1.99 x 
2.39 x 10-7 

4.95 x 10-8 
2.97 x 

1.31 x 

base 
0 
10 
20 
30 

1.99 x 
3.10 x 10-7 
1.31 x 10-7 
4.80 x lo-' 
2.67 x 

Table 30: Medium: granite. Neutrons: DT. Fracture: 0.1 cm; TCA (0.1 g/cc). 

I I = lo7 n/sec (ob = 7.09 x 
I d (cm) I T (6.11 MeV) 

0.0607 
0.0148 
0.0171 
0.0281 
0.0448 

R I 6R 

206 13.7 
78.8 5.86 
19.9 2.28 1 4.82 1.43 

Table 31: Medium: wet granite. Neutrons: DT. Fracture: 1 cm; TCA (1 g/cc). 

I I = lo7 n/sec (ob = 4.84 x 

T (6.11 MeV) I (AT)/?? 
4.27 x 
1.97 x 

5.42 x 
2.30 x 10-7 

0.0404 
0.0135 
0.0341 
0.0660 

- 
R - - - 

933 
90.6 
5.57 - 

6R 
- 

40.6 
5.88 
2.03 
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Table 32: Medium: granite. Neutrons: DD. Fracture: 1 cm; TCA (1 g/cc). 

I I = lo7 n/sec (ah = 5.60 x I , -  

d (cm) I T (6.11 MeV) I (AT)/T 11 R I 6R 
base 3.19 x 0.0728 - - 

0 2.00 x 0.0134 1100 82.9 
20 2.53 x 0.0155 124 10.5 
40 5.17 x 0.0554 11.1 2.64 

Table 33: Medium: granite. Neutrons: DT. Fracture: 0.1 cm; TCA. Location: 0 cm. 

I I = io7 n/sec ( a b  = 7.09 x I 
Density (g/cc) T (6.11 MeV) (AT)/T R 6R 

base 1.99 x 0.0607 - - 
1.0 2.39 x 0.0170 155 10.6 
0.5 1.62 x 0.0280 101 7.68 
0.1 5.10 x 0.0340 22.0 2.52 

Table 34: Medium: granite. Neutrons: DT. Fracture: 0.1 cm; TCA. Location: 15 cm. 

I I = io7 n/sec (ob = 7.09 x 
Density (g/cc) I T (6.11 MeV) 

1.99 x 
7.58 x 
6.38 x r 0.50 4.93 x 10-8 

0.0607 - - 
0.0201 39.6 3.44 
0.0208 31.1 2.90 
0.0245 20.8 2.29 
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Table 35: Medium: wet sand. Neutrons: DT. Material: TCA (ppm). 
~ ~ ~ ~ ~ ~~~ ~ ~~ 

I = lo7 n/sec (ob = 4.51 x 
Concentration (ppm) T (6.11 MeV) (AT)/T R SR 

base 4.91 x 0.0733 - - 
1000 2.39 x 0.0108 1060 79.9 
100 3.48 x 0.0282 135 12.3 
10 7.93 x 0.0585 13.6 3.36 

Table 36: Medium: wet sand. Neutrons: DT. Material: Pb (ppm). 

I = lo7 n/sec (c,, = 4.51 x 
Concentration (ppm) 

base 
105 

103 
lo2 

T (6.11 MeV) (AT)/T 
4.01 x lo-'' 0.92 
2.76 x 10-7 0.02 
3.13 x 10-9 0.26 
4.94 x lo-'' 0.48 

R 1 SR 
- 

1380 1270 
13.6 14.9 
0.464 2.56 
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j 
A.2 A Sample MCNP Code 

Below is a MCNP code simulating the release of 8 x lo6 14-MeV neutrons in a granite 
medium with a 1-cm thick fracture of salt water (0.3 g/cc NaCl) located at 20 cm away 
from the detector. 

