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ABSTRACT

An extensive shielding analysis of the control rod guide tube (CRGT) and the subpile room was
performed for the Advanced Neutron Source (ANS) reactor. A two-dimensional model for the
CRGT and subpile room was developed, and the boundary source used in the model was taken
from the Initial Global 2-D Shielding Analysis of the ANS Core and Reflector (J.A. Bucholz,
ORNL/TM-12672, 1994). Coupled 39 neutron group and 44 gamma group calculations with
the multigroup DORT discrete ordinates transport code were done using cross sections from
the ANSL-V library including photoneutron production.

Different shield designs were investigated with a shield thickness of 10 to 15 mm. None
of the shields affected the neutron dose rate and gamma dose rate at the top of the subpile
room, which were 1 - 10° mrem/h and 1 - 10° mrem/h, respectively. An L-shaped cylindrical
boral shield positioned around the core pressure boundary tube at the bottom of the reflector
vessel with the horizontal part extended over the whole bottom of the reflector vessel reduced
the maximal displacements per atom (DPA) level and helium production level in the primary
coolant supply adapter and its flange after 40 years of reactor operation from 1 and 500 appm
to5-1073 and 2 - 1072 appm compared with the unshielded arrangement. Shields of boral and
hafnium with the horizontal part of the shield restricted to a radius of 485 mm gave a maximal
DPA of 5 - 1072 and a helium production of up to 20 appm. Heat loads of up to 70 W-cm=3
were calculated at the most exposed parts of the shield both for boral and hafnium shields.

A depletion/activation analysis of the hafnium shield showed that at the most exposed part
of the shield, the naturally occuring isotope 177Hf is 34% depleted at the end of two years of
reactor operation. This high burnup is somewhat balanced by a subsequent buildup of 178 ¢,
179Hf, and 180H£. In all other parts of the shield, the burnup is much smaller. )







1. INTRODUCTION

In the Advanced Neutron Source (ANS) reactor,! the three hafnium control rods balance the
reactivity of the system by axial movements in the center of the cylindrical core. To keep the
upper part of the reflector vessel as free as possible for experimental facilities and for access
when the reactor is refueled or the in-core experiments reconfigured, the control rod drives are
located below the reflector vessel. As a consequence, the core pressure boundary tube (CPBT),
which contains the fuel elements and the control rods and provides the flow of coolant, extends
about 2 m below the reflector vessel to hold the control rod drive structures and enable control
rod movements. This control rod guide tube (CRGT) is filled with D»O and penetrates the
H30 and barytes concrete biological shield. For this reason it allows neutrons and photons to
stream down into the subpile room below the reactor.

Concerns about high neutron and gamma dose rates in the subpile room led to the decision
to perform a detailed shielding analysis of this region. Preliminary flux results indicated high
thermal neutron fluxes at the flange and the primary coolant supply adapter (PCSA), which are
steel components located at the bottom of the reflector vessel and which are used to connect the
CPBT to the CRGT (see Figure 2.1). The high radiation damage levels in these components,
which are expected to exceed any acceptable levels, were additional concerns of the design team.
Hence the objective of this shielding task had to be extended and can be summarized as follows:

e It must be determined whether a shield inserted in the reflector vessel can protect the
steel PCSA and the steel flange, which are susceptible to radiation damage.

e A shielding solution must be found that meets the design constraints of at least two years
of lifetime and removability.

® The neutron and gamma dose rates during reactor operation and after shutdown must be
obtained in the subpile room to get an idea of the level of the radiation dose rates that
maintenance workers could be exposed to.

A two-dimensional (2-D) R-Z model was set up for the region 3.5 m below the reflector vessel
with a radial extension of 0.9 m to perform neutron and photon transport calculations with the
discrete ordinates code DORT.2 Later, the model was extended axially about 0.9 m into the
reflector vessel to be able to insert shields and to investigate their effect. The calculation has a
high degree of complexity. Neutrons and gammas created in the reactor and its vicinity stream
down the CRGT. With a certain probability, the neutrons are absorbed in structural material
and generate more high-energy photons, which are themselves able to produce more neutrons
in photo-disintegration reactions in heavy water. Thus, outer iterations over energy must be
performed to account for all these effects and arrive at a converged solution.

This report contains a description of the geometry models developed for this study, which
differ in the shielding design as the refinement of the design was resolved. It also contains a
description of the cross sections, source terms, and various data sets prepared for the calculations
and the evaluation of the heating and radiation damage in certain materials. Brief results are
given for all the cases considered in order to document the ongoing work, whereas for the
cases that are relevant for the final reactor design, broad group neutron and gamma fluxes are
presented in addition to neutron and gamma dose rates, displacements per atom (DPA), and
helium-production levels in the steel components, as well as the expected heating rates in the
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shield. Depletion calculations for the shield material provide information about lifetime and
activation of the shield and give the source terms for subsequent calculations of the dose rates
generated by the decay gammas in the shield after reactor shutdown.

During the course of this study, the concept of the ANS reactor was fundamentally changed
by replacing the two-element core design with a three-element core design, which necessitated
changes in the radial dimensions of the fuel elements. These changes were necessary to ensure
that the three-element design performs similarly to the two-element design in terms of cycle
length and thermal neutron fluxes in the reflector but using fuel with 50% enriched uranium
instead of 93% enriched uranium. These changes in the design concept were not taken into
account directly; however, their effect on the shielding design is briefly discussed in the final
chapter of this report.



2. GEOMETRY DESCRIPTION

Figure 2.1 shows the lower part of the reflector vessel and the region below it. The CPBT,
fabricated of aluminum with an outer diameter of 506 mm, contains the fuel elements and the
control rods. The cooling water flow enters the bottom of the reflector vessel via the PCSA.
The top part of the PCSA extends below the reflector vessel and is connected to the CRGT by
a flange. The CRGT holds the control rod drive structures and provides the primary coolant
supply. The control rod drive motors are located at the bottom of the CRGT about 2 m below
the bottom of the reflector vessel. The whole CRGT, which is filled with DO, penetrates the
biological shield of HyO and barytes concrete and is fixed by a bellows seal construction to the
steel liner of the concrete floor.
The whole arrangement deviates from the cylindrical symmetry as follows:

* The control rod system consists of three rods moving vertically inside the fuel elements.
¢ Two primary coolant supply tubes (PCSTs) are connected to the CRGT.
e Some bolts and screws are neutronically of minor importance.

e At two locations, the bottom of the reflector vessel is penetrated by flanges connecting
the reflector vessel coolant supply tubes.

A 2-D R-Z DORT model based on the arrangement just described has been developed. In
this model, the overall axial and radial extensions had to be Jjustified and the deviations from
cylindrical symmetry had to be taken into consideration in a neutronically suitable manner:

¢ In the first model, the axial dimensions were chosen to range from the bottom of the
reflector vessel, defined as origin, to 3.5 m below the reflector vessel to be able to calculate
the activation of the structural elements and the dose rates in the subpile room. The need
to place shield configurations in the reflector vessel required the extension of the model
0.89 m up into the reflector vessel.

* All components and areas of interest lie within a radius of 0.4 m. Because the neutrons
and gammas mainly stream through the DO column (with a radius of about 250 mm
provided by the CPBT and the CRGT') and because the neutron fluxes fall off with a steep
gradient in the biological shield, it was deemed sufficient to restrict the model radially to
0.89 m.

e The reflector coolant supply tubes, which penetrate the bottom of the reflector vessel at
a radius of 0.90 m, are not modeled because they are well shielded by the surrounding
H0. Therefore, they have little influence on the flux levels in the components of interest
and/or the dose rates in the subpile room. The nearest component is the flange, which
is located 0.20 m from the reflector vessel coolant supply tube, a distance over which the
thermal neutron flux drops by three orders of magnitude.
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Table 2.1. Description of the zones of model R500 in Fig. 2.2

Zone Zone description Material
01 Bottom of the reflector vessel Aluminum
02 Moderator D,O
03  L-shaped shield Boral/hafnium
04 Double-walled CPBT Aluminum
05  Core support structure Aluminum
06  Streaming plates Aluminum
07 PCSA Steel SS-316NG
08  Flange Steel SS-316NG
09 CRGT Steel SS-316NG
10  Light water pool H,0
11  Control rod follower Aluminum
12  Interior of CR follower and bar Void
13  Bolt ring Steel SS-316NG
14 CRGT base Inconel
15  Control rod drive structure Aluminum
16  Control rod motors Steel SS-316NG
17  Control rod drive bar Steel SS-316NG
18  Concrete floor Barytes concrete
19  Floor liner Steel SS-316NG
20  Holding structure for CRGT and Seal Steel SS-316NG
21 Bellows seal Steel SS-316NG
22  Subpile room Void
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e Furthermore, the PCSTs connected to the CRGT below the reflector vessel are not consid-
ered in the model. As the source of radiation is coming through the limited cross-sectional
area of the CPBT, the PCSTs filled with D2O would provide paths for the neutrons to
stream away from the critical regions and therefore lower the number of neutrons finding
their way to the subpile room. However, an additional amount of D,O provides an addi-
tional source for photoneutrons produced by high-energy gammas in (nyy) reactions. It
is therefore difficult to quantify this shortcoming of the 2-D models.

* The three central control rods are modeled by centerline cylindrical tubes, the dimensions
of which reflect the material volumes of all three control rods. Because the control rod
structures in the region below the reflector vessel do not contain any strong absorbing
materials (mainly aluminum), this has little effect neutronically.

In the 2-D DORT model, this geometry is discretized into 111 radial and 222 axial meshes,
the boundaries of which are given in Tables 2.2 and 2.3, respectively, and are presented graph-
ically in Figs. 2.3 and 2.4. In the overlay mode, zones are defined with radial and axial
boundaries. As each defined zone is overlayed on all the preceding zones, it is easy to set up
complicated geometries and it is simple to change the dimensions of zones or to add new zones.
This fact facilitated work in an iterative way with design engineers and material specialists as
the shield design evolved during discussions.

Figure 2.2 shows model R500, for which results are presented in detail in this report. The
different zones are indicated with numbers, for which brief descriptions are given in Table 2.1.

The models being investigated in this study differ only in the shield design (with additional
minor changes in the arrangement in the region of the refiector ‘vessel). An evolving picture
of this upper part of the geometry is presented in chronological order for each model studied,
with a short description of the changes as follows.
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Case R250:

At the beginning of the calculations,
the bottom of the reflector vessel (1)
was assumed to be 25 mm thick. A
shield was not yet inserted. The
numbers in brackets in the text re-
fer to the numbers in the figures and
the zone description of Table 2.1.

Case R200:

A 100-mm-thick horizontal shield of
ideal absorber (3) was placed at the
tip of the PCSA (7) extended to the
bottom of the reflector vessel out-
side the CPBT (4).
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o1 p A vertical shield (3) was added, ex-
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7 cal sleeve from the horizontal shield

./G) upward outside the CPBT (4).
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Case R350:

@ Two cylindrical tubes were included
inside the CPBT (4) accounting for

the core support structure (5) with

a total cross-sectional area of 0.040
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Case R400:

The ideal shield was replaced by a
boral shield (3) with a thickness of
13 to 14 mm. The location of the
shield was kept unchanged (i.e., hor-
izontally extending to the bottom
of the reflector vessel and vertically
reaching up to z=0.79 m). A new
cross section library has been used
in this calculation, which includes
the impurity of 0.2 mole % Hz0 in
D,0.

Case R450:

The thickness of the reflector vessel
bottom (1) was increased to more
realistic 110 mm. To be able to
remove the entire shield (3) as a
whole piece through the top of the
reflector vessel during maintenance
operations, the horizontal part of
the shield was restricted to a ra-
dius of 485 mm. To prevent neu-
trons streaming around the outer ra-
dial tip, the shield was placed flush
against the bottom of the reflector
vessel.
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Case R500:

The shielding material was changed
to hafnium with the hope of reduc-
ing the heat load produced by radi-
ation and because hafnium seems to
be less susceptible to radiation dam-
age (compared to a boral shield).
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Case R600:

The geometry of R600 is similar to
geometry R500; however, the den-
sity of hafnium in this calculation
was reduced to a half to simulate
a hafnium shield (3) with half the
prior thickness.
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. 1l © Case R550:
ot To complete the cycle of calcula-
tions, a model including all refine-
7 : ments but without the shield was in-
I I vestigated.
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Table 2.2. Radial mesh boundaries (mm)

Radial interval Rmin Rmax Radial interval Rmin Rmax Radial interval Rmin Rmax

1 -00 3-25 38 12440 12950 75 351-00 360-00

2 3-25 6-50 39 129-50 136-50 76 360-00 369-00

3 6-50 7-00 40 136-50 143-88 (i 369-00 378-00
4 7-00 9-50 41 143-88 151-25 78 378-00 387-00

5 950  12-00 42 15125 15862 79 387-00 396-00

6 1200  15-00 43 15862 166-00 80 396-:00 399-00

7 1500 1800 44 166-00 171.00 81 399-00 405-00

8 1800  21-00 45 171-00 176-00 82 405-00 411-00

9 2100  24-00 46 176.00 180-50 83 411-00 41875
10 24.00 25-00 47 180-50 185-00 84 418-75  426-50
11 2500  28-00 48 185-00 190-00 85 426-50 434-25
12 2800 3200 49 190-00 -196-50 - 86 434-25 442.00
13 32:00  35-00 50 196-50  203-00 87 442-00 449-00
14 3500  37-50 51 203-00 210-00 88 449-00 456-00
15 3750  40-00 52 210-00 217-00 89 456-00 463-00
16 40-00  43-06 53 217-00 221.50 90 463-.00 470-00
17 4306  46-13 54 221-50 226-00 91 470-00 485-25
18 46-13  48-36 85 226-00 231-00 92 485-25  500-50
19 48-36  50-60 56 231-00 235-00 93 500-50 515-75
20 5060  51-59 57 235-00 240-00 94 515-75  531.00
21 51-59 5200 58 240-00 245-00 95 531-00 544-00
22 5200 52-40 59 245-00 250-00 96 544-00 557-00
23 52440  53-37 60 250-00 253-00 97 557-00 570-00
24 63-37  55-32 61 253-00 259-00 98 570-00 583-00
25 55-32 5727 62 259-00 265-00 99 583-00 596-75
26 57-27  60-00 63 265-00 275-00 100 596-75 610-50
27 60-00 66-00 64 275-00 285-00 101 610-50 624-25
28 66-00 72.00 65 285-00 288.00 102 624-25 638.00
29 7200 78-00 66 288-00 291-00 103 63800 663-00
30 7800  84.00 67 291-00 298-00 104 663-00 688-00
31 84.00  90-00 68 298-00 305-00 105 688-00 713-00
32 90-00  97-00 69 305-00 310-00 106 713-00 738-00
33 97-00 104-00 70 310-00 315-00 107 738-00 768-00
34 104-00 109-10 71 315-00 32400 108 768-00 798-00
35 10910 114-20 72 324.00 333-00 109 798-00 828-00
36 11420 119:30 73 33300 342.00 110 828-00 858-00

37 119-30  124-40 74 342-00 351-00 111 858-00 888-00
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Table 2.3. Axial mesh boundaries (mm)

jz@ Zmin Zmax  jz° Zmin Zmax  jz° Zmin Zmax jz* Zmin Zmax
1 —3527.00 —3476-00 57 —2070-00 —2050-00 113 —1057-00 —1038-50 168 -127-25 —114-50
2 —3476-00 —3425-00 58 —2050-00 —2030-00 114 —1038-50 —1020-00 169 —114-50 —101-75
3 —3425.00 —3374.00 59 —2030-00 —2010-00 115 —1020-00 —1001-50 170 —101-75 —89-00
4 —3374.00 —3323.00 60 —2010-00 —1985-00 116 —1001-50 —983.00 171 —89-00 -—71-20
5 -—3323-00 —3272.00 61 -1985-00 —1960-00 117 -—983-00 -—970-00 172 -71-20 -—53-40
6 —3272.00 —3221.00 62 —1960-00 —1948-00 118 -—970-00 —957-00 173 —53-40 —35-60
7 —-38221.00 —3170-00 63 —1948-00 —1939-00 119 —957-00 -937.00 174 —35-60 —17-80
8 -3170-00 —3119-00 64 —1939-00 —1930-00 120 -937-00 -—917-00 176 -—17-80 0-00
9 -—3119-00 —3068-00 65 —1930-00 —1916-50 121 -—917-00 -—897-00 176 0-00 14.00
10 -3068-00 —3017-00 66 —1916-50 —1903-00 122 -—897-00 -877-00 177 14.00  28-00
11 -3017-00 —2992-00 67 -—1903-00 —1889-50 123 -—877-00 -857-00 178 28-00  49-50
12 -2992.00 —2967-00 68 —1889-50 —1876-00 124 —857-00 -—837-00 179 49-50 71-00
13 —2967-00 —2942-00 69 —1876-00 —1864-00 125 —837-00 -—818-00 180 71.00  92-50
14 —2942-00 -2917-00 70 -—1864-00 —1850-00 126 —818-00 -—799-00 181 92-50 114-00
15 —2917-00 —2897-00 71 -—1850-00 —1836-00 127 —799-00 —780-00 182 114-00 134.33
16 —2897-00 —2877-00 72 —1836-00 —1822-00 128 —780-00 -—762.00 183 134.33 154-67
17 —2877-00 —2857-00 73 —1822-00 —1808-00 129 —762-00 -—739-40 184 15467 175-00
18 —2857-00 —2837-00 74 -—1808-00 —1794-00 130 -739-40 -716-80 185 175-00 180-00
19 —2837-00 —2817-00 75 —1794-00 —1780-00 131 -716-80 —694-20 186 180-00 185-00
20 —2817-00 —2796-13 76 —1780-00 —1754-25 132 —694-20 -—671-60 187 185-00 190-00
21 -2796-13 —2775-25 77 —1754-25 —1728-50 133 —671-60 —649-00 188 190-00 195-00
22 -2775-25 —2754.38 78 —1728.50 —1702-75 134 —649-00 —626-40 189 19500 200-00
23 -—2754.38 —2733.50 79 -1702-75 -1677-00 135 -—626-40 —603-80 190 200-00 205-00
24 —2733-50 —2712-62 80 -—1677-00 —1657-00 136 —603-.80 -581-20 191 205-00 210-00
25 —2712-62 —2691-75 81 —1657-00 —1637-00 137 -—581-20 -—558-60 192 210-00 215-00
26 —2691-75 —2670-88 82 —1637-00 —1617-00 138 —558-60 —536-00 193 21500 220-00
27 —2670-88 —2650-00 83 —1617-00 —1598-50 139 -—-536-00 —513-40 194 220-00 225-00
28 —2650-00 —2631-00 84 -—1598-50 —1580-00 140 —513-40 -—490-80 195 225-00 230-00
29 —2631-00 —2612-00 85 —1580-00 —1552-00 141 —490-80 -—468-20 196 230-00 235-00
30 —2612-00 —2593-00 86 —1552-00 —1524-00 142 —468-20 -—445.60 197 235-00 240-00
31 -—2593-00 —2574-00 87 —1524-00 —1496-00 143 -—445-60 -—423.00 198 240-00 245-00
32 -2574-00 —2554-33 88 —1496-00 —1468-00 144 —423.00 -400-40 199 245-00 250-00
33 —2554-33 --2534-67 89 —1468-00 —1440-00 145 -—400-40 -377-80 200 250-00 255-00
34 —2534.67 —2515.00 90 —1440-00 —1428-50 146 -—377-80 -—355-20 201 25500 260-00
35 —2515-00 —2504-00 91 -1428.50 —1417.00 147 -355-20 -—332.60 202 260-00 265-00
36 —2504-00 —2493-00 92 -1417-00 —1397-00 148 -—332.60 —310-00 203 265-00 270-00
37 —2493.00 —2490-00 93 -1397-00 —1377-00 149 -310-00 -—299-00 204 270-00 275-00
38 —2490-00 —2480-00 94 -1377-00 —1357-00 150 -299-00 —288.00 205 275-00 315-00
39 —2480-00 —2470-00 95 -1357-00 —1337-00 151 -—288.00 —280-25 206 315-00 355-00
40 —2470-00 —2440-00 96 —1337-00 —-1317-00 152 -—280-25 -—272.-50 207 355-00 395-00
41 -—2440-00 —2410-00 97 -1317-00 —1301-33 153 -272-50 -—264-75 208 395-00 435-00
42 —2410-00 —2380-00 98 -—1301-33 —1285-67 154 —264-75 -—257-00 209 435-00 475-00
43 —2380-00 —2350-00 99 -—1285-67 —1270-00 155 -—257-00 ~248.50 210 475-00 515-00
44 -—2350-00 —2320-00 100 —1270-00 —1253-75 156 -—248-50 -—240-00 211 515-00 555-00
45 —2320-00 —2290-00 101 -1253-75 —1237-50 157 —240-00 -228.00 212 555-00 595-00
46 —2290-00 —2260-00 102 -1237-50 —1221-25 158 -—228-00 -—216-00 213 595-00 635-00
47 —2260-00 —2230-00 103 —1221.25 —1205-00 159 -—216-00 —204-00 214 635-00 675-00
48 —-2230-00 —2200-00 104 —1205-00 —1185-00 160 -—204-00 -192.00 215 675-00 715-00
49 —2200-00 —2170-00 105 —-1185-00 —1165-00 161 -—192-00 -—180-00 216 715-00 755-00
50 -—2170-00 —2140-00 106 —1165-00 —1152-50 162 —180-00 -168-00 217 755-00 795-00
51 —2140-00 —-2110-00 107 —1152.50 ~1140-00 163 -—168-00 -160-50 218 795-00 835-00
52 —2110-00 —2102-50 108 —1140-00 —1125-00 164 -—160-50 -153-.00 219 835-00 850-25
53 —2102-50 —2095-00 109 —1125-00 —1110-00 ° 165 —153.00 -146-50 220 850-25 865-50
54 —2095-00 —2092-00 110 —1110-00 —1090-00 166 —146-50 -140-00 221 865-50 880-75
55 —2092-00 —2081-00 111 -1090-00 —1073-50 167 -—140-00 -127-25 222 880-75 896-00
56 —2081-00 —2070-00 112 -1073-50 —1057-00

¢ Axial interval.
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Fig. 2.3. The fine mesh configuration of the upper part of the
DORT model. The mesh boundaries are listed in Tables 2.1 and 2.2.
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Fig. 2.4. The fine mesh configuration of the lower part of the
DORT model. The mesh boundaries are listed in Tables 2.1 and 2.2.



3. DATA SETS

3.1 NEUTRON AND PHOTON CROSS SECTION

The DORT-ready cross section data used in the present work were based on the ANSL-V
cross section library described in technical report ORNL-6618.3 The 39 neutron groups and 44
gamma groups are listed in Table 3.1.

To do the shielding calculations with the DORT code, the cross sections had to be post-
processed to

* add the delayed fission product gamma production terms for the 238U and 235U,
e convert the cross sections to the GIP-format? DORT is able to read,

e set the value of v¥; in all data sets to a negligible small value that allows DORT to
accelerate the convergence of the calculations by turning it into an eigenvalue problem,
and

e add the photoneutron production capability.

These steps are described in detail in Sect. 4 of the report Initial Global 2-D Shielding
Analysis for the ANS Core and Reflector® and are sketched briefly in Fig. 3.1. The list of
macroscopic cross sections that were used in this study is given in Table 3.2 along with their
material specifications.

3.2 QUADRATURE SET

Streaming through the D,O-filled CRGT and streaming around the shields are important effects
to be described properly in the DORT calculations. Therefore, a fully symmetric S;9 quadrature
set with 70 discrete angular directions was used rather than the Sg set with 48 directions used in
the report Initial Global 2-D Shielding Analysis for the ANS Core and Reflector.’ The cosines
of the discrete directions and their quadrature weights are listed in Table 3.3.

3.3 EXTERNAL BOUNDARY SOURCES

The CRGT and subpile room are coupled neutronically to the CPBT and the reflector vessel.
For this reason, the upper surface of the present models was located 888 mm above the bottom
of the reflector vessel.

The calculation of the neutron and gamma fluxes in the reflector vessel was the subject of
the report Initial Global 2-D Shielding Analysis for the ANS Core and Reflector.® The fluxes
obtained in that calculation served as boundary source for the present calculations.

17
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Table 3.1. Energy group boundaries of the 39 neutron and 44 gamma
groups of the ANSL-V library

Group number

Neutron groups
Emax — Emin

Gamma groups
Emax — Emin

2-00F + 04 -

(eV) - (eV) (eV) - (eV)
1 2-00E +07 - 6-43E +06 2-00E + 07 - 1.40E+07
2 6-43E + 06 — 3-00E + 06 1-40E + 07 - 1-20E+07
3 3-00E + 06 - 1.85E + 06 1-20E + 07 - 1-00E + 07
4 1-85E + 06 — 1-40F + 06 1-00E + 07 — 8-00F + 06
5 1-40E + 06 - 9-00E + 05 8-00E + 06 — 7-50F + 06
6 9.00E + 05 - 4-00E + 05 7-50E + 06 — T-00E + 06
7 4.00E +05- 1.00E +05 7-00E + 06 — 6-50E + 06
8 1.00E + 05 - 1-70E + 04 6-50E + 06 — 6-00E + 06
9 1.70E + 04 - 3-00E + 03 6-00E + 06 — 5-50F + 06
10 3-00E +03 — 5-50E + 02 5-50E + 06 — 5-00E + 06
11 5-50E +02 - 1-00F + 02 5-00E + 06 — 4-50F + 06
12 1.00E +02 - 3-00E +01 4-50F + 06 — 4-00E + 06
13 3-.00E +01- 1.00E+01 4-00E + 06 — 3-50F + 06
14 1-00E + 01 ~ 3-00E + 00 3-50E + 06 — 3-00E + 06
15 3-00E+00- 1.77E +00 3-00E + 06 - 2-50F + 06
16 1.77E 4+ 00 - 1.30E 400 2-50F + 06 — 2-35E + 06
17 1-30E 4+ 00 - 1-00F + 00 2-35FE + 06 — 2-15E + 06
18 1-00E +00 - 7-65E — 01 2-15F + 06 — 2-00E + 06
19 7-65FE — 01 — 5-88E —01 2-00E + 06 -~ 1-80E + 06
20 5-88E —01 - 4.79E - 01 1-80E 4+ 06 — 1-66E + 06
21 479E - 01 - 3-97E —01 1-66E + 06 - 1.57E + 06
22 3975 —-01- 3-30E—-01 1.57E + 06 — 1-50E + 06
23 3-30E —-01 - 2.70E —01 1-50F + 06 - 1.44E + 06
24 2-70E — 01 - 2-15E —-01 1-44E 4+ 06 - 1.33E + 06
25 2-15E —-01 - 1.62E — 01 1-.33E +06 - 1-20E + 06
26 1.62E — 01 - 1.04E-01 1.20E + 06 — 1.-00E + 06
27 1.04E - 01 - 5-00E —02 1-00E 4-06 — 8-00E + 05
28 5-00F — 02 - 3-00E — 02 8-00E + 05 - 7-00E + 05
29 3.00E - 02 -~ 1-00F — 02 7-00E + 05 - 6-00FE + 05
30 1-00E — 02 - 4-45E-03 6-00E +05 - 5-12E 405
31 445F —-03 - 3-256E—03 5-12E 405 - 5-10E + 05
32 3-25E ~03 - 2-60E —03 5-10E4-05 - 4-50E + 05
33 2-60E — 03 - 2:15E —03 4.50E + 05 - 4-00E +05
34 2-15E - 03 - 1-80E —03 4.00E 405 - 3-00E + 05
35 1.80E — 03 - 1.45E —03 3-00E 4+ 05 - 2-00E + 05
36 145E —-03 - 1.13E-—03 2-00E 405 - 1-50E + 05
37 1-13E - 03 - 8-50E —04 1-50E + 05 - 1.00E +05
38 8-50F — 04 — 5-50FE — 05 1-00E + 05 - 7-50F + 04
39 5-50E — 05 — 1.00E — 05 7-50F 4+ 04 — 7-00E + 04
40 - 7-00E + 04 — 6-00E + 04
41 - 6-00F + 04 - 4-50E +04
42 - 4.50E +04 - 3-00E 404
43 - 3-00E +04 - 2-00E +04
44

1-00F + 04
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cross section master library
ANSL-V AMPX 39 neutron/ 44 gamma groups

described in ORNL 6618
Y
KOPY-special corrects for
3 dalayed fission gammas
in ATAX in U-235 and U-238
y
BONAMI resonance self-shielding
NITAWL for infinite homogenious media

A J

mixing microscopic data to form a

ICE macroscopic cross section library
in ANISN format
A
JIPSY transforms ANISN formatted library
into a group oriented DORT library
4
includes photoneutron production
for materials containing deuterium
SPARK ‘
adds a small nu*sigf
in each material
for "error mode acceleration™
v
DORT ready P3 macroscopic cross sections
L]BRARY for all materials

in 39 neutron and 44 gamma groups

Fig. 3.1. Post-processing of the ANSL-V cross section data into
DORT-ready cross sections for the shielding task.
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Table 3.2. Nuclide number densities [atom/(barn cm)] for the materials
used in the DORT calculations

Heavy water DoO with temperature T=322.15 K

D 5.9561E-02
O 2.9781E-02

D50 in reflector with 0.2 mole % H,O with temperature T=318.0 K

D 6.5906E-02
H 1.3242E-04
O 3.3019E-02

Regular water HoO with temperature T=322.15 K

H 6.6111E-02
O 3.3055E-02

Aluminum 6061 with temperature T=339.15 K

Mg 6.6871E-04
Al 5.8219E-02
Si 3.4722E-04
Ti 5.0919E-05
Cr 6.2517E-05

Mn 4.4377TE-05
Fe ) ' 2.0373E-04
Cu 7.6072E-05

Zn 6.2149E-05
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Table 3.2 (continued)

Steel SS-316NG with temperature T=323 K

Cr 1.5620E-02
Fe 5.5440E-02
Ni 1.0170E-02
Mn 1.7390E-03
Mo 1.2450E-03
Si 2.0410E-03

Inconel-718 with temperature T=323 K

Cr 1.7100E-02
Fe 1.6840E-02
Ni 4.4710E-02
Mn 1.7130E-04
Mo 1.6310E-03
Si 1.5870E-04
Ti 9.8220E-04

Ideal neutron absorber ¢; = 100000 barn

- 1.0000E-02

Natural hafnium for control rod (13.31 g/cc) with temperature T=322.15 K

Hf E 4.4773E-02

Boral (p = 2.64 g/cc, 35 weight % B4C) with temperature T=323 K

Al , 3.8300E~02
B-10 7.9620E-03
B-11 3.2323E~02

C ' 1.0071E-02
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Table 3.2 (continued)

Barytes concrete with temperature T=323 K

H 1.6810E-02
B-10 3.3780E-04
B-11 1.3680E-03

0 4.1950E-02

Na 3.1930E-04
Mg 1.5490E-04

Al 7.5340E-04

Si 1.2600E-03

S 5.4010E-03

Ca 3.2730E-03
Ti 1.3360E-04
Mn 1.7130E-04
Fe 6.8750E-04
Ba-134 1.3037E-04
Ba-135 3.5557TE-04
Ba-136 4.2364E-04
Ba-137 6.0575E-04
Ba-138 3.8787E-03

Void

0 1.0000E-25
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used in the DORT calculations

Table 3.3. The fully symmetric S;y quadrature set with 70 discrete directions as

M Weight ue Il M Weight ue b

1 0-0000E+00 —2-7217E-01 —9-6225E—01 36 0-0000E+00 —2-7217E-01 9-6225E—01
2 23001E-02 —1-9245E—-01 —9-6225E—01 37 2.3001E-02 —1-9245E-01 9-6225E—01
3 2.3001E-02 1-9245E—01 —9-6225E—01 38 2-3001E-02 1.9245E-01 9-6225E—01
4  0-0000E+00 —5-4433E—01 —8-3887E—01 39 0-0000E+00 —5-4433E—01 8-3887E—01
5 1.7468E-02 —5-0918E—-01 —8-3887E—01 40 1.7468E-02 —5-0918E—-01 8-3887E—01
6 1.7468E~02 -1.9245E—-01 —8-3887E—01 41 1.7468E-02 —1.9245E-01 8-3887E—01
7 1.7468E-02 1-9245E-01 —8-3887E—01 42 1-7468E-02 1.9245E-01 8-3887E-01
8 1-7468E-02 5-0918E-01 —8-3887E-01 43 1-7468E-02 5-0918E—01 8-3887FE—01
9  0-0000E+00 —7-2008E—-01 —6-9389E—01 44 0-0000E+00 —7-2008E—01 6-9389E—01
10 1-2346E-02 —6-9389E—-01 —6-9389E—01 45 1-2346E-02 —6-9389E—-01 6-9389E—01
11  1-3051E-02 ~5-0918E—-01 —6-9389E—01 46 1-3051E-02 —5-0918E—01 6-9389E—01
12 1.2346E-02 -1.9245E-01 —6-9389E—01 47 1-2346E-02 —1.9245E—-01 6-9389E—01
13 1-2346E-02 1.9245E—-01 —6-9389E—01 48 1.2346E-02 1.9245E—01 6-9389E—01
14 1-3051E-02 5-0918E-01 —6-9389E—01 49 1-3051E-02 5-0918E—-01 6-9389E—01
15 1.2346E-02 6-9389FE—01 —6-9389E—01 50 1-2346E-02 6-9389E—01 6-9389E—01
16 0-0000E+00 —8-6066E—01 —5-0918E—01 51 0-0000E-+00 —8-6066E—01 5-0918E—01
17  1-7468E-02 —8-3887E—01 —5-0918E—01 52 1-7468E—02 —8-3887E—01 5-0918E—01
18  1.3051E-02 —6-9389E—01 ~5-0918E—01 83 1.3051E-02 —6-9389E—-01 5-0918E—01
19 1.3061E~02 —5-0918E~01 —5-0918E—01 54 1.3051E-02 —-5-0918E-01 5-0918E-01
20 1.7468E~02 -1.9245E~01 —5-0918E—01 55 1-7468E—02 —1.9245E—01 5-0918E—01
21 1.7468E—02 1.9245E—01 —5.0918E—01 56 1-7468E—02 1.9245E-01 5-0918E--01
22 1.30561E—-02 5-0918E—01 —5-0918E-01 57 1-3051E-02 5-0918E—01 5-0918E—01
23 1-3051E-02 6-9389E—~01 —5-0918E—01 58 1.3051E-02 6-9389E—01 5-0918E-01
24 1.7468E-02 8-3887E-01 —5-0918E—01 39 1-7468E—02 8-3887E-01 5-0918F5—01
25 0-0000E+00 -9-8131E—01 —1-9245E—01 60 0-0000E+00 —9-8131E--01 1.9245E—01
26 2-3001E—-02 ~9-6225E—01 —1-9245E—01 61 2-3001E-02 —9-6225E—01 1.9245E—01
27 1.7468E—-02 —8-3887E~01 —1-9245E-01 62 1.-7468E—02 —8-3887E—01 1-9245E—01
28 1.2346E-02 —6-9389E—-01 —1.9245E—-01 63 1-2346E—-02 —6-9389E—01 1-9245E—01
29 1-7468E-02 -5-0918E—01 —1-9245E-01 64 1.7468E-02 —5-0918E—-01 1-9245E—01
30 2:3001E-02 —1.9245E—-01 -1-9245E—01 65 2-30015-02 —1-9245E—01 1.-9245E-01
31  2-3001E-02 1.9245E-01 —1.9245E—01 66 2-3001E-02 1.9245E--01 1.9245E—01
32 1.7468E~02 5-0918E-01 —1-9245E—01 67 1.7468E-02 5-0918E-01 1.9245E—01
33 1.2346E-02 6-9389E—-01 —1-9245E—01 68 1.2346E-02 6-9389E—01 1-9245E—01
34 1-7468E~02 8-3887E-01 —1.9245E—01 69 1.7468E-~02 8-3887E-01 1.9245E-01
35 2-3001E-02 9-6225E—01 —1-9245E—01 70 2-3001E-02 9-6225E-01 1.9245E—01

“Cosine of the discrete direction vector at a point with respect to the +R direction.
®Cosine of the discrete direction vector at a point with respect to the +Z axis.
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In those cases where the horizontal shield extended over the whole bottom of the reflector
vessel, the neutrons and gammas from the outer radial surface are blocked and do not influence
the flux levels in the CRGT and subpile room. In these cases, an external radial boundary
source at the top of the geometry (Z=0.89 m) was used. However, in the cases with the
reduced horizontal shield, neutrons and gammas coming from the D20 at the outer radial side
can stream around the outer radial edge of the shield and contribute to radiation damage and
the dose rates. They were included as an external axial boundary source at the outer radius
(R=0.89 m) of the geometry.

The radial boundary source along the top surface of the present model (1184 mm below
the core midplane) and the axial boundary source along the side of the present model (at
R=890 mm) were therefore taken from the DORT results for the Initial Global 2-D Shielding
Analysis for the ANS Core and Reflector.5 Because the mesh specification and the quadrature
set of the Initial Global Shielding Analysis were different from those used in the present study,
the boundary source files were first processed by the BSPRP2 code® to make the necessary
adjustments.

3.4 KERMA FACTORS

Multigroup neutron and gamma kerma factors were produced for the materials aluminum, iron,
boral, and hafnium. They were used to convert the scalar flux results of the DORT calculations
into heating rates that were necessary to estimate the heat generation in the shielding materials
caused by radiation.

The gamma kerma factors were taken directly from the ANSL-V cross section library and are
based on calculations by the SMUG module of the AMPX cross section processing code system’
using theoretical expressions. The neutron kerma factors were extracted from the KAOS-V
kerma factor library® and collapsed to the 39 mneutron group structure by the RETRIEVE
module supplied with the KAOS-V library accounting for prompt and delayed energy release
including the 8 and a energies. .

As there was no easy way to account correctly for the gammas originating from decay (this
would need to be treated by a separate transport calculation), all decay energy was assumed
to be deposited locally. This may result in small overestimates of some heating rates.

Plots and values of the neutron and gamma kerma factors for boral and hafnium are shown
in Figs. 3.2 and 3.3 and the Tables 3.4 and 3.5, respectively. Kerma factors for aluminum and
iron are described in Sect. 5 and in Appendix D1 of the Initial Global 2-D Shielding Analysis
for the ANS Core and Reflector.’

3.5 FLUX-TO-DOSE CONVERSION FACTORS

The neutron and gamma flux-to-dose conversion factors for the energy group structure of the
ANSL-V library were generated by the ANSIDOSE.F program described in Ref. 5 and were
computed according to American National Standards Institute (ANSI) standard ANSI/ANS-
6.1.1-1977.° The conversion factors are listed in Table 3.6. The newer standard ANSI/ANS-
6.1.1-19911° has been released; however, the applicability of this standard is still a matter of
debate among the technical community and was therefore not used in this work.



25

Neutron Kerma

100
10 |
— 1k
E 3
L
= o01f
o
© !
« 001
‘5 R
B !
w 0.001 F
E
m b
=< 0.0001 |
10-05 |
1006 L

hafnium —
boral ---- ]

0.0001

0.01

1 100
energy [eV}

10000 1e+06

Fig. 3.2. Plot of the neutron kerma factors for boral and hafnium.

10 3
— 1 4
S 9
a3
3
o
©
. 0.1
o)
©
&
[1
E
0 roaweas)
= 0.01 : J— -
9 H et 3
3 e TN | ]
0.001 L . 4
10000 100000 1e+06 18+07

energy [eV]

Fig. 3.3. Plot of the gamma kerma factors for boral and hafnium.




26

Table 3.4. Neutron kerma factors for boral and hafnium

Energy boundaries (eV)

Kerma factors (Ws/m)

Group number

Emin - Emax

OO0~ U Wk

2.00E+07 - 6.43E+06
6.43E+06 — 3.00E+06
3.00E+-06 — 1.85E+06
1.85E+06 — 1.40E+-06
1.40E+-06 — 9.00E4-05
9.00E+4-05 — 4.00E+05
4.00E+05 — 1.00E4-05
1.00E+05 - 1.70E4-04
1.70E+04 - 3.00E+03
3.00E+03 - 5.50E+02
5.50E+-02 - 1.00E+02
1.00E4-02 - 3.00E+01
3.00E+4-01 - 1.00E+01
1.00E+01 - 3.00E4-00
3.00E+-00 - 1.77E+00
1.77E4-00 - 1.30E+00
1.30E4-00 - 1.00E4-00
1.00E400 - 7.65E-01
7.65E-01 — 5.88E-01
5.88E-01 — 4.79E-01
4.79E-01 - 3.97E01
3.97E-01 - 3.30E-01
3.30E-01 - 2.70E-01
2.70E-01 - 2.15E-01
2.15E-01 - 1.62E-01
1.62E-01 - 1.04E-01
1.04E-01 - 5.00E-02
5.00E-02 — 3.00E-02
3.00E-02 — 1.00E-02
1.00E-02 - 4.45E-03
4.45E-03 - 3.25E-03
3.25E-03 - 2.60E-03
2.60E-03 - 2.15E-03
2.15E-03 - 1.80E-03
1.80E-03 - 1.45E-03
1.45E-03 - 1.13E-03
1.13E-03 - 8.50E-04
8.50E-04 — 5.50E-05
5.50E-05 — 1.00E-05

Hafnium Boral
2.4346E-13 5.1186E-12
7.4030E-14 1.1809E-12
5.3942E-14 9.0512E-13
4.7585E-14 7.3638E-13
4.1094E-14 5.3993E-13
2.5492E-14 5.0953E-13
1.12563E-14 5.8249E-13
4.1023E-15 9.6174E-13
1.3237E-15 2.1733E-12
7.0079E-16 5.1697E-12
7.9805E-16 1.2167E-11

*1.9169E-15 2.4948E-11
1.4978E-15 4.4467E-11
2.2319E-14 7.9073E-11
4.8283E-14 1.2095E-10
1.2558E-14 1.4933E-10
5.6548E-14 1.7175E-10
4.2968E-14 1.9596E~-10
4.2381E-15 2.2374E-10
2.6166E-15 2.5190E-10
2.4305E-15 5.1131E-10
2.4305E-15 5.1144E-10
2.4305E-15 5.1144E-10
2.4305E-15 5.1144E-10
2.4305E-15 5.1144E-10
2.4305E-15 5.1144E-10
4.5046E-15 1.0588E-09
4.5103E-15 1.0603E-09
4.5103E-15 1.0603E-09
4.5103E-15 1.0603E-09
4.5103E-15 1.0603E-09
4.5103E-15 1.0603E-09
4.5103E-15 1.0603E-09
4.5103E-15 1.0603E-09
4 5103E-15 1.0603E-09
4.5103E-15 1.0603E-09
4.5103E-15 1.0603E-09
4.5103E-15 1.0603E-09
45103E-15 1.0603E-09




27

Table 3.5. Gamma kerma factors for boral and hafnium

Energy boundaries (eV)

Kerma factors (Ws/m)

Group number

Emin - Emax

IS AR 1 P 60 00 00 €19 00 60 €0 00 €0 0O 1D DO DO IO 1D B DD DD DY B =t 1t 13 it 1 ot it 1 ot
:ﬁmi%»—-gcooo-qmmﬁww»—aocooo«:o:cmpww:—-oeoooqcscmhww--5‘°°°*1°=°"P~°°N'-‘

2.00E+07 - 1.40E+07
1.40E+07 - 1.20E+07
1.20E-+07 - 1.00E+07
1.00E+07 ~ 8.00E+06
8.00E+-06 - 7.50E+06
7.50E+-06 —~ 7.00E+06
7.00E+-06 - 6.50E+06
6.50E+06 - 6.00E+06
6.00E+06 — 5.50E+06
5.50E+06 - 5.00E+06
5.00E+06 — 4.50E+06
4.50E+06 ~ 4.00E+-06
4.00E+-06 - 3.50E+-06
3.50E+06 — 3.00E+06
3.00E+-06 - 2.50E+06
2.50E+06 - 2.35E+06
2.35E+06 - 2.15E+06
2.15E+06 — 2.00E+06
2.00E+06 - 1.80E+06
1.80E+-06 ~ 1.66E-+-06
1.66E+06 ~ 1.57E+06
1.57E+06 — 1.50E+06
1.50E+-06 — 1.44E+4-06
1.44E+-06 - 1.33E+06
1.33E+-06 — 1.20E+06
1.20E+06 — 1.00E+06
1.00E+-06 — 8.00E+05
8.00E+05 — 7.00E+05
7.00E+05 - 6.00E+05
6.00E+05 — 5.12E+05
5.12E+05 - 5.10E+05
5.10E+-05 — 4.50E+05
4.50E+05 — 4.00E+05
4.00E+-05 - 3.00E+05
3.00E+05 — 2.00E+05

. 2.00E+4-05 — 1.50E+05

1.50E+05 — 1.00E+05
1.00E+05 ~ 7.50E+04
7.50E+04 — 7.00E+04
7.00E+04 - 6.00E+04
6.00E+-04 - 4.50E+04
4.50E+-04 — 3.00E+04
3.00E+-04 — 2.00E+04
2.00E-+04 - 1.00E+04

Hafnium Boral
1.8060E-10 1.1476E-11
1.2225E-10 8.7036E-12
9.5918E-11 7.4037E-12
7.1689E-11 6.1478E-12
5.7545E-11 5.3766E-12
5.2148E-11 5.0696E-12
4,7014E-11 4.7698E-12
4.2143FE-11 4 4764E-12
3.7426E-11 4,1823E-12
3.2905E-11 3.8885E-12
2.8597E-11 3.5956E-12
2.4554FE-11 3.3035E-12
2.0762E-11 3.0086E-12
1.7305E-11 2.7106E-12
1.4159E-11 2.4034E-12
1.2322E-11 2.1979E-12
1.1467E~11 2.0853E-12
1.0676E-11 1.9701E-12
9.8867E~12 1.8493E-12
9.2005E-12 1.7283E-12
8.7986E-12 1.6442E-12
8.5420E-12 1.5843E-12
8.2994E-12 1.5338E-12
8.0528E-12 1.4665E-12
7.7915E-12 1.3689E-12
7.4650E-12 1.2263E-12
7.1871E-12 1.0387E-12
7.1775E~-12 8.8629E-13
7.3834E-12 T.7771E-13
7.8548E-12 6.7055E~13
8.2261E-12 6.1761E-13
8.6120E-12 5.8024E-13
9.5337TE-12 5.1276E-13
1.1840E-11 4.1803E-13
1.8998E-11 2.8937E-13
3.2932E-11 1.9606E-13
5.8634E-11 1.4718E-13
1.0451E-10 1.3780E-13
1.4005E-10 1.5438E-13
9.0822E~-11 1.7558E-13
4.8102E-11 2.4728E-13
8.8232FE-11 4.8198E-13
1.7689F~10 1.1206E-12
4.0863E-10 3.5060E-12
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Table 3.6. Neutron and gamma flux-to-dose-rate conversion factors in the 39
neutron group and 44 gamma group structure of the ANSL-V library

Neutron dose [(s- m?) - mrem/h]

Gamma dose [(s- m?) - mrem/h]

Group number

Emin - Emax

n-dose

Emin — Emax

~-dose

2.00E+07 - 6.43E+06
6.43E+06 — 3.00E+06
3.00E+06 — 1.85E+06
1.85E+06 ~ 1.40E+4-06
1.40E+06 — 9.00E+-05
9.00E+05 — 4.00E4-05
4.00E+05 — 1.00E4-05
1.00E+05 —- 1.70E+-04
1.70E+-04 - 3.00E+-03
3.00E+03 - 5.50E+4-02
5.50E+02 - 1.00E4-02
1.00E+02 ~- 3.00E+01
3.00E+01 - 1.00E+01
1.00E+01 - 3.00E+-00
3.00E+00 - 1.77E+-00
1.77E+00 - 1.30E4-00
1.30E+00 — 1.00E+00
1.00E+00 - 7.65E-01
7.65E-01 — 5.88E-01
5.88E-01 — 4.79E-01
4.79E-01 - 3.97E-01
3.97E~01 - 3.30E-01
3.30E-01 - 2.70E-01
2.70E-01 - 2.15E-01
2.15E-01 - 1.62E-01
1.62E-01 - 1.04E-01
1.04E-01 - 5.00E-02
5.00E-02 - 3.00E-02
3.00E-02 - 1.00E-02
1.00E-02 — 4.45E~03
4.45E-03 ~ 3.25E-03
3.25E-03 - 2.60E-03
2.60E-03 - 2.15E-03
2.15E-03 - 1.80E-03
1.80E-03 - 1.45E~-03
1.45E-03 - 1.13E-03
1.13E-03 ~ 8.50E-04
8.50E-04 - 5.50E-05
5.50E-05 - 1.00E-05

1.4916E-05
1.4464E-05
1.2701E-05
1.2811E-05
1.2977E~05
1.0281E-05
5.1183E-06
1.2319E-06
3.8365E-07
3.7247E-07
4.0150E-07
4.2926E-07
4.4744E-07
4.5677TE-07
4.5576E-07
4.5185E-07
4.4779E-07
4.4299E-07
4.3793E-07
4.3207E-07
4.2569E-07
4.1988E-07
4.1336E-07
4.0551E-07
3.9534E-07
3.7835E-07
3.6750E-07
3.6748E-07
3.6748E-07
3.6748E-07
3.6748E-07
3.6748E-07
3.6748E-07
3.6748E-07
3.6748E-07
3.6748E-07
3.6748E-07
3.6748E-07
3.6748E-07

2.00E+07 - 1.40E+07
1.40E+07 - 1.20E+07
1.20E+07 - 1.00E+07
1.00E+-07 — 8.00E+-06
8.00E+06 — 7.50E+06
7.50E+06 — 7.00E+06
7.00E+06 — 6.50E+06
6.50E+06 — 6.00E4-06
6.00E+-06 — 5.50E-+06
5.50E+-06 - 5.00E4-06
5.00E+06 — 4.50E+06
4.50E+06 — 4.00E+06
4.00E+06 - 3.50E+06
3.50E+06 — 3.00E+06
3.00E+06 — 2.50E+06
2.50E+06 — 2.35E+06
2.35E+06 — 2.15E+06
2.15E+4-06 — 2.00E+-06
2.00E+06 — 1.80E+06
1.80E+06 — 1.66E+06
1.66E+-06 — 1.57E+06
1.57E+06 — 1.50E+06
1.50E+06 — 1.44E+06
1.44E+06 — 1.33E+06
1.33E+06 — 1.20E+-06
1.20E4-06 — 1.00E+06
1.00E+06 — 8.00E+05
8.00E+05 — 7.00E+-05
7.00E-+05 — 6.00E+05
6.00E+05 - 5.12E+05
5.12E+05 — 5.10E405
5.10E+05 — 4.50E+05
4.50E+-05 — 4.00E+05
4.00E+-05 — 3.00E+05
3.00E+05 — 2.00E+05
2.00E+05 - 1.50E+-05
1.50E+05 — 1.00E+05
1.00E+-05 - 7.50E+04
7.50E+04 - 7.00E+-04
7.00E+-04 - 6.00E+04
6.00E+04 - 4.50E+4-04
4.50E+-04 ~ 3.00E+-04
3.00E+04 - 2.00E+04

2.00E+04 - 1.00E+04

1.4880E-06
1.1776E-06
1.0264E-06
8.7716E-07
7.8468E-07
7.4783E-07
7.1104E-07
6.7426E-07
6.3749E-07
6.0069E-07
5.6001E-07
5.2272E-07
4.8324E-07
4.4117E-07
3.9596E-07
3.6472E-07
3.4703E-07
3.2876E-07
3.0979E-07
2.9067E-07
2.7730E-07
2.6775E-07
2.5985E-07
2.4928E-07
2.3392E-07
2.1180E-07
1.8326E-07
1.6038E-07
1.4417E-07
1.2815E-07
1.2019E-07
1.1281E-07
1.0321E-07
8.75694E-08
6.3060E-08
4.3908E-08
3.2767E-08
2.6816E-08
2.5783E-08
2.6006E-08
2.8439E-08
4.1154E-08
8.2669E-08

2.1439E-07
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3.6 FLUX-TO-DPA CONVERSION FACTORS

For most materials, displacement damage is caused by neutron-absorbing reactions and the
subsequent decay, in which fast neutrons knock on atoms or the recoil impulse of the decay
particle pushes the rest nucleus and displaces atoms from their original lattice sites, as for the
iron atoms in steel. In both cases, the DPA are directly proportional to the flux level and can
be estimated by standard flux-to-DPA conversion factors.

In some materials, however, sequential reactions play a significant role. In nickel, which is
a significant component in stainless steel 316NG, a portion of the 58Ni is converted to Fe in
the reaction sequence

BNi (n,7) ®Ni (n,a)®Fe, (3.1)

where the ®Fe atom and the a-particle have recoil energies of 0.340 MeV and 4.757 MeV,
respectively. (Note, for comparison, that the recoil energy of a nickel atom is a factor of 10
lower because of the absorption of a typical fission neutron.)

Because the a-particle is produced by a two-step reaction, the probability of its appearance
is no longer linear with the neutron flux but is time dependent and can be derived as:!!

N(a) . _ 20_ + a.ae—dgamma¢t _ o.ao.7e—ﬂT¢t , (3.2)
No(8N7) or Oy —or (04 — or)or
where
N(a) = « particles produced,
No(®®Ni) = initial number of 58Ni atoms,
Oc = spectral averaged %°Ni(n,a) cross section,
or = spectral averaged total absorption cross section of 5°Ni,
Oy = spectral averaged 8Ni(n,y) cross section,
) = scalar flux,
t = irradiation time.

For a thermal neutron spectrum, the nickel cross sections are approximately o, = 11.6 barn,
or = 92 barn, 0., = 4.6 barn. Although the nickel content in stainless steel 316NG varies from
10 to 15%, it was assumed to be 14 wt % in the present study.

Assuming that half of the 5°Fe energy, and 0.13% of the a- energy, will be expended in
nuclear events,!! the creation of one a-particle is accompanied by a total damage energy of
0.176 MeV, which gives a total of 1760 displaced atoms per generated « particle. Thus, in
stainless steel 316NG, the DPA contributions from iron (calculated by flux-to-DPA. conversion
factors) and nickel (calculated by the formula given previously) add up to a total DPA value.
Depending on the fluence (¢#t), one or other contribution may dominate, as can be seen in
Fig. 34.

It is not only the displacements that cause problems in the strength and durability of the
steel but also the high level of helium (as a-particle) deposited in the damaged lattice, which is
recognized to be very harmful and must be estimated. The number of helium atoms produced
by a given fluence is plotted in Fig. 3.5.

As there are few experimental data available for irradiation effects of steel in a thermal
neutron spectrum at low temperatures, “acceptable levels” of helium production and DPA
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must eventually be more clearly defined by material scientists.
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4. THE DORT ITERATION SCHEME

Several characteristics make analysis of the CRGT and subpile room problem a very central
processing unit (CPU)-time consuming one:

e The problem consists of 111 radial x 222 axial meshes. The fluxes in the meshes have to
be converged spatially in so-called inner iterations.

* The number of 39 neutron groups and 44 gamma groups add up to 83 energy groups
totally, which is a significantly large number for a discrete ordinates problem.

¢ Thermal neutron groups must be treated differently as downscattering and upscattering
occur. Thus, because more than half of the neutron groups lie in the thermal energy range
(25 of 39 groups), it is necessary to converge the fluxes in terms of energy in so-called
outer iterations.

o Large regions of the problems consist of D,O, a material with a very low absorption
cross section and a large neutron diffusion length. Many inner iterations are needed for
convergence in such regions.

o Furthermore, D0 has a low threshold energy of 2.225 MeV for (v,n)-reactions (photoneu-
tron production), which is mathematically described by upscattering from gamma groups
into neutron groups. So a second upscattering mechanism is present in the CRGT and
subpile room problem, which needs to be treated with outer iterations.

The DORT program is discretizing the transport problem energetically and spatially and
solving for the flux profile by converging energetically in so-called outer iterations and spatially
in so-called inmer iterations. The program starts the outer iterations with the group of the
highest neutron energy, performs a number of inner iterations for spatial convergence, calculates
downscattering and upscattering losses, and continues with the next neutron group. As long
as no upscattering is present, one outer iteration is sufficient as downscattering is regarded
in the following neutron groups having lower energy. After finishing the neutron groups, the
calculation continues in the same way with the gamma groups in the order from high gamma
energies to low energies. Upscattering does not occur in the gamma intern transport, which
allows restricting the number of outer iterations to one. However, the photoneutron production
phenomena is described mathematically as upscattering from gamma groups to neutron groups.

The nature of the problem makes it necessary to apply a three-step calculation to make the
problem converge in a reasonable time:

Step 1 converges the fast and epithermal neutron fluxes in the groups 1 to 15, applying 1
outer iteration and 30 inner iterations.

Step 2 converges the thermal neutrons fluxes in the groups 16 to 39, using 50 outer iterations
and 2 inner iterations for each outer using error-mode extrapolation.

Step 3 converges the gamma fluxes in the groups 40 to 83, using 1 outer iteration and 30
inner iterations.

To account for the photoneutrons the whole scheme has to be repeated, which means that
essentially only one photoneutron iteration is performed. Note, however, that for solving the
different cases the final flux file of the previous case is used as a starting guess, which is already
a good approximation of the solution as long as the changes in between the cases are small
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and the first calculation is fully converged. It therefore seemed sufficient to have only one
photoneutron iteration. A more elaborate strategy for cases without a good starting guess for
the flux is described in Initial Global 2-D Shielding Analysis for the ANS Core and Reflector.®

To proof the convergence, several checks were done. The output of all step 2 calculations was
rearranged by the program CHKCON,’ which lists tables of key fluxes (i.e., fluxes in specified
meshes) in every energy group vs outer iteration number, which makes changes easily recognized
visually. Fifty outer iterations were sufficient in all cases for thermal neutron flux convergence.

In one case, a calculation was performed by repeating the three-step scheme twice. No
significant change of the broad group flux plots of the cases with one- and two-time application
of the three-step scheme could be seen.

In one case, 50 additional outer iterations with two inner iterations each were done covering
the energy groups 1 to 56 to check the convergence of the photoneutron production. The fluxes
changed only in the percent range in some positions in the first few iterations, and the broad
flux plots of ingoing and outgoing flux files showed only minor differences.

Finally, in a double check for the fluxes at the bottom of the reflector vessel, the calculation
R550 without shield was compared against the results of Ref. 5 and showed good agreement.



5. FLUX RESULTS AND DOSE RATES

Showing detailed results for all the shielding cases investigated would certainly not be practical
or desirable. To present as much information as possible, the fine group fluxes were processed to
broad group fluxes and plotted as contour lines. The broad group fluxes are defined as follows.

Broad group name Energy range  Fine groups
Fast neutron flux : 0.1-14 MeV 1-7
Epithermal neutron flux 1 100 eV-0.1 MeV 8-11
Epithermal neutron flux 2  0.625-100 eV 12-19
Thermal neutron flux 0-0.625 eV 20-39
High-energy gamma flux > 2 MeV 40-57
Low-energy gamma flux < 2 MeV 58-83

Detailed flux information can be found in Figs. A.1-A.24 in Appendix A for three technical
relevant cases: for case R550 without any shield around the base of the CPBT, for case R400
with the radially extended boral shield, and for case R500 with the radially restricted hafnium
shield. Plots of neutron and gamma dose rates are also included in Appendix A.

The neutron dose rates are dominated by the fast neutron fluxes. High- and low-energy
fluxes contribute equally to the gamma dose rate. Although the high-energy gamma flux is
a factor of 10 lower than the low-energy flux, its contribution to the gamma dose rate is
balanced by higher flux-to-dose-rate conversion factors. Comparing the case R550 without any
shield against the cases R450 and R500 with shield, it becomes obvious that the shield has no
influence at all on the fluxes and dose rates in the subpile room. Case R400 for the radially
extended boral shield shows about a factor of 10 lower neutron and gamma, dose rates in the
subpile room compared against the corresponding dose rates in cases R500 and R550. Note,
however, that the sources from the outer radial boundary are missing in this case, which makes
a great difference especially, for the deep-penetrating, high-energy gamma fluxes. This affects
both the gamma and neutron dose rates because it originates in the fact that the fast neutron
flux is built up mainly by photoneutrons produced by the high-energy gamma fluxes because
the threshold for photoneutron production in deuterium is 2.225 MeV.

Changes in the shield design were motivated mainly by the need to reduce the thermal
neutron flux in the PCSA and its flange (both fabricated of steel). For documentation of
the ongoing work and the lessons learned, the thermal neutron fluxes in the upper part of the
geometry are plotted for all cases investigated. The description of the geometric zones overlayed
on the flux contour plots is in Sect. 2. In the following text associated with each figure, the
numbers in parentheses refer to components shown in Fig. 2.2 and described in Table 2.1. All
fluxes are given in units (m™2 s™1),
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Case R250:

The neutron fluxes are given in units
[m~2 -s!]. Without any shield, the
tip of the PCSA (7) reaches into the
thermal neutron flux level of 2 - 1017
m~2 57! and the parts of the flange
(8) near the reflector vessel are ex-
posed to a flux of almost 1 - 107
m~2 .s71. The rapid drop of the
fluxes at the outer radial boundary
is artificial and is caused by lack of
the radial boundary source.

Case R200:

The horizontal shield (3) of an ideal
absorber lowers the thermal neutron
flux at the tip of the PCSA (7) by
about a factor of 10 to about 2 - 1016
m~2 .s~! and reduces the maximal
flux in the flange (8) by more than a
factor of 100, to values below 1 - 101°
m~2 .s~1, The shield blocks neu-
trons coming from the reflector ves-
sel; however, the DoO-filled CPBT
allows neutrons to stream down and
into the 150-mm-wide layer between
the shield and the bottom of the re-
flector vessel.
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Case R300:

Extending the ideal shield material
vertically outward from the CPBT
(4) to a height of 0.79 m reduces the
thermal neutron flux at the tip of
the PCSA (7) about a factor of 100,
compared with the unshielded case
R250, to 2- 101° m~2 .s~1, Also, the
flux at the flange (8) is now reduced
by about a factor of 1000, to below
1-10¥ m—2 571,

Case R350:

Including the core support structure
(5) into the D20 of the CPBT (4),
which is a significant volume of alu-
minum, has little effect neutroni-
cally.
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Case R500:

Using hafnium as shielding mate-
rial instead of boral has no effect
on the thermal neutron fluxes, al-
though the neutron absorption in
hafnium is a factor of 6 smaller
than in boral. Even 10-mm-thick
hafnium absorbs more than 99% of
the thermal neutrons and is there-
fore “dark grey” in terms of neutron
transmission.

Case R600:

Also, reducing the density of
hafnium by a factor of 2 shows
that a shield with half the original
thickness is neutronically very simi-
lar. The thermal neutron flux level
in the flange (8) does not change
at all, and the flux in the PCSA
(7) is slightly increased to 9 - 101°
m~ 51, Obviously, streaming ef-
fects around the outer radial edge of
the shield are dominating the fluxes
in the PCSA (7) and the flange (8)
rather than transmission effects.
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Case R550:

To verify a new cross section set and
the use of the boundary source that
includes the sources at the outer ra-
dial boundary, the case without any
shield (R250) was repeated while
taking into account all the refine-
ments of the geometry (core sup-
port structure, 110-mm-thick reflec-
tor vessel bottom, etc.). The fluxes
in the PCSA (7) and the flange (8)
are similar to the first case without
shielding, as expected.



6. DISPLACEMENTS PER ATOM AND HELIUM PRODUCTION IN
THE STEEL COMPONENTS

Concern over radiation damage to the steel components, mainly the PCSA and its flange (see
Fig. 2.2), were the major motivation for this work.

The radiation damage is usually quantified in number of DPA. As described in Sect. 3.6, the
mechanism of radiation damage in austenite steel containing nickel is rather complicated. The
direct contribution to DPA by knock-on of fast neutrons on lattice atoms competes with 5°Nij
build up and the accompanied 5°Ni(ny;,cr)%6Fe reaction. The later mechanism is the origin of
helium deposition, which causes swelling in steel and is an additional effect of radiation damage.

As demonstrated in Fig. 3.4, the direct knock-on mechanism dominates the DPA below a
thermal neutron fluence of 2 - 10%® m~2, whereas above a fluence of 2 - 102 m~2, the two-
step absorption of nickel dominates. Critical DPA levels of 1 and higher, critical in terms of
durability and mechanical strength of the steel, are reached with a thermal neutron fluence of
more than 1 - 10% m2. Critical helium levels of 10 appm and higher are already reached above
the thermal neutron fluence of 2 - 105 m~2. Fluences of this magnitude are easily accumulated
near the bottom of the reflector vessel during its 40-year lifetime.

The DPA levels and helium production in the PCSA and the flange were calculated for the
cases R550 without any shield, R400 with the extended boral shield, and R500 with a radially
restricted hafnium shield, assuming an exposition time of 40 years and a duty cycle factor of
0.7 because of maintenance and reloading procedures.

Figures 6.1 and 6.2 show the radially averaged DPA and helium production levels in the
PCSA plotted vs the height. The DPA level of nearly 1 at the top of the PCSA in the unshielded
case R550 is reduced by the restricted shield of case R500 to about 5 - 1073 and by the radially
extended boral shield in case R400 to below 2 - 10~3. A similar dependence is found for the
helium production in the PCSA. Helium production of 500 appm at the top of the unshielded
PCSA is reduced to 0.5 appm and 0.02 appm in cases R500 and R400, respectively.

In Figs. 6.3 and 6.4, the DPA and helium production levels are plotted vs the radius in the
part of the flange near the bottom of the reflector vessel, again, for the unshielded case R550,
case R500 with radially restricted shield, and case R400 with the radially extended shield. DPA
levels of about 0.2 at the outer radial edge of the flange in case R550 are reduced 0.05 and 0.005
in cases R500 and R400, respectively. Because of streaming around the outer edge of the shield,
the helium production in the flange still reaches a value of 20 appm in case R500 compared
to the 90 appm in the unshielded case R550, whereas the extended shield of case R400 most
effectively decreases the level to a minute 1 - 10— appm. Unfortunately, the radially extended
shield is mechanically impossible.

Detailed DPA and helium production data for all mesh intervals in the PCSA and the flange
are given in Appendix B.
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DPA-level in the PCSA radially averaged

1 9 L] i T ]
case R550 w/o shiseld —
case R500 with rest. hf-shield -----
| case R400 with ext. boral shield -----
0.1 | 4
£
[=] s
]
@ 0.01 | 4
Q.
9
[=4
[1]
g s
_é 0.001 | -
Q.
@
©
0.0001 | -
19_05 ' [ 1 L
-400 -300 -200 _-100 0 100 200
height [mm)]

Fig. 6.1. Radially averaged DPA level in the PCSA vs height for cases R550,
R500, and R400 after 40 years of reactor operation (height=0 mm corresponds
to the bottom surface of the reflector vessel).
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Fig. 6.2. Radially averaged helium production in the PCSA vs height for
cases R550, R500, and R400 after 40 years of reactor operation (height=0 mm
corresponds to the bottom surface of the reflector vessel).
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DPA-level in the flange near the refiector vessel
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Fig. 6.3. DPA level in the flange near the reflector vessel vs radius for cases
R550, R500, and R400 after 40 years of reactor operation.
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Fig. 6.4. Helium production in the flange near the reflector vessel vs radius
for cases R550, R500, and R400 after 40 years of reactor operation.







7. HEATING IN THE SHIELD

Because the shield is located inside the reflector vessel, it is exposed to high neutron and gamma
radiation that cause heating and activation. To calculate the heating rates for the restricted
hafnium and boral shields in cases R500 and R450, the DORT fluxes were folded with the kerma
factors described in Sect. 3.4.

For the case of the hafnium shield, the neutrons’ contribution to heating is completely
negligible (a factor of 10° lower compared to the 7 heating, see Tables C.1 through C.3),
whereas in the case with the boral shield the neutron contribution dominates the heating rate
(see Tables C.4 through C.6).

In Figs. 7.1 and 7.2, the heating rates in the vertical and horizontal parts of the shield are
plotted against the height and radius, respectively. Heating rates in the horizontal part of the
shield go up to 3 W cm™3 for both the hafnium and the boral shield. The heating rates in the
vertical section of the shield are reaching values up to about 60 W cm—2 in the upper tip of
the hafnium shield and up to 70 W cm—3 in the boral shield. Assuming a shield thickness of
10 mm, one would have to remove a heat load of 60 — 70 W cm~2, which is beyond what can
be removed by free convection of D,0.

Decreasing the length of the vertical part of the shield does not solve the heating problem
because the upper part of the shield protects the lower parts from high flux levels. The only
way to reduce the overall heat load is to decrease the shield thickness. Case R600 shows that
a hafnium shield thickness of 5 mm would still be acceptable neutronically. In any event,
cooling of the CPBT in this region will still require forced convection, which can account for
the additional cooling requirements imposed by the shield.

Although the heat load is similar for both the hafnium and boral shield, boral seems to be
the poorer solution for several reasons. Boral is a compound of B4C and aluminum pressed
between layers of cladding, Significant swelling can occur because neutron absorption is followed
by a-decay, which produces helium. Thus, the integrity of the boral compound is not ensured.
On the other hand, hafnium is a metal with rather good mechanical properties, consisting
of several well-known neutron-absorbing isotopes, which cascade into other neutron-absorbing
isotopes and prolong the lifetime of the shield. Overall, hafnium seems to be the preferred
material for this shielding problem.
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heating rate in vertical part of the shield
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Fig. 7.1. Heating rate in the vertical part of the shield vs height for the
boral shield of case R450 and for the hafnium shield of case R500.
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Fig. 7.2. Heating rate in the horizontal part of the shield vs radius for the
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8. DEPLETION AND ACTIVATION OF THE HAFNIUM SHIELD

When strong absorbers are used as shielding materials, depletion effects must be considered
and shielding calculations performed under end-of-life conditions before the design can be pro-
nounced acceptable. In addition, concerns arose that the L-shaped hafnium shield might become
so activated that it might contribute significantly to the dose rate in the subpile room after
shutdown. To establish the burnup profile and the activation in the shield, the cylindrical L-
shaped hafnium shield was divided into six vertical zones and four horizontal zones, as shown in
Fig. 8.1. Multigroup fluxes from the DORT analysis of the full-density hafnium shield of case
R500 were used to determine the volume-averaged thermal flux in each of these ten zones, as
well as the volume-averaged values of the “therm,” “res,” and “fast” parameters to be used in
ORIGEN-S'2 depletion/activation analyses. A separate ORIGEN-S depletion/activation anal-
ysis was performed for each of these ten zones, assuming that the shield is irradiated for two
full-power years and subsequently allowed to decay for one day. ORIGEN-S is the version of
the ORIGEN code’® applied in the SCALE system.!4 Although not essential for the depletion
analyses, this decay step was included to correspond to conditions one day after shutdown of
the reactor, when one might first want to gain personnel access to the subpile room below the
reactor. The hafnium material used in this calculation included 3.1 wt % zirconium as well as
the following impurities: 250 appm W, 40 appm Cu, 110 appm Fe, 8 appm U, 35 appm Al, and
25 appm Ti. The overall density was assumed to be 12.90 g/cc.

Table 8.1 shows the amount of each hafnium isotope initially present in the shield, as well
as the final isotope concentrations present in each of the ten zones (see Fig. 8.1) at the end
of two full-power years. Note that although !™Hf, 7SHf, and !"7HF all have large thermal
neutron absorption cross sections, only "7Hf is present in any significant quantity. This isotope
also has the largest absorption cross section and experiences the greatest depletion; after two
full-power years, its concentration in zone 1 is 1.51 g cm™3, or about 34% lower than its initial
concentration of 2.30 g cm™3. This high burnup rate is typical only for zone 1 near the top of
the vertical section of the I-shaped hafnium shield. In zone 2, it is only 13% (see Table 8.1),
while in all the other zones it is even less. Across the horizontal base plate, the maximum 177 Hf
depletion occurs in zone 10, near the outer radial edge of the base plate, where it is only about
1%/year. :
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Table 8.1. Hafnium isotope concentration in the ten zones of the shield at
beginning of reactor operation and after two full-power years. See Fig. 8.1 for
the location of each zone in the L-shaped shield

Isotope Initial Final isotope concentration in each zone in (mg mm™3)
(mg mm~3) = Zone 1 Zone 2 Zone 3 Zone 4 Zone 5

hf174 1-95E-02 1-22E-02 1-67E—-02 1.82E—02 1-88E—02 1.92E—02
hf175 0-00E+00 845E—-04 3-71E—04 1-77TE—04 8-80E—05 4-53E—05
hf176 6-41E~-01 6-12E-01 6-31E—01 6-36E—01 6-38E—01 6-39E—01
hf177 2-30E+00 1-51E400 1.99E+00 2-16E+00 2-23E+00 2-27E-+00
hf178 3-38E+00 3-83E+00 3-58E+00 3-47E+00 3-42E+00 3-40E+00
hf179 1-72E+00 2:00E+00 1-81E+00 1-76E+00 1.74E+00 1.73E-+00
hf180 4-43E+00 4-47E+00 4-44E+00 4-44E+00 4-44E+00 4-44E+00
hf181 0-00E+00 5-63E—03 1.90E—03 8-38E—04 4-05E—04 2-06E—04
hf182 0-00E+00 2-46E—-04 2-81E—05 547E—06 1-28E—06 3-29E—07

Isotope Initial Final isotope concentration in each zone in (mg mm™3)
(mg mm=2) ~ Zone 6 Zone 7 Zone 8 Zone9  Zone 10

hf174 195E-02 1.93E-02 1-94E—-02 193E-02 1.92E—02 1-90E—02
hf175 0-00E+00 2-15E—05 9-41E—06 2-18E—05 3-38E-05 6-70E—05
hf176 6-41E—01 6-40E—01 6-40E—01 6-40E—01 6-40E—~01 6-39E—01
hf177 2-30E+00 2-20E+00 2-30E+00 2:29E+00 2-28E+00 2-25E--00
hf178 3-38E+00 3-39E+00 3-38E+00 3-39E+00 3-39E+00 3-41E-+00
hf179 1-72E+00 1.73E400 1.72E+00 1-73E+00 1.73E+00 1-74E+00
hf180 443E+00 4-44E400 4-44E+00 4-44E+00 4-44E+00 4-44E+00
hf181 0-00E+00 9-70E-05 4-24E~05 9.82E—05 1.52E~04 3-06E—04
hf182 0-00E+00 7-30E—08 1-39E—08 7-50E—08 1.81E—07 7-30E—07

In Sect. 5 it is pointed out that in case R600 with the half-density hafnium shield (represents
a full-density shield that is only half as thick), the thermal neutron fluxes in the region of the
PCSA and the flange are almost identical compared with the case of a full-density shield. This
means that the depletion after two full-power years of reactor operation has little effect on the
shield performance.

With the half-density shield just mentjoned, the final hafnium concentration would be 69%
lower than the initial concentration. The low burnup rates in most portions of the thick shield
suggest that this thinner shield may well provide adequate shielding after being depleted for
two full-power years of reactor operation. The only region of possible concern in this case would
be in zone 1 near the top of the shield. With time, the hafnium shield would become depleted
from the top down, thus diminishing the effectiveness of the vertical section of the shield,

The gamma sources in the hafnium shield after two full-power years of irradiation and one
day of decay time, shown in Table 8.2, were obtained by the ORIGEN-S depletion/activation
analyses directly in the 44 gamma group structure used in the ANSL-V 39n/44g cross section
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library.® If one had only pure hafnium metal with no impurities, there would be no decay
gammas above 2 MeV. With the impurities listed in Table 8.1, however, there are a few high-
energy gammas that are able to produce photoneutrons in the D20 inside the CPBT and CRGT.
Given that these high-energy gamma sources are typically five to six orders of magnitude less
intense than those in the 1 to 2 MeV range, the effect of producing photoneutrons and secondary
gammas originating in neutron absorption is believed to have negligible effect on the dose rate
in the subpile room.

A rigorous DORT gamma-shielding analysis was performed using these gamma source terms
in the 2-D model R500 without accounting for photoneutrons. With these multigroup source
terms in each of the ten zones of the hafmium shield, all other sources were set to zero to
evaluate the additional dose from the presence of the activated hafnium shield. The gamma
dose contours of this DORT calculation are shown in Fig. 8.2. Near the top of the subpile
room, the additional gamma dose rate from the activation of the hafnium shield alone was less
than 0.0001 mrem/h. In reality, many more components present in this region (the reflector
vessel, the CPBT and CRGT, the components inside the CPBT and CRGT, the bellows below
the CRGT, the highly activated PCSA and primary coolant supply tube itself, the liner of the
reactor vault, and even the unloaded fuel element and the activated beam tubes) are expected
to contribute much more to the dose rate after shutdown than the hafnium shield does.
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Fig. 8.2. Gamma dose rates (mrem/h) for the case R500 with the restricted

hafnium shield one day after shutdown of reactor power. The gamma sources
given in Table 8.2 originate in two years of irradiation of the hafnium shield.



9. CONCLUSION

The neutron and gamma dose rates in the subpile room (see Fig. 2.1) were not found to be
influenced by the presence of a shield in the bottom of the reflector vessel. This shield mainly
prevents neutrons from streaming down through the CRGT; however, it is not very effective in
absorbing high-energy gamma rays. Those gamma rays still find their way to the subpile room
and contribute directly to the gamma dose rate there. They also contribute indirectly to the
neutron dose rate by producing fast neutrons in photo disintegration reactions with deuterium
nuclei. Gamma and neutron dose rates of 1 - 10° mrem/h and 1 - 108 mrem/h, respectively, at
the top of the subpile room do not allow manned maintenance during reactor operation.

To bring the radiation damage in the steel PCSA and its flange down to an acceptable
level, two shielding designs were studied and are documented extensively: Case R400 has an
L-shaped cylindrical boral shield positioned around the CPBT at the bottom of the reflector
vessel with the horizontal part extended over the whole bottom; case R500 has a hafnium shield
with the horizontal part of the shield restricted to a radius of 485 mm. Both shields are 10 mm
and 20 mm thick in the vertical part and the horizontal part, respectively, which is enough to
be regarded as “black” in terms of thermal neutron absorption. The second shielding design is
motivated by the need to arrive at a shielding solution that can be removed through the top of
the reflector vessel as a single piece during the changeout of the CPBT every two years.

Both shielding materials, boral and hafnium, give similar performance in terms of flux
reduction in the PCSA and the flange and both yield similar heating rates in the shield itself.
Heating rates of up to 70 W-cm™23 at the top of the vertical sleeve of the shield make forced
convection cooling necessary.

Whereas hafnium is a metal with good mechanical properties, boral is a compound consisting
of B4C and aluminum powder pressed between two layers of aluminum cladding and is subject
to embrittlement from helium production originating in the neutron absorption by 1B and the
subsequent a-decay. The integrity of boral, therefore, cannot be ensured, making hafnium the
preferred choice.

The shielding solution for case R400 gives the absolute minimum flux and radiation damage
in the PCSA and the flange that can be obtained by placing a shield across the entire bottom
of the reflector vessel. The thermal neutron fluxes, which dominate the radiation damage in
steels, which contain nickel, are in this case found to be 2 - 10'® m~2 s~! and 8 - 10!3 m~2 s~!
in the PCSA and the flange, respectively, compared against 2 - 10!” m~2 s~ and 1 - 1017 m—2
™! in the unshielded case R550. The DPA levels in the PCSA and the flange from 40 years
of reactor operation with a duty cycle of 0.7 are reduced from 1 and 0.2 in the unshielded case
R550 to insignificant values of 2 - 102 and 5 - 10~3 in case R400. Also, the helium production
levels are decreased in the PCSA and the flange from 500 appm and 90 appm to 2 - 10~2 appm
and 1 - 10~4, respectively. But such a shield extending across the whole bottom of the reflector
vessel is not considered very practical.

In case R500, with the restricted horizontal hafnium shield, the flux and radiation damage
levels are somewhat higher. Thermal fluxes in the PCSA and the flange are 8 - 1015 m~2 s~!
and 2 - 10'® m~2 5™, respectively, which yield DPA values of 5 - 10~3 and 5 - 10~2 in the PCSA
and the flange and which produce helium levels of 0.5 and 20 appm. These helium production
levels are at the borderline of what seems to be acceptable in terms of radiation damage in
steel.

A depletion/activation analysis of the hafnium shield of case R500 showed that at the top
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of the vertical sleeve, the most exposed part of the shield, the naturally occuring isotope 1771
is 34% depleted at the end of two years of reactor operation. This high burnup is somewhat
balanced by a subsequent buildup of "8Hf, 179Hf, and !8°Hf. In all other parts of the shield,
the burnup is much smaller. Noting that case R600 with the half-density hafnium shield gives
marginally inferior shielding performance compared to the full-density hafnium shield, one can
certainly say that a two-year lifetime of the 10-mm hafnium shield is feasible and that the use
of a thinner shield may be possible to reduce the overall heatload in the shield.

Using the decay gammas from the activation of hafnium as source for an additional transport
calculation, it was shown that the activation of the hafnium shield contributes only 1 - 10—
mrem/h to the dose rate in the subpile room, one day after shutdown of the reactor.

While these studies were being performed, the reactor core design was completely changed
(in response to a new DOE requirement) from a two-element design with 93% enriched uranium
to a three-element design with 50% enriched uranium. The reactor fission power was fixed at
330 MW in both designs. A major effect of the design change is an increase of the CPBT radius
from 250 mm to 300 mm, which increases the cross-sectional area of the CPBT about 40%. This
allows 40% more neutrons to stream down into the CRGT, which will enhance the neutron and
gamma dose rate in the subpile room somewhat but not more than a factor of 2. Assuming that
the fluxes at the bottom of the reflector vessel stay the same in the new design and knowing
that local streaming effects dominate the fluxes in those areas, the radiation damage in the
PCSA and the flange are not expected to be greatly influenced by the design changes.
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Table A.1. The broad group definition for the flux plots

Broad group name Energy range  Fine groups
Fast neutron flux 0.1-14 MeV 1-7
Epithermal neutron lux 1 100 eV-0.1 MeV 8-11
Epithermal neutron flux 2 0.625-100 eV 12-19
Thermal neutron flux 0-0.625 eV 20-39
High-energy gamma flux > 2 MeV 40-57

Low-energy gamma flux < 2 MeV 58-83
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Fig. A.1. Fast neutron flux in units (m=2s~!) for case R550 without shield.
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Fig. A.2. Epithermal-1 neutron flux in units (m~2s~!) for case R550 without shield.
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Fig. A.3. Epithermal-2 neutron flux in units (n~2s~!) for case R550 without shield.
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Fig. A.4. Thermal neutron flux in units (m~2s~!) for case R550 without shield.
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Fig. A.5. High-energy gamma flux in units (m2s™!) for case R550 without shield.
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ANS CRGT — R550 Neutron Dose Rate
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Fig. A.7. Neutron dose rate in units (mrem h™!) for case R550 without shield.
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ANS CRGT - R550 Gamma Dose Rate
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ANS CRGT — R400 Neutron Flux ~ E > 0.1 MeV
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Fig. A.10. Epithermal-1 neutron flux in units (m~2s!) for case R400 with L-shaped
boral shield.
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Fig. A.12. Thermal neutron flux in units (m~2s!) for case R400 with L-shaped boral shield.
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ANS CRGT — R400 Gamma Flux — E > 2 MeV
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Fig. A.13. High-energy gamma flux in units (m~2s™!) for case R400 with L-shaped

boral shield.
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ANS CRGT — R400 Neutron Dose Rate
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Fig. A.15. Neutron dose rate in units (mrem h™?) for case R400 with L-shaped boral shield.



Fig. A.16. Gamma dose rate in units (mrem h™!) for case R400 with L-shaped boral shield
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ANS CRGT — R500 Neuiron Flux — £ > 0.1 MeV
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Fig. A.17. Fast neutron flux in units (m~?s71) for case R500 with restricted hafnium shield.
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Fig. A.18. Epithermal-1 neutron flux in units (m~2s~!) for case R500 with restricted
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ANS CRGT — R500 Neutron Flux — 0.625 eV < E < 100 eV
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Fig. A.18. Epithermal-2 neutron flux in units (m~2s!) for case R500 with restricted
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ANS CRGT - R500 Neutron Flux — E < 0.625 eV
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ANS CRGT — R500 Gamma Flux — E > 2 MeV
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Fig. A.21. High-energy gamma flux in units (m~2s~!) for case R500 with restricted
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ANS CRGT — R500 Gamma Flux — E < 2 MeV
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Fig. A.23. Neutron dose rate in units (mrem h™!) for case R500 with restricted hafnium
shield.



A-27

ANS CRGT - R500 Gamma Dose Rate

1.0
S LEGEND
o o= 1.00+12
_ q o o= 1.00+11
[o] a=1,00+10
oo + = 1.00+09
0 [o) x = 1.00+08
-5 hentid | o= 1.00+07
b * = 1.00+06
B = 1.00+05
- R=1.00+04
l___ B = 1.00403
Al © = 1.00+02
o.o_‘ :T-QAH y @ = 1.00401
3
| >
.‘
- E‘i
3 4
b _+:-.
-0.5 +
l""‘-&~-§-+
1!3x x
-1.0 "R
X X|
g :q_a Fxx xx X xx"
— JIToTVE
5 0
o § hO 000 O &
q
-1-57 <°> <§. L At 2%
[od
OO
3 BEBBBB
g &
«2.0 - B g
&
nn
] -1
B a
] uu
-2.5~— = n é
2] s Gee
-]
; ] [:) e@
-3.0— [ EIEACT
¢ [-:] e b
a8 ] -]
I ] o
B0 R ® .|
- B 8 [
E O
BB
Cy
S ST T T T T T
0.0 0.4 0.8 1.2
Radlus (m)
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APPENDIX B. DISPLACEMENTS PER ATOM AND
HELIUM-PRODUCTION DATA FOR CASES R400, R500, AND R550

B-1






B-3

Note that Z=0 mm in Figs. B.1, B.2, B.5, B.6, B.9, B.10 compares to the bottom of the reflector
vessel as shown in Fig. 2.2.

In the tables in Appendix B, the helium production in the primary coolant supply adapter
(PCSA) and its flange is listed with the displacements per atom (DPA) for cases R550 without
any shield, R400 with the extended boral shield, and R500 with a radially restricted hafnium
shield, assuming an exposition time of 40 years and a duty cycle factor of 0.7 for maintenance
and reloading procedures. The total DPA (indicated with DPA-sum) adds up the contribution
from direct (n,n’) and (n,y) reactions (indicated with DPA-fe) and the contribution from the
sequential reaction ®*Ni (n,7) ®Ni (n,a)®Fe (indicated with DPA-ni).
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DPA-level in the PCSA for the case R550 without shield
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Fig. B.1. DPA level in the PCSA vs height for case R550 without shield
after 40 years of reactor operation.

He-production in the PCSA for the case RE50 without shield
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Fig. B.2. Helium production in the PCSA vs height for case R550 without
shield after 40 years of reactor operation.



B-5

DPA-lavels in the flange for the case R550 without shield
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Fig. B.3. DPA level in the flange near the reflector vessel vs radius for case
R550 without shield after 40 years of reactor operation.
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Fig. B.4. Helium production in the flange near the reflector vessel vs radius
for case R550 without shield after 40 years of reactor operation.
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DPA-level in the PCSA for case R500 with restricted hafnium shield
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Fig. B.5. DPA level in the PCSA vs height for case R500 with radially
restricted hafnium shield after 40 years of reactor operation.
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Fig. B.6. Helium production in the PCSA vs height for case R500 with
radially restricted hafnium shield after 40 years of reactor operation.
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e flange for the case R500 with restricted Hf-shield
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Fig. B.7. DPA level in the flange near the reflector vessel vs radius for case
R500 with radially restricted hafnium shield after 40 years of reactor operation.

one-producﬁon in the flange for the case R500 with restricted Hf-shield
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Fig. B.8. Helium production in the flange near the reflector vessel vs radius
for case R500 with radially restricted hafnium shield after 40 years of reactor
operation.
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DPA-level in the PCSA for case R400 with extended boral shield
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Fig. B.9. DPA level in the PCSA vs height for case R400 with radially
extended boral shield after 40 years of reactor operation.

Ol;ler—production in the PCSA for the case R400 with extended boral shield
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Fig. B.10. Helium production in the PCSA vs height for case R400 with
radially extended boral shield after 40 years of reactor operation.
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DPA-levels in the flange for the case R400 with extended boral shield
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Fig. B.11. DPA level in the flange near the reflector vessel vs radius for case

R400 with radially extended boral shield after 40 years of reactor operation.
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Fig. B.12. Helium production in the flange near the reflector vessel vs
radius for case R400 with radially extended boral shield after 40 years of reactor

operation.
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APPENDIX C. DETAILED HEATING RESULTS

C-1






G-3

00+d61°¢ 00+d61°¢ G0—u8L’L P0-+aPES’1 L1921 CO-LLY a8t 16
00-+H16°2 00+d16°C S0—HT19°¢ 70+d€30°'1 L1-¥¢1 09-99% e8I 06
00+d8¢°g 00+1d8¢'C S0—H68'¢ 70+d910°'T PAG7A! 09-6Sv e8I 68
00+dL2°2 00+H22°2 G0—usy'e €0+HSL8'Y  LI-¥CT 08-¢cS¥ a81 88
00+321°2 00+H31°2 G0—Hse’e £€0+H920°'2 L1961 09-S¥¥ a81 18
00+4d7%0'2 00+d7%0°C SO—HIT’e £0+H520°2 L1-%¢1 48157 81 98
00+4d76'1 00+dv6°1 G0—UL6'D €0-+H9.L8Y LT1-%¢1 86067 (431 q8
00+d¢8'1 00+H€8°1 Q0—HLL'E 70+H680°'T L1-%¢1 ¢9-Cey e8I 78
00+d2L'1 00-+d2L°1 S0—HP9°¢ PO+ATION L1931 88-71v a81 £8
00+d%9°T 00+d99°1 S0—HLY'C 70+HO01E'T L1-%C1 00-80% e81 a8
00+d8S%'1 00+3489°1 S0—H88EC 70+H022°'T JAL74} 00-2¢0% 81 18
00+3deS'1 00-+d€9°1 G0—H8%¢ €0+Hd282°6 LT-%¢C1 09-46¢ (4311 08
00+HL¥'T 00+dL7'T Q0—HLT ¢ £€0+9¥%89'8 AR 74N 05-16¢ a8t 6L
00+d8¢'1 00+d8¢'1 S0—H00°2 €0+H089°6 L1-921 05-c8¢ e8I 8.
00+30¢°'1 00+d08°1 G0—HSe8'1 P0+H0ST'T L1-%¢1 08-§4¢ (4111 AL
00+d12'1 00+d12°1 S0—H69°T €0+d819°2 LT-9CT 08-79¢ (4211 9/,
00+deT'1 00+HET’1 90—HES’T £0-+-H8¥78'¢ AT-%C1 05-95¢ ra]} £
00-+d%0°1 00+d%0°'T S0—HLE'T £0-+d89%'9 L1931 09-9%¢ a8T 17
10—H0S°6 10—H09°'6 S0—HIe’T £0-+"%09°S LT1-%¢1 08-46¢ ¢81 8L
T0—H09'8 10—H09°8 S0—H90°'T eO+HEYLY  LT-¥¢T 09-8¢¢ ¢8I 4
T0—H8S" L 10—H8G'2 90—H¥6°8 €0+H7188'¢ LT1-%¢1 09:61¢ 81 |V
10—H89°9 T10—H89°9 90—HT1LL €0-+Hd8L8°C AL 74} 09-21¢ 4]} 04
10—HT6°S 10—He6°S 90—H6S'9 £0+d9L6°1 L1921 08-20¢ a8l 69
10—H8LY T0—H8L'Y 90—HET S co0+aveTe L1921 09-10¢ 81 89
10—H09°¢ 10—H09'¢ 90—H0¢'¢C €0+H8IS'T JAG7AN 09-76% e8I L9
10—H99°¢ 10—dSs9°¢ 90—HEE ¢ ¢0-+H090'S L1921 09-68¢ a81 99
(-0 1em)  (-uo Hem) (-0 39epm) (guurmr) (o) (wro)
wns eurmed uoIynau

ojel Sunesl  ojel Supmesly  ojer Suryesyy awmn[oA WSIH  snIpRY  [eAISUI [EIXY  [RAI9IUI [erpey

PRs
UWIntgey pojolysat qiim 00SY 2sed Jo PIalys a3 Jo jred [ejuozioy aq) ur ojel Suljesy ‘10 S[qEL



C-4

10-+HeL'S 10+HTL'S €0—HSs'T G0+H905'1 00-94L 056-68¢ JA YA 99
10-+H.L6'€ T10-+H.16°€ $0—HE69 G0+HTLY' T 00662 05-68¢ 91¢ 99
10+H.8°C 10+3.18°2 y0—HSC 'V P0+d082°L  00-G69 05-68¢ 14 99
10+HIT1'C T10+d1T°¢ y0—H8LC S0+H98T'T 00-999 05-68¢ 44 99
10-+d09°1 10+d09°T ¥0—HL8'T GO+H29T'T 00-S19 05-68¢ g1¢ 99
10+H2E'1 T10+HZE'1 v0—HLC'T GO+H8ET'T 00-9.8 09-68¢ 4% 99
10+HS0°'T 10+HS0°'T G0—HI06 $0+d0€6'8  00-96S 05-68¢ 118 99
00+d.LL'8 00-+H.LL°8 G0—HSE9 G0+HS60°'1 00-96¥ 05-68¢ 012 99
00+d8T°L 00+-d8T L G0—HS89v P0+d8%9'6  00-9S¥ 05-68¢ 60¢ 99
00-+H86°S 00+d86°S G0—H8E"E P0+dvSY'6  00°STV 05-68¢ 80T 99
00+d16°% 00+d16°¥ G0—HSSC Q0+HCEYