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1.0 PURPOSE

The purpose of these calculations is to determine the gamma and neutron dose rates as a
function of distance from the boundary (security fence) of the Private Fuel Storage ISFSI. The
calculations are based on a cask array containing 4000 casks that are loaded with 40 GWd/MTU
- 10 year cooled PWR fuel. These calculations are based upon the preliminary ISFSI layout

provided by Stone & Webster Engineering Corp. (Ref. 1).

Since a PWR basket loaded with design basis fuel produces higher dose rates on the
storage cask surface than a BWR basket containing design basis BWR fuel (Ref. 2), the PWR
case will be bounding. Also, the assumed 10 year cooling time is extremely conservative, since
the fully loaded PFS ISFSI is expected to have an average spent fuel cooling time that is well
over 20 years. The minimum cooling time required to ship 40 GWd/MTU PWR fuel to the PFS
ISFSI is 7 years (Ref. 3), just three vears under the assumed average cooling time. The potential

effects of higher burnup fuel on ISFSI dose rates is also discussed in this document.

The gamma and neutron dose rates are calculated at a large number of distances from the
ISFSI security fence. Studied distances range from zero to ~2000 feet (600 m) from the fence.
Dose rates due to radiation leaving the cask side surfaces (direct + scattered) and dose rates due
to radiation leaving the cask top surfaces (scattered only) are determined separately. The PFS
ISFSI may employ a berm to reduce dose rates around the ISFSI. Dose rates are calculated for

— an ISFSI with and without a berm present.

This ISFSI dose rate calculation is very similar to the one presented in SNC Document #
PFS01.10.02.02 (Ref. 4). The only difference between the two calculations is that this
calculation uses the SKYSHINE II particle scattering code, whereas the Ref. 4 calculations were
based on the MCNP monte-carlo shielding code. These calculations were performed to obtain a

second set of dose rate predictions and to compare the results of the two codes.

Regulations require that the dose rate be under 25 mrem/year at the site boundary (which
is 600 m from the security fence) assuming a 2000 hour/year occupancy factor. A dose rate
under 2 mrem/hour at the security fence is also desired. A dose rate calculation for the “nearest
neighbor” (10,000 feet from the security fence) is also required. It is desired that both codes
(SKYSHINE II and MCNP) predict dose rates under the regulatory (or desired) limits at these

three locations.
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2.0 RESULTS/CONCLUSIONS

The dose rate contributions from four components, gammas leaving the cask sides,
neutrons leaving the cask sides, gammas leaving the cask tops, and neutrons leaving the cask
tops, are listed separately in Table 1 for the 4000 cask ISFSI. The dose rate contributions are
shown for a large number of distances (from the ISFSI security fence).

Based on the Table | resuits, the total gamma and neutron dose rates (as a function of
distance) can be determined. These results are shown in Table 2. The Table 2 results
correspond to an ISFSI with no berm present. The dose rate results for an ISFSI with a berm
present are shown in Table 3. For the no-berm case, the components shown in Table 1 are
simply summed to yield the total dose rate. For the berm case, the same is true except that the
cask side gamma and neutron dose rate components are simply not included in the total dose
rate results. The berm will totally block the direct radiation leaving the cask sides from reaching
the detector locations outside the berm.

TABLE 1
DOSE RATE COMPONENTS (VS. DISTANCE)
FOR THE PFS ISFSI
(mrem/hr)
Distance to Gamma Dose Rate | Neutron Dose Rate | Gamma Dose Rate | Neutron Dose Rate
Detector (feet) | From Cask Sides From Cask Sides From Cask Tops From Cask Tops
0 2.660E-01 1.373E-03 1.846E-01 2.955E-03
50 1.860E-01 9.349E-04 1.344E-01 2.172E-03
100 1.564E-01 7.768E-04 1.070E-01 1.750E-03
200 1.079E-01 5.235E-04 6.777E-02 1.137E-03
328 (100 m) 6.496E-02 3.060E-04 3.790E-02 6.563E-04
500 3.173E-02 1.433E-04 1.771E-02 3.199E-04
1000 4.992E-03 2.120E-05 2.953E-03 5.897E-05
1500 1.112E-03 4.795E-06 9.380E-04 2.006E-05
1968.5 (600 m) 4.489E-04 1.953E-06 7.460E-04 1.617E-05
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TABLE 2

TOTAL DOSE RATES VS. DISTANCE
FOR THE PFS ISFSI - WITHOUT BERM

Calculation Number:

PFS01.10.02.03

(mrem/hr)
Distance to Total Gamma Total Neutron Total
Detector (feet) Dose Rate Dose Rate Dose Rate
0 4.506E-01 4.328E-03 4.549E-01
50 3.204E-01 3.107E-03 3.235E-01
100 2.634E-01 2.527E-03 2.659E-01
200 1.757E-01 1.661E-03 1.773E-01
328 (100 m) 1.029E-01 9.623E-04 1.038E-01
500 4.944E-02 4.632E-04 4 990E-02
1000 7.945E-03 8.017E-05 8.025E-03
1500 2.050E-03 2.486E-05 2.075E-03
1968.5 (600 m) 1.195E-03 1.812E-05 1.213E-03
TABLE 3
TOTAL DOSE RATES VS. DISTANCE
FOR THE PFS ISFSI - WITH BERM
(mrem/hr)
Distance to Total Gamma Total Neutron Total
Detector (feet) Dose Rate Dose Rate Dose Rate
0 1.846E-01 2.955E-03 1.876E-01
50 1.344E-01 2.172E-03 1.366E-01
100 1.070E-01 1.750E-03 1.088E-01
200 6.777E-02 1.137E-03 6.891E-02
328 (100 m) 3.790E-02 6.563E-04 3.856E-02
500 1.771E-02 3.199E-04 1.803E-02
1000 2.953E-03 5.897E-05 3.012E-03
1500 9.380E-04 2.006E-05 9.581E-04
1968.5 (600 m) 7.460E-04 1.617E-05 7.622E-04
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The total dose rate at the controlled area boundary must be under 25 mrem/year, based
on a 2000 hour/year occupancy factor. This corresponds to a limiting total dose rate of 0.0125
mrem/hour. The results show that the total dose rate at the proposed PFS boundary 600 m from
the security fence is below the above limit by a very wide margin (more than an order of
magnitude). This is true whether a berm is present or not. The results shown in Tables 2 and 3
also suggest that the controlled area boundary could be as close as 1000 feet from the security
fence, with or without a berm present. The presence of a berm does not dramatically reduce the
required distance because the scattered radiation from the cask top surfaces (“skyshine”)
contributes significantly to the overall dose rate and because the dose rate is a very strong
function of distance.

As discussed in Section 4, the ISFSI dose rate is determined, through a straightforward
arithmetic calculation, from the single cask dose rate vs. distance results shown in Table 4 of
Section 3. The dose rate results shown in Table 4 were calculated using the SKYSHINE II
code. SKYSHINE II single cask dose rate results are only available out to 2000 ft. from the
cask (see Section 4). For casks that are more than 2000 ft. from the detector, the 2000 ft. dose
rate values are conservatively used. In the case where the detector is ~2000 ft. from the security
fence, many of the casks in the ISFSI are more than 3000 ft. from the detector. The dose rate
results presented in Table 4 of Ref. 4, and the 1000 and 2000 ft. dose rate results presented in
Table 4 of this document show that the dose rates fall off by more than an order of magnitude
for each additional 1000 feet of distance. Thus, assuming a distance of 2000 ft. for all casks that
are further than 2000 ft. will yield a large amount of conservatism in the ISFSI dose rate
calculation.

Comparing the SKYSHINE II single cask dose rate vs. distance data shown in Table 4 of
this document with the corresponding MCNP values shown in Table 4 of Ref. 4 shows the
following. For the cask side gamma dose rate contributions, the codes agree fairly well with
each other. They remain within a factor of two of each other throughout the distance range, with
different codes predicting higher dose rates at different distances within the range. At the 2000
ft. distance, SKYSHINE II predicts a cask side gamma dose rate that is 33% higher than that
predicted by MCNP. The codes also agree relatively well with respect to the cask top gamma
dose rate contributions. The results show that MCNP predicts dose rates that are about 50% to a
factor of two higher than those predicted by SKYSHINE II for most distances. The results
show, however, that for the critical 2000 ft. distance, SKYSHINE II over-predicts MCNP by
17%. '
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For neutron dose rates, however, there is a substantial disagreement between the two
codes. For cask side neutron dose rate contributions, MCNP predicts dose rates that are about a
factor of 20 higher than those predicted by SKYSHINE II over the entire distance range. For the
cask top neutron dose rate contribution, the disagreement is even stronger for the lower
distances. For the cask top neutron dose rate, MCNP over-predicts SKYSHINE II by a factor of
500 for closer distances (~50 ft.) and over-predicts SKYSHINE II by a factor of 20 at the 2000

ft. distance.

The above differences show up in the final ISFSI dose rate results for the two codes.
Table 1 of this document shows that neutron dose rates do not significantly contribute to the
overall ISFSI dose rate. Table 1 of Ref. 4, however, shows that the cask top neutron dose rate
contribution is the single largest contributor to the ISFSI dose rate. Given the relative
agreement on gamma dose rates, and MCNP’s much higher neutron dose rate predictions. one
would expect MCNP to yield higher overall ISFSI dose rates. Comparing Tables 2 and 3 of this
document to Tables 2 and 3 of Ref. 4 shows that this is the case over most of the distance range,
with MCNP predicting ISFSI total dose rates that are about a factor of four higher than those
predicted by SKYSHINE II. However, the SKYSHINE II dose rates fall off much less between
1000 and 2000 ft. than do the MCNP results. In fact, at 2000 ft., the codes roughly agree with
one another with SKYSHINE II over-predicting MCNP by 3%.

The SKYSHINE II results “catch up” with the MCNP results between 1000 and 2000 ft.
because, in the SKYSHINE II ISFSI dose calculations, the 2000 ft. dose rate values are assumed
for all casks that are over 2000 ft. from the detector. As the detector moves from 1000 ft. (from
the security fence) to 2000 ft., a significant number of casks in the ISFSI become significantly
more than 2000 ft. from the detector. Thus, the conservative 2000 ft. assumption starts to
significantly impact the SKYSHINE II dose rate calculation. At a 2000 ft. detector distance,
this conservative effect is enough to cancel the effect of MCNP’s higher neutron dose rate
predictions. In Section 2 of Ref. 4, a dose rate based on assuming the 2000 ft. resuits for all
casks beyond 2000 ft. was calculated (based on MCNP results). The calculated total ISFSI dose
rate, using this assumption, for a detector distance of 2000 ft was 5.0 x 10 mrem/hr. This is
about a factor of four higher than the 2000 ft. dose rate calculated by SKYSHINE II (as shown
in Table 2). This is exactly consistent with the level of MCNP over-prediction that occurs over
the rest of the distance range.
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As stated in Section 1, the dose rate results are based upon 40 GWd/MTU PWR fuel
- with a cooling time of 10 years. Since gamma dose rates fall of rapidly with time, and because
the average cooling time for fuel in the PFS ISFSI is well over 20 years, the design basis case
described above will clearly give conservative gamma dose rate predictions for the ISFSI. This
is less clear, however, for neutrons, because 1) neutron dose rates decay slowly with time; 2)
neutron source strengths (and therefore dose rates) are a very strong function of burnup, and; 3)

fuel burnup levels as high as 60 GWd/MTU may be stored in the PFS ISFSI.

According to the OCRWM Spent Fuel Computer Database (Ref. 5), the neutron source
strength for 60 GWd/MTU - 15 year cooled PWR fuel is higher than the 40 GWd/MTU - 10
year cooled fuel neutron source strength used in this analysis by a factor of ~2.3. This is the
minimum required cooling time for shipping 60 GWd/MTU fuel in the TranStor™ shipping cask
(Ref. 3). The gamma source strengths for the 60 GWd/MTU - 15 year case are bounded by the
gamma source strengths for the 40 GWd/MTU case. If the ISFSI neutron dose rates (which
make up a small fraction of the total) are multiplied by 2.3, and the gamma dose rates are left
unchanged, the calculated 600 m dose rates are still well under the regulatory limit of 0.0125
mrem/hr. The dose rates would remain under the regulatory limit even if the bounding approach
of assuming all casks are 2000 ft. from the detector is used. Therefore, storage of any amount of
fuel with burnup levels up to 60 GWd/MTU in the PFS ISFSI will not cause regulatory dose rate
limits to be exceeded at the proposed 600 m site boundary.

~ In support of calculating the dose rate at the location of the nearest neighbor to the
ISFSI, a dose rate calculation for a distance of 10,000 feet is also desired. However,
SKYSHINE II single cask dose rate vs. distance results are not available for distances greater
than 2000 feet. However, an upper bound estimate of the dose rate at 10,000 ft. can be made
using the approach described below.

The maximum occupancy factor of 8766 hours/year is assumed for the nearest neighbor
location. At this occupancy factor, the dose rate at ~2000 feet (600 m) is about 11 mrem/vear,
even if the ultra-conservative bounding approach (all casks at 2000 feet) is used. The results
shown in Tables 1-4 of this document and Ref. 4 also clearly show that the dose rates decrease
by at least a factor of 5 for every additional 1000 feet of distance from the ISFSI (for distances
over 1000 feet). Therefore, an upper bound estimate for the 10,000 foot dose rate would be only
3.0x 107 mrem/year (11 mrem/year divided by 5.0 to the eighth power). This extrapolation out
to 10,000 feet does involve a significant amount of uncertainty. It can, however, be stated with
an extremely high confidence level that the dose rate at the 10,000 foot distance is much less
than 0.1 mrem/year.
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3.0 DESIGN INPUT AND ASSUMPTIONS

The only significant design input data to this calculation is the single cask dose rate vs.
distance data for the four dose rate components described in Sections 1 and 2. Dose rate vs.
distance data for a single TranStor™ storage cask loaded with 40 GWd/MTU - 5 year cooled
PWR fuel is given in Refs. 6 and 7. These dose rates were calculated by adjusting dose rate vs.
distance data previously calculated for the VSC-24 storage cask using the SKYSHINE II code
(Ref. 8). The dose rates calculated (for each distance) for the VSC-24 cask were multiplied by
the ratio of surface dose rates (TranStor™ over VSC-24) to yield dose rate vs. distance data for
the TranStor™ storage cask. The dose rate ratios were based upon VSC-24 storage cask surface
dose rates from Ref. 9 and TranStor™ storage cask surface dose rates from Ref. 2. The dose
rates for each of the four contributions were multiplied by the dose rate ratio for the
corresponding cask surface and radiation type. The single TranStor™ cask dose rate vs. distance
data (from Refs. 6 and 7) is shown below in Table 4.

TABLE 4

-~ DOSE RATE VS. DISTANCE
FROM A SINGLE TRANSTOR™ STORAGE CASK
CONTAINING 40 GWd/MTU - 5 YEAR COOLED PWR FUEL

(mrem/hr)
Distance Cask Side Cask Side Cask Top Cask Top
From Gamma Neutron Gamma Neutron

Cask Side Dose Rate Dose Rate Dose Rate Dose Rate

50 1.26 E-01 4.47 E-04 2.88 E-03 2.84 E-05

200 8.63 E-03 2.70 E-05 3.81 E-04 3.53 E-06

1000 1.94 E-04 4.93 E-07 9.49 E-06 1.07 E-07

2000 8.47 E-06 222 E-08 3.73 E-07 4.87 E-09
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The data presented in Refs. 6 and 7 is for 5 year cooled fuel. For this calculation, dose
rate vs. distance must be calculated for 10 year old fuel. Table 7 of Ref. 7 gives the fuel region
gamma source strengths, by energy line, as a function of cooling time for 40 GWd/MTU PWR
fuel. Gamma source strengths are shown for 5 and 10 year old fuel. Table 8 of Ref. 7 gives the
ratio (by gamma energy line) of the gamma source strength for each cooling time over the
gamma source strength for 5 year old fuel. The Table 8 (of Ref. 7) resuits show that for all of
the gamma energy lines between 0.8 and 2.75 MeV, the gamma source strengths for 10 year old
fuel are less than half the gamma source strengths for 5 year old fuel. As stated in the 1996
NRC Cask Review Plan (Ref. 10), only gamma energies between 0.8 and 2.5 MeV contribute
significantly to cask external dose rates. Also, the assembly non-fuel region gamma sources
(the bottom nozzle, gas plenum, and top nozzle region gamma sources) are entirely due to the
presence of Co-60, which has a ~ 5 year half-life.

For the above reasons, the surface gamma dose rates for a TranStor™ cask loaded with
10 year old fuel will be less than half the surface gamma dose rates for a TranStor™ cask loaded
with 5 year old fuel (for all cask surfaces). Therefore, the single cask gamma dose rates (vs.
distance) presented in Refs. 6 and 7 are divided by two to yield the gamma dose rates vs.
distance for 40 GWd/MTU - 10 year old fuel.

Data from the OCRWM Spent Fuel Computer Database (Ref. 5) shows that the total
neutron source strength for 40 GWd/MTU - 10 year cooled PWR fuel is 0.83 times the total
neutron source strength for 40 GWd/MTU - 5 year cooled PWR fuel. Since the neutron source
spectrum and the axial neuton source profile within the assembly fuel region do not
significantly vary with fuel cooling time, the neutron dose rates on the cask surfaces for 10 year
old fuel will also be about 0.83 times the neutron dose rates for 5 year old fuel. Thus, the single
cask neutron dose rate vs. distance data shown in Refs. 6 and 7 is multiplied by 0.83 to yield the
single cask neutron dose rate vs. distance data for 10 year old fuel that shall be used in these
analyses.

The single cask dose rate vs. distance data for 10 year old fuel, which is the primary
design input for these calculations, is shown in Table 5. As stated above, the gamma dose rate
data presented in Table 5 is simply that presented in Table 4 times 0.5. The neutron dose rate
data presented in Table 5 is that presented in Table 4 times 0.83.
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TABLE 5

DOSE RATE VS. DISTANCE
FROM A SINGLE TRANSTOR™ STORAGE CASK
CONTAINING 40 GWd/MTU - 10 YEAR COOLED PWR FUEL

(mrem/hr)

Distance Cask Side Cask Side Cask Top Cask Top

From Gamma Neutron Gamma Neutron
Cask Side Dose Rate Dose Rate Dose Rate Dose Rate
50 6.30 E-02 3.71 E-04 1.44 E-03 2.36 E-05
200 4.32 E-03 2.24 E-05 1.91 E-04 2.93 E-06
1000 9.70 E-05 4.09 E-07 4.75 E-06 8.88 E-08
2000 4.24 E-06 1.84 E-08 1.87 E-07 4.04 E-09

Given the design input data provided in Table 5, the ISFSI dose rate calculation is a
straightforward arithmetic calculation. No other input data is used, other than the proposed
ISFSI layout (discussed later in this section and shown in Figure 2). There are some
assumptions made, however, in the calculation. These assumptions are given below.

Due to the close proximity of the casks, the cask side dose rate contributions from all
casks except those on the edge of the ISFSI are assumed to be completely blocked by other
casks. Thus, for a detector at some distance from a given side of the ISFSI, only the casks in the
“*front row” of the ISFSI will contribute to the cask side dose rate component. This is a valid
assumption. The casks are spaced 15 feet apart, and the casks are 11.33 feet wide, so there is

- only 3.67 feet between casks. A very small fraction of the cask side flux can escape through this

narrow space.

In the ISFSI dose calculation, the detectors are placed at given distances away from the
center of the ISFSI side. For a regular square pitched cask array, radiation from inner casks
would have to leave the surfaces of the inner casks at a very shallow angle in order to pass
between the front row casks and move in the direction of the detector. This is illustrated in
Figure 1. In reality, the angular distribution of the radiation leaving the cask side surfaces is far
from isotropic, with almost all of the radiation leaving in a direction almost normal to the cask
surface. Thus, an exwremely small amount of radiation would actually follow such a path.
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It is also true that, for a regular square pitched cask array, radiation leaving the surface of
a cask in the row right behind the “front” (outer) row can pass between the adjacent front row
casks and leave the ISFSI. This radiation is leaving the cask surface in the normal direction, but
the radiation escapes the ISFSI in a direction that is roughly 30 degrees off the normal vector
(which points straight towards the detector). This is also illustrated in Figure 1.

This escaping radiation is not of significant concern due to its direction of travel. If a
detector were placed on the site boundary line at a point not directly over the center of the ISFSI
side wall, but at an angle 30 degrees off the normal vector, the distance from the detector to the
casks would increase by about 15%. Given the exponential drop-off rate in dose rate (vs.
distance) at large distances, the overall dose rate at such a location would be lower than that
measured at a detector placed above center of the ISFSI side.

As an example, the dose rate falls by roughly an order of magnitude between 2000 and
3000 feet. If the 2000 ft. detector were placed 30 degrees off the normal angle, the distance
would increase to ~2300 feet. Based on the dose rate’s fall off with distance, this would
correspond to at least a factor of two reduction in the total dose rate.

Due to the small space between the front row casks, only a fraction of the cask side dose
rate from the “second” cask row will escape the ISFSI (see Figure 1). Therefore, the cask side
dose rate contributions would not increase by a factor of two due to this leaking radiation.

— Furthermore, the cask side dose rates are only a fraction of the overall dose rate. Thus, this cask
side radiation leaking between casks would not nearly make up for the factor of two reduction in
dose rate due to the increased distance to the detector. For these reasons, a detector placed
directly over the ISFSI side will measure higher dose rates than a detector that is placed at an
angle relative to the side wall in order to pick up the radiation leaking from the second cask row.

For a detector directly over the center of the ISFSI side, radiation from the second cask
row is not significant, as discussed earlier. It is true that, for a detector 2000 feet from the center
of the ISFSI side, the angle between the casks at the ISFSI corner (on the ends of the front cask
row) and the detector is about 30 degrees. Thus, the casks that are near the ends of the second
cask row may contribute somewhat to the dose rate at the detector. However, since this is the
section of the second cask row that is furthest from the detector, and since most of the radiation
leaving the second cask row (even the radiation traveling at a 30 degree angle) is blocked by the
first cask row, the cask side dose rate contributions from the ends of the second cask row will be
very small. As discussed on the following page, the analyses make several conservative
assumptions that will more than compensate for the fact that this small potential contribution
from the second cask row is neglected.
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FIGURE 1: POTENTIAL RADIATION LEAKAGE PATHS

IN A REGULAR CASK ARRAY
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As discussed in Section 4, the cask top dose rate contributions for the 4000 casks in the
ISFSI are based upon conservative lower bound distance values which will cause a significant
over-estimation of the total cask top dose rate contributions. Also, the SKYSHINE II single
cask dose rate vs. distance data for the cask side gamma dose rate contribution is based upon
conservatively high cask side surface gamma dose rates (from Ref. 2). Comparisons of
calculated (Ref. 9) cask side gamma dose rates to measured cask side gamma dose rates for the
VSC-24 storage cask (Ref. 11) show that cask side gamma dose rates are over-predicted by over
50%. It is also true that the cask side gamma dose rates are over-estimated by at least a factor of
two due to the extremely low cooling time assumption of 10 years (average cooling times will
be over 20 years for the PFS ISFSI). The cask side neutron dose rate contributions are
negligible compared to the cask side gamma contributions. The effects of the conservative data
and assumptions discussed above far outweigh the small cask side contributions that may come
from the ends of the second cask row. )

Finally, it can be stated, without analysis, that the largest possible effect of leakage from
the second cask row is to double the cask side dose rate contribution. The Section 2 results also
show that, at 600 m, the dose rates are under the regulatory 25 mrem/year limit by a very wide
margin. The security fence limit of 2 mrem/hour is also met by a wide margin and the dose rate
at the nearest neighbor location is vanishingly small. Thus, even if the cask side dose rate
contributions were doubled, the total dose rates would still be nowhere near any of the limits.
However, in reality, for the reasons given in the preceding paragraphs, the dose rate calculations
will actually over-predict the ISFSI dose rates even though cask side radiation from the second
row is neglected.

The preceding discussion showed how cask side dose rate contributions from all casks
other than the front row of casks are insignificant for a regular cask array. However, the PFS
ISFSI is not a regular cask array. The proposed PFS ISFSI layout is shown in Figure 2. There
are 4000 casks laid out in a 50 x 80 rectangular array. The casks are placed in columns that run
in the North-South direction. In these columns, the average cask spacing is 16 feet. The cask to
cask spacing is only 15 feet, but there is some additional space between the individual storage
slabs (see Figure 2) which brings the average cask spacing to roughly 16 feet. There is a 150
foot space that divides each of these columns into two sections containing 40 casks (per column)
each. In the East-West direction, the columns described above are arranged in groups of two.
The two columns in each group are spaced 15 feet apart and there is a 30 foot space between the
column groups. Also, at the center of the ISFSI, there is another 150 foot space. There are 12
column groups on one side of the large space, and 13 column groups on the other side of the
large space. Thus, there are a total of 80 casks on the East and West edges of the ISFSI, and a
total of 50 casks on the North and South edges of the ISFSI.
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The ISFSI layout described above has significant spaces between casks and dose rate
contributions from inner casks may be significant. The effects of large spaces between casks are
conservatively treated by artificially “filling” these spaces with additional casks. Additional
casks are placed in any gaps that occur in the front cask row (i.e. the cask row on the ISFSI edge
facing the detector). The resulting front cask row has no spaces between the casks larger than
the 3 or 4 feet that would be present in a regular cask array.

An additional cask will produce more radiation than that which would leak (from inner
casks) through a cask sized hole in the front row, so this assumption is conservative. This
assertion is based on the fact that the projected cask surface area that can be viewed through a
cask sized hole is no greater than the surface area of the cask that would be placed in the front
row to “plug” the hole. Also, the projected surface area viewed through the cask sized hole will
primarily consist of cask surface areas that are viewed at a very shallow angle (i.e. far from the
normal direction). Given that most radiation leaves the cask surface in a direction more normal
to the surface, the projected area of the inner casks will release less radiation in the direction of
the “viewer” than would the equivalent projected area of an extra cask placed in the front row to
“plug” the hole. The conservatism of this hole plugging assumption will also more than make
up for any cask side dose rate contributions from the second cask row.

The cask side dose rate calculations are based on this artificial front cask row which has
more casks than are actually present in the front row. This procedure does not apply to the cask
top dose rate contribution calculations, since cask blockage issues do not effect the cask top
contributions (which are already based upon all 4000 casks). The ISFSI dose rate calculations
are based on detectors placed over the ISFSI side that has the highest number of casks in the
front row, after additional “hole plugging” casks have been artificially added.

Dose rates at distances between the distances shown in Tables 4 and 5 (for which actual
SKYSHINE II dose rate results are available) are determined using logarithmic interpolation.
This means that the logarithms of the dose rates between data points are determined using linear
interpolation between the logarithms of the dose rates at the data points. The anti-log of the
results are taken to produce the intermediate distance dose rates.

A copy of Figure 6-2 of Ref. 6, which shows a semi-log plot of dose rate vs. distance
data for 5 year old fuel, is shown in Figure 3. The logarithmic interpolation approach would
correspond to drawing straight lines (on the semi-log paper) between the data points, as is
shown in Figure 3. It can be seen by examining the data points shown in Figure 3 that the actual
curves would have negative curvature in the semi-log plot. Therefore, the actual curves would
lie below the straight lines that are drawn between the data points in Figure 3. This illustrates
the conservatism if the logarithmic interpolation method.
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The dose rate vs. distance functions for 10 year old fuel are simply the dose rates vs.
distance for 5 year fuel times a constant (as discussed earlier in this section). Therefore, the

dose rate vs. distance curves for 10 year old fuel will have the same shape as those shown in
Figure 3. Thus, logarithmic interpolation will be conservative for 10 year old fuel, as well as for

5 year old fuel.

Dose rates (vs. distance) are calculated for an ISFSI with and without a berm. Since the
berm is higher than the tops of the casks, the berm is assumed to completely block all radiation
that leaves the cask side surfaces. Thus, the cask side dose rate contributions are completely
eliminated for the berm case calculations.
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4.0 METHODOLOGY

These ISFSI dose rate calculations are based upon single cask dose rate vs. distance
calculations that were performed using the SKYSHINE II computer code. With this code,
energy dependent, average surface fluxes for the cask side and top surfaces are entered into the
code, which then calculates dose rate contributions, vs. distance, for radiation leaving the cask

side and top, respectively.

SKYSHINE 1I caiculations were performed to determine dose rate vs. distance data for
the VSC-24 storage cask (Ref. 8). Dose rates, vs. distance, were determined separately for
gammas leaving the cask side, neutrons leaving the cask side, gammas leaving the cask top, and
neutrons leaving the cask top. The average gamma and neutron fluxes for the cask side and top
surfaces were taken from the VSC-24 storage cask design basis shielding analyses (Ref 9).
These average surface fluxes are the primary input to the SKYSHINE II code.

The dose rate vs. distance data presented in Refs. 6 and 7 for a single TranStor™ cask
loaded with 40 GWd/MTU - 5 year cooled PWR fuel is determined from the VSC-24
SKYSHINE II data (from Ref. 8) using the cask surface dose rate ratio methodology discussed
in Section 3. As also discussed in Section 3, this is then converted into 10 year cooled fuel data.
The results of these conversions are presented in Table 5 in Section 3 of this document. This
dose rate vs. distance data (for each of the four contributing components) is the primary design
input for the ISFSI dose rate calculations.

The SKYSHINE II dose rate calculations presented in Refs. 8 and 6 only consider
distances out to 2000 feet. Using extrapolation from the available SKYSHINE II results for
larger distances would involve a significant amount of uncertainty. Therefore, to be
conservative, the 2000 ft. dose rate results are assumed in the ISFSI dose rate calculations for all
casks that are more than 2000 ft. from the detector (as discussed in Sections 2 and 3).

Unlike the MCNP monte-cario code, SKYSHINE II is a deterministic code. Therefore,
there is no statistical error level associated with the dose rate results. Thus, no error levels are
shown with the results in Tables 4 and 5 (unlike Table 4 of the Ref. 4 MCNP calculations).

The ISFSI dose rate calculation is a straightforward arithmetic exercise, based on the
design input data shown in Table 5 and the assumptions listed in Section 3. Detector locations
at various distances from the ISFSI security fence are considered. In each case, the detectors are
lined up directly over the center of the ISFSI side, to yield maximum dose rates (as discussed in
Section 3).
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There are two basic steps that are performed to determine the dose rate contributions
from each cask in the ISFSI. The first step is to determine the distance between each cask and
each detector location (i.e. each distance from the security fence). The second step is to
determine the dose rate contributions for each cask, based on the determined distance, from the
data shown in Table 5 through use of logarithmic interpolation. After determining the dose rate
contributions from each cask in the ISFSI, the contributions are summed to yield the total ISFSI
dose rate contributions shown in Table 1. Different approaches are used to determine the cask
distances for the cask side and cask top dose rate contribution calculations, as is discussed

below.

As discussed in Section 3, only the first cask row contributes to the cask side dose rate
contributions shown in Table 1. The distance to each cask in the front row is accurately
calculated as a function of detector distance (from the security fence). These distance
calculations include both vector components of the overall distance to the cask, inchiding the
distance from the detector to the center of the front cask row, and the distance from the center of
the front cask row to each individual cask in the row.

Once the distance (from the detector) to each cask in the front row is determined, the
cask side gamma and neutron dose rate contributions from each cask can be calculated, using
logarithmic interpolation between the Table 5 data points. The cask side gamma and neutron
dose rate contributions calculated for each cask are then summed to yield the total gamma and
neutron cask side dose rate contributions for the entire ISFSI. The total cask side dose rate
contributions are calculated as a function of the detector distance (from the security fence).

As discussed in Section 3, gaps in the cask rows at the ISFSI edge are treated by filling
the gaps with extra casks so that no gaps are present in the row (i.e. there are no gaps bigger than
~4 feet between the casks). This “full” cask row will yield a total cask side dose rate
contribution that bounds the effects of any streaming through gaps in the row.

On the East and West sides of the ISFSI, there are two solid rows of 40 casks (with an
average cask spacing of 16 feet) that are separated by a large 150 foot gap. At a typical cask
spacing, about 10 casks could fit inside this 150 foot gap. Thus, cask side dose rate contribution
calculations for detectors above the East or West ISFSI sides would be based upon a solid

(uninterrupted) front row containing 90 casks (80 actual casks plus 10 artificial casks).
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On the North and South sides of the ISFSI, the front cask rows have only 50 casks, but
there are more spaces between the casks. On one side of the 150 foot central alley, there are 13
cask pads, each of which is 30 feet wide and has two casks (in the front row). There is a 30 foot
space between each cask pad. On the other side of the central alley, there are 12 cask pads, with
a 30 foot space between each pad. This is illustrated in Figure 2. Thus, there are a total of 25
cask pads (containing a total of 50 casks), and there is a total of 23 thirty foot gaps between the
pads. Each of these 30 foot gaps are artificially filled with two casks (on the ISFSI edge). Also,
the 150 foot wide central alley is filled with an additional 10 artificial casks. This creates a solid
front cask row containing a total of 106 (50 + 23x2 + 10) casks that have an average spacing of
15 feet. Thus, 56 artificial casks are added to the 50 actual casks in the front row.

Since the effective number of front row casks is higher for the North and South ISFSI
sides than it is for the East and West ISFSI sides (106 vs. 90), the cask side dose rate
calculations are based upon detectors over the North side of the ISFSI. Therefore, the cask side
dose rate contributions are calculated based on a solid (uninterrupted) front cask row containing
106 casks spaced 15 feet apart. As shown in Figure 2, the security fence is farther from the
ISFSI South side than it is from the ISFSI North Side, so the distances between the detectors and
the cask rows are based upon the North security fence.

Due to symmetry, only half of the front cask row needs to actually be treated by the cask
side dose rate contribution calculations. Thus, calculations are based upon a half row,
containing 53 casks, that extends in one direction from the ISFSI centerline. The resulting dose
rates are multiplied by two (at the end of the calculation) to yield the final total dose rate
contributions.

Unlike the cask side dose rate contributions, all 4000 casks in the ISFSI contribute to the
overall cask top (scattered) dose rate contributions. Calculating an accurate distance (to the
detector) for each of the 4000 casks in the array would be very cumbersome and time
consuming. Therefore, for the cask top dose rate contribution calculations, conservative
simplifying assumptions were made. These assumptions are discussed below.

Instead of being considered individually, the casks are considered in large sub-groups.
Each sub-group consists of two full cask rows. Cask rows run in the East-West direction, where
the detector locations are above the North side of the ISFSI (see Figure 2). The distance for all
casks in each pair of rows is conservatively set to equal the distance between the detector and
the closest cask in the pair of cask rows. Thus, one of the vector components (of the overall
distance) discussed on the previous page, i.e. the distance between the row center and each
individual cask, is neglected in the distance calculation. Also, the distance to the front row is
conservatively used for all casks in the back row.
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This approach is conservative because is under-estimates the distance for the casks near
the ends of the cask rows. For a 2000 foot detector distance, the distance to the casks at the ends
of the front row is under-estimated by about 7%. The degree of under-estimation is less for the
other cask rows, with a 3% under-estimation for the farthest cask row in the ISFSI. Two rows at
a time are considered because the difference in distance between two cask rows (front row to
back row) is much smaller than the difference in distance between the centers of the rows and
the ends of the rows. In other words, assuming the front row distance for the back row is a
much smaller effect than the under-estimation already present for casks at the ends of the rows.

Given the strong exponential dependence of dose rate on distance, this small degree of
under-estimation in the distance can lead to large levels of over-estimation (i.e. conservatism) in
the calculated dose rates. Also, the degree (percentage) of the distance under-estimation
becomes much larger for the smaller detector distances. At the detector 100 meters from the
security fence, the distance to the casks on the ends of the front row is under-estimated by more
than a factor of two. Thus, this approach leads to very conservative dose rate estimates for the
lower detector distances. This conservatism adds to the other sources of conservatism discussed
in Section 3.

The casks in the columns (running North to South) are, on average, 16 feet apart. The
distance from the detector to each cask group is determined as follows. The casks are divided
into 40 sub-groups, with 100 casks in each sub-group. There are 80 cask rows (running East to
West) in the array, so there are 40 sub-groups with two rows in each sub-group. Each sub-group
is 32 feet deep (on average).

The distance between each detector and the first cask group is equal to the distance
berween the security fence and the detector plus the 150 foot distance between the security fence
and the cask pads for the first cask row (see Figure 2). An additional 2.5 feet exists between the
cask side and the cask pad edge (assuming the casks are spaced evenly on the 64 foot long pads
shown in Figure 2). Thus, 152.3 feet is added to the distance from the security fence to yield the
distance to the first cask row. For each subsequent cask group, 32 feet is added to the distance
calculated for the preceding cask group. There is one exception to this, due to the presence of
the 150 foot central alley. - An additional 150 feet is placed between cask group #20 and cask
group #21 (i.e. 182 feet is added to the distance of the preceding row, as opposed to 32 feet).
The above process is repeated until a distance is determined for all 40 cask groups.
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Once the distances for each cask group are determined, the dose rate contributions for
each cask group are then determined. First, the dose rate contributions for a single cask in each
group, based on the lower bound group distance determined above, is calculated. The two dose
rate contributions (cask top gamma and cask top neutron) are separately determined. Once the
distance has been determined, these two dose rate contributions can easily be determined from
the dose rate vs. distance data shown in Table 5 using the logarithmic interpolation technique
discussed in Section 3.

The cask top dose rate contributions for each cask group is equal to the single cask dose
rate contributions (determined based on the cask group distance) times the number of casks in
the group (i.e. 100). After the cask top dose rate contributions for each sub-group are
determined, the contributions are summed over the 40 sub-groups to yield the ISFSI total cask
top dose rate contributions.

The ISFSI dose rate values shown in Table 2 assume no berm is present around the
ISFSI. Dose rates for an ISFSI surrounded by a berm are also calculated. For these
calculations, the exact same approach as before is used. The only difference is that the cask side
dose rate contributions are simply eliminated. No cask side radiation is assumed to reach the
detector, since the berm is taller than the casks and the detectors are assumed to be near ground
level. Thus, the total gamma and neutron dose rates shown for the berm case in Table 3 are
simply equal to the cask top gamma and neutron dose rates shown in Table 1.
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5.0 CALCULATIONS

The ISFSI dose rate calculations were performed using two EXCEL spreadsheets. The
first spreadsheet is used to calculate the total cask side dose rate contributions from the front
cask row in the ISFSI. The single cask side dose rate vs. distance data (from Table 4), along
with the corresponding distances, was entered (by hand) into the spreadsheet as a data table.
This input data table is shown in the upper section of the spreadsheet. Based on this input data,
the spreadsheet calculates the total ISFSI cask side dose rate contributions (gamma and neutron)
as a function of the distance between the security fence and the detector. The spreadsheet user
enters the distance between the detector and the security fence in a box at the top of the
spreadsheet. The spreadsheet will then output results based on the entered distance. To obtain
results for different detector distances, the user enters new distances at the top of the
spreadsheet. Thus, the spreadsheet is rerun for each studied distance shown in Tables 1-3.

As discussed in Section 4, the spreadsheet considers a front cask row containing 106
casks spaced 15 feet apart. Due to symmetry, only half of this row is actually modeled. The
first step performed by the spreadsheet is to determine the distance between the detector and
each of the 53 modeled casks.

There are two components to the vector between the detector and each cask. The first
component is the distance from the detector to the center of the front cask row. This distance is
equal to the distance between the detector and the security fence (entered by the user for each
case), plus the distance between the security fence and the front edges of the first row of
modular storage pads (150 ft.), plus the distance between the pad edge and the surfaces of the
casks (~2.3 ft.). Thus, the distance between the first cask row and the security fence is 152.3 ft..

The second component is the distance between the center of the row and each individual
cask in the row. The casks are spaced 15 feet apart. Also, since there is an even number of
casks in the row (106), the row centerline passes halfway between two casks. Thus, in the half
row that is modeled, the distance (from the row center) for the first cask is 7.5 feet. This
distance then increases by 15 feet for every subsequent cask in the row. The distance
calculations performed by the spreadsheet are summarized in the three equations shown on the
next page:
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The distance between the detector and the center of the first cask row is given by the
equation:

Dgr=D¢ +152.3

where Dy is the distance to the center of the cask row and Dy is the distance between the
detector and the security fence (entered by the user). All distances are in feet.

The distance between the center of the cask row and each individual cask is given by the
equation:

Dy =(15.0xN)-7.5

where Dy, is the calculated distance to the N™ cask in the row, and N is the cask number, with a
value of 1 corresponding to the cask that is closest to the ISFSI centerline, and a value of 53
corresponding to the cask at the end of the first cask row (i.e. the cask at the ISFSI comer).

These two distances (i.e. vector components) are summed to yield the total distance
between the detector and each cask in the front row using the following equation:

DC = '\j DRZ + DNZ

The cask number (1-53) is listed in the left column of the spreadsheet. The calculated
distance (D) for each cask is shown in the next column of the spreadsheet.

After the distance to the detector is determined for each cask in the front row, the dose
rate is determined for each cask. For each calculated distance in the second column, the
spreadsheet determines which pair of distances shown in Table 4 the calculated distance lies
between. These two distance values from Table 4, and the dose rate values shown in Table 4 for
those distances, are used to determine the dose rate contributions at the calculated distance.
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The spreadsheet uses a nested series of “IF” statements to search, or iterate, over the data
points presented in Table 4. The spreadsheet starts at the lowest distance from Table 4 (50 ft.)
and asks if it is greater than the calculated distance for the cask in question. If it is not, the
spreadsheet moves to the next higher distance. As soon as the test is met, and a distance higher
than the calculated distance is encountered, the spreadsheet defines the Table 4 distance value it
just tested as the “upper bound” distance value (dy). It then defines the previous Table 4
distance value it considered as the “lower bound” distance value (d;). The lower and upper
bound distance values (d; and dy;) are shown in the fourth and fifth columns of the spreadsheet,
respectively.

The spreadsheet then defines the corresponding dose rate values from Table 4 (which
were entered into the spreadsheet by the user) as the bounding dose rate values. Upper and
lower bound dose rate values (Dy; and D, ) are determined for both the gamma and neutron dose
rate contribution components. With upper and lower bound distance and dose rate values, the
intermediate dose rate values (for the calculated distances) can be determined using the
logarithmic interpolation approach. This approach is summarized in the equation below:

Dc = exp [In (Dy) - ((dc-du)/(dy-dp)) x (In (Dp) - In (Dy) ) ]

where “exp [ x ]” implies et Dc is the calculated dose rate, d; is the lower bound distance, de
is the calculated distance (at which the dose rate, D¢, needs to be determined), dy is the upper
bound distance, Dy is the dose rate at the lower bound distance (from Table 4), and Dy, is the
dose rate at the upper bound distance (from Table 4).

The lower and upper bound gamma dose rate values (D, and Dy;) are shown in the
seventh and eighth columns of the spreadsheet, respectively. The gamma dose rate value for the
calculated distance (Dc) is shown in the ninth column. For the neutron dose rates, the lower and
upper bound dose rate values (D and Dy) are shown in columns #11 and #12, and the neutron
dose rate at the calculated distance (D) is shown in column #13.

The spreadsheet then sums over the 53 casks to yield the total cask side dose rate
contributions. Then the spreadsheet multiplies the gamma dose rate contribution by 0.5 and
multiplies the neutron dose rate contribution by 0.83. This is done in order to adjust the results
(which are based on 5 year cooled fuel input data from Table 4) to correspond to 10 year cooled
fuel. The same result would be achieved if the data shown in Table 5 were simply entered into
the spreadsheet, as opposed to the Table 4 data. Finally, the total contribution results are
multiplied by 2 in order to correspond to a full (as opposed to half) front cask row.
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The final result is the total ISFSI cask side gamma and neutron dose rate contributions,
expressed as a function of the distance between the detector and the security fence (this variable
being entered into the spreadsheet by the user). These final results are shown at the bottom of
the spreadsheet page. A separate spreadsheet calculation is performed for each studied distance
shown in Tables 1-3. The spreadsheet resuits are shown in Table 1.

As discussed in Section 4, a different calculational methodology is used to calculate the
cask top dose rate contributions from all 4000 casks in the array. Therefore, a second EXCEL
spreadsheet is used to perform the cask top dose rate contribution calculations. The cask array is
sub-divided into 40 sub-groups, each containing two full rows of casks, 50 casks each, for a total
of 100 casks. In this spreadsheet, the single cask top dose rate contributions, vs. distance, from
Table 4 are entered manually into the spreadsheet. The user also enters the number of casks in
each cask sub-group (i.e. 100). Also, each time the spreadsheet is run, the user enters the
distance between the security fence and the detector. ;

Based on the input data, this spreadsheet gives the total ISFSI cask top dose rate
contributions (gamma and neutron) for a given detector distance (between the detector and the
security fence) entered by the user. Thus, the spreadsheet is run once for each distance value
shown in Tables 1-3.

Once the distance from the security fence is entered, the spreadsheet calculates the
distance from the detector to each of the 40 cask groups. Each cask group contains two full cask
rows. As discussed in Section 4, the distance assumed for each cask group is the distance to the
center of the nearer of the two rows. The spreadsheet uses the following formulas to determine
the distance for each cask group. The distance to the first cask group (in feet) is given by the
following formula:

D,=D; + 152.3

where D, is the distance between the detector and the first cask group and Dy is the distance
between the detector and the security fence (entered by the user).
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The distance for the subsequent cask groups is determined by the following iterative
formula:

DN = DN-l +32.0

where Dy, is the distance to the N® cask group and Dy, is the distance to the (previously
determined) preceding cask group. There is one exception to this. For the 21 cask row, the
distance is equal to the distance to the 20™ cask row plus 182 feet, as opposed to plus 32 feet.

After the distances are determined for each cask group, the cask top dose rate
contributions are determined for each cask in that group. The dose rate contributions
corresponding to each calculated distance value are determined using the same approach.used by
the first spreadsheet to determine cask side dose rates for the front row casks. Using an iterative
process with conditional “IF” statements, the spreadsheet determines the two distance values in
Table 4 (and the corresponding cask top dose rate contribution values) that bound the calculated
distance value. Based on the upper and lower bound distance values, and their corresponding
dose rate values, the dose rate value for the calculated distance is determined using the
logarithmic interpolation method. The formula used to calculate the dose rate contributions for
a given calculated distance is (once again) shown below:

D¢ =exp [ In (D) - ((dc-d1)/(dy-dp)) x (In (Dy) - In (Dy) ) ]

where “exp [ x ]” implies e!*], Dc is the calculated dose rate, d; is the lower bound distance, d
is the calculated distance (at which the dose rate, D, needs to be determined), dy, is the upper
bound distance, D is the dose rate at the lower bound distance (from Table 4), and Dy, is the
dose rate at the upper bound distance (from Table 4).

After determining the gamma and neutron cask top dose rate contributions for each cask
in each of the 40 cask groups using the above formula, the spreadsheet sums the 40 calculated
dose rate contribution values. The resulting sum is multiplied by 100, the number of casks in
each cask group, to yield total ISFSI cask top dose rate contribution values. Then the gamma
dose rate results are multiplied by 0.5 and the neutron dose rate results are multiplied by 0.83 to
yield final dose rate values that correspond to 10 year cooled fuel. These final dose rate results
are shown in Table 1.
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The layout of the second spreadsheet is exactly the same as that of the first, with the
same parameter values in the same locations. The only difference is that instead of having the
front row cask number in the left column, the second spreadsheet has the cask group number in
the left column. Although the formula for calculating the distances is different between the two
spreadsheets, the calculated distance is still shown in the second column in both spreadsheets.
After the distance values are determined, the calculations performed in the other columns are
similar for both spreadsheets.

Copies of the spreadsheets used to determine the total ISFSI dose rate contribution
values are included in Attachment A to this document. For each of the two spreadsheet types
(cask side and cask top), a spreadsheet is presented for each studied distance value shown in
Tables 1-3. Thus, since dose rates are calculated for 9 distances, there are a total of 18
spreadsheets shown in Attachment A. The distance between the security fence and the detector
1s shown near the top of each spreadsheet. The first nine spreadsheets presented are the cask
side dose rate spreadsheets.
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