Cyl. Bore Hole and Rectangular Granite with a lcm-thick Fracture of Salt Water 
C 
C 
C 
C 
C 
11 

21 

C 
C 
31 

41 

51 
61 
71 

81 
91 
101 

C 

C 
C 
C 
C 
511 

C 
52 1 

C 
831 

Cell Cards are made up of five sets of numbers: 

(1) Cell number, (2) Material Card number, (3) Mass Densities, 

(4) Boundary Surfaces, (5) Cell biasing factors 

Cd Detector with B-4C Shield 
1 -2.58 -10 

2 -2.255 -20 10 

Borehole Geometry: cylindrical slabs 

0 20 510 -610 -30 

0 (-510 520 -30):(610 -620 -30) 

0 (-520 530 -30) : (620 -630 -30) 

0 (-530 540 -30) : (630 -640 -30) 
0 (-540 550 -30):(640 -650 -30) 
0 (-550 560 -30):(650 -660 -30) 

0 (-560 570 -30):(660 -670 -30) 
0 (-570 580 -30):(670 -680 -30) 

imp:n=4.4E-3 imp:p=5.8E-3 

imp:n=3.6E-3 imp:p=1.6E-3 

imp:n=3.6E-3 imp:p=l.6E-3 

imp:n=3.3E-3 imp:p=4.OE-4 

imp:n=2.6E-3 imp:p=l.8E-4 
imp:n=l.6E-3 imp:p=5.8E-5 
imp:n=7.4E-4 imp:p=l.7E-5 
imp:n=2.5E-4 imp:p=4.5E-6 
imp:n=6.6E-5 imp:p=1.2E-6 
imp:n=l.4E-5 imp:p=3.4E-7 

Granite Geometry: nested cubic boxes 
Cells with 500’s numbers are granite, 800’s are salt water. 

First Cubic Box 

3 -2.50 120 -220 320 -420 520 -620 30 

imp:n=3.3E-3 imp:p=4.OE-4 

Second Cubic Box 

3 -2.50 (30 130 -230 330 -430 -520 530) : (30 130 -230 330 -430 620 -630) 

:(130 -230 330 -320 520 -620):(130 -230 420 -430 520 -620) 

:(130 -120 320 -420 520 -620):(220 -230 320 -420 520 -620) 

imp:n=2.6E-3 imp:p=1.8E-4 
Third Cubic Box 

4 -1.30 140 -240 810 -820 540 -640 
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imp:n=1.6E-3 imp:p=5.8E-5 

531 3 -2.50 (30 140 -240 340 -810 -530 540):(30 140 -240 820 -440 -530 540) 

:(30 140 -240 340 -810 630 -640):(30 140 -240 820 -440 630 -640) 

:(I40 -240 340 -330 530 -630):(140 -240 430 -810 530 -630) 

:(140 -240 820 -440 530 -630) 

:(140 -130 330 -430 530 -630):(230 -240 330 -430 530 -630) 
imp:n=1.6E-3 imp:p=5.8E-5 

C Fourth Cubic Box 

841 4 -1.30 (30 150 -250 810 -820 -540 550):(30 150 -250 810 -820 640 -650) 

: (150 -140 810 -820 540 -640) : (240 -250 810 -820 540 -640) 

imp:n=7.4E-4 imp:p=1.7E-5 

541 3 -2.50 (30 150 -250 350 -810 -540 550):(30 150 -250 820 -450 -540 550) 

: (30 150 -250 350 -810 640 -650) : (30 150 -250 820 -450 640 -650) 

:(150 -250 350 -340 540 -640):(150 -250 440 -450 540 -640) 

:(I50 -140 340 -810 540 -640):(150 -140 820 -440 540 -640) 

:(240 -250 340 -810 540 -640):(240 -250 820 -440 540 -640) 
imp:n=7.4E-4 imp:p=1.7E-5 

C Fifth Cubic Box 
851 4 -1.30 (30 160 -260 810 -820 -550 560):(30 160 -260 810 -820 650 -660) 

:(I60 -150 810 -820 550 -650):(250 -260 810 -820 550 -650) 
imp:n=2.5E-4 imp:p=4.5E-6 

551 3 -2.50 (30 160 -260 360 -810 -550 560):(30 160 -260 820 -460 -550 560) 

:(30 160 -260 360 -810 650 -660):(30 160 -260 820 -460 650 -660) 

:(160 -260 360 -350 550 -650):(160 -260 450 -460 550 -650) 

:(I60 -150 350 -810 550 -650):(160 -150 820 -450 550 -650) 

:(250 -260 350 -810 550 -650):(250 -260 820 -450 550 -650) 
imp:n=2.5E-4 imp:p=4.5E-6 

C Sixth Cubic Box 
861 4 -1.30 (30 170 -270 810 -820 -560 570):(30 170 -270 810 -820 660 -670) 

:(170 -160 810 -820 560 -660):(260 -270 810 -820 560 -660) 
imp:n=6.6E-5 imp:p=l.2E-6 

561 3 -2.50 (30 170 -270 370 -810 -560 570):(30 170 -270 820 -470 -560 570) 

:(30 170 -270 370 -810 660 -670):(30 170 -270 820 -470 660 -670) 

:(170 -270 370 -360 560 -660):(170 -270 460 -470 560 -660) 
: (170 -160 360 -810 560 -660) : (170 -160 820 -460 560 -660) 

:(260 -270 360 -810 560 -660):(260 -270 820 -460 560 -660) 

imp:n=6.6E-5 imp:p=1.2E-6 
C Seventh Cubic Box 
871 4 -1.30 (30 180 -280 810 -820 -570 580):(30 180 -280 810 -820 670 -680) 

:(180 -170 810 -820 570 -670):(270 -280 810 -820 570 -670) 
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57 1 

C 
9999 

C 

C 
C 
C 
C 
10 
20 

30 

C 
120 
220 

130 
230 

140 
240 

150 
250 

160 
260 

170 
270 

180 
280 

C 
320 
420 

330 
430 

340 
440 

imp:n=1.4E-5 imp:p=3.4E-7 
3 -2.50 (30 180 -280 380 -810 -570 580):(30 180 -280 820 -480 -570 580) 

:(30 180 -280 380 -810 670 -680):(30 180 -280 820 -480 670 -680) 

: (180 -280 380 -370 570 -670) : (180 -280 470 -480 570 -670) 

:(180 -170 370 -810 570 -670):(180 -170 820 -470 570 -670) 

:(270 -280 370 -810 570 -670):(270 -280 820 -470 570 -670) 
imp:n=1.4E-5 imp:p=3.4E-7 

Outside Void 
0 -180:280:-380:480:-580:680 imp : n=O imp : p=O 

Surface Cards have 3 s e t s  of inputs: 
(1) surface number, (2) surface character (plane, sphere e tc )  and 
(3) locat ion of surf ace 
so 2 $Cd Sphere 
so 2.5 $B4C Shield 
cz 5 $cylinder of radius 5 cm, center at  or ig in  

yz-planes 
px -9.584 $yz-plane 
px 9.584 $yz-plane 
px -18.296 $yz-plane 
PX 18.296 $yz-plane 
px -29.622 $yz-plane 
px 29.622 $yz-plane 
px -43.562 $yz-plane 
px 43.562 $yz-plane 
px -59.244 $yz-plane 
px 59.244 $yz-plane 
px -74.926 $yz-plane 
px 74.926 $yz-plane 
px -87.123 $yz-plane 
px 87.123 $yz-plane 

py -9.584 $xz-plane 
py 9.584 $xz-plane 
py -18.296 $xz-plane 
py 18.296 $xz-plane 
py -29.622 $xz-plane 
py 29.622 $xz-plane 

xz-Surf aces 
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350 
450 
360 
460 
370 
470 
380 
480 
810 
820 
C 
5 10 
610 
520 
620 
530 
630 
540 
640 
550 
650 
560 
660 
570 
670 
580 
680 

PY 
PY 
PY 
PY 
PY 
PY 
PY 
PY 
PY 
PY 

-43.562 
43.562 

-59.244 
59.244 

-74.926 
74.926 

-87.123 
87.123 
20.0 
21.0 

xy-Surfaces 
-4.356 
4.356 

-9.584 
9.584 

-18.296 
18.296 

-29.622 
29.622 

-43.562 
43.562 

-59.244 
59.244 

-74.926 
74.926 

-87.123 
87.123 

$xz-plane 
$xz-plane 
$xz-plane 
$xz-plane 
$xz-plane 
$xz-plane 
$xz-plane 
$xz-plane 
$xz-plane 
$xz-plane 

$xy-plane 
$xy-plane 
$xy-plane 
$xy-plane 
$xy-plane 
$xy-pl&e 
$xy-plane 
$xy-plane 
$xy-plane 
$xy-plane 
$xy-plane 
$xy-plane 
$xy -plane 
$xy-plane 
$xy-plane 
$xy-plane 

m l  
C 
m2 

C 
m 3  

I $Cd 

Material Cards a re  made of three sets of nubmers 
(1) Material label corresponding t o  those i n  Cell Cards. 
(2) MCNP l i b ra ry  using Z and A atomic numbers. 
(3) Weight f rac t ion  of each isotope. 
Detector 
48000.35C 

Shield 
5010.60C - .782610 $B 

12000.60C -.217390 $C 
Granite 

1001.60C - .001164 $€I 
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C 
rn4 

mt4 

6000.60C 
8016.60C 

11023.60C 
12000.60C 
13027.60C 
14000.60C 
15031.60C 
19000.60C 
20000.60C 
22000.60C 
25055.60C 
26056.60C 
Water 

1001.60C 
8016.60C 

11023.60C 
17000.60C 
lwtr 

-.000218 $C 
-.481577 $0, no natural  0 
-.027820 $Na 
-.010493 $Mg 
-.083251 $A1 
-.308928 $Si 
-.000786 $P 
-.022663 $K 
-.027373 $Ca 
-.003236 $Ti 
-.000620 $Mn 
-.031871 $Fe no n a t l  Fe 

-.086073 $H 
-.683158 $0, no natural  0 
-.090779 $Na 
-.139991 $C1 

C 
mode n p 
C 
C Neutron Source Definit ions 
C 
C 
C 

Modes: here both neutron and photon t ransport  are  simulated 

s p a t i a l  posi t ion of neutron source, c e l l  number of source locat ion,  
energy of source neutrons, bias  weight of of source neutrons, 
s t a r t i n g  t i m e  f o r  t he  release of neutrons. 

sdef 
C 
C 
C Tallies: tl, t 2 ,  t 3 ,  ..., 

pos=O 0 4 cel=31 erg=l4 

C 0 t o  tl, tl t o  t 2 ,  ..., 
tO le2 le3 2e3 3e3 le38 
C 
C 
f c5  

w g t = l  tme=0 

t n .  where t h e  tal l ies are  taken from 
tn-1 t o  t n .  t n  i n  units of 10^(-8) sec 

C 
C 
C 

f 5  t a l l y :  
of t h e  detector.  
volume over which the  average is taken. 

t he  f i r s t  three numbers a re  the s p a t i a l  location 
The last number is the  radius of spherical  

f5:p 0.0 0.0 0.0 2.0 
C 
C Energy in t e rva l s  f o r  photon tall ies 
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C 
e5 0.0 9991 10 

C 
fc15 **Neutron Tallies** 
C f5 t a l l y  f o r  neutrons. The f i r s t  t h ree  numbers are the  s p a t i a l  
C locat ion of t h e  neutron detector.  The last is the  radius of 
C t h e  spherical  volume over which the  average is taken. 
f15:n 0.1 0.0 0.0 0.0 
C 
e15 1.26E-10 2.00E-10 3.16E-10 5.OlE-10 7.94E-10 

beginning energy bin i n  MeV, number of i n t e rva l s ,  f i n a l  energy bin. 

Energy in t e rva l s  for neutron t a l l i e s  (MeV) 

1.26E-09 2.00E-09 3.16E-09 5.01E-09 7.94E-09 

1.26E-08 2.00E-08 3.16E-08 5.OlE-08 7.94E-08 

1.26E-07 2.00E-07 3.16E-07 5.OlE-07 7.94E-07 

1.26E-06 2.00E-06 3.16E-06 5.0lE-06 7.94E-06 

1.26E-05 2.00E-05 3.16E-05 5.OlE-05 7.94E-05 

1.26E-04 2.00E-04 3.16E-04 5.01E-04 7.94E-04 

1.26E-03 2.00E-03 3.16E-03 5.01E-03 7.94E-03 

1.26E-02 2.00E-02 3.16E-02 5.OlE-02 7.94E-02 
1.26E-01 2.00E-01 3.16E-01 5.OlE-01 7.94E-01 

1.26 2.00 3.16 5.01 7.94 
12.6 ' 20 

C 
C Number of Source Neutrons 
nPS 8000000 
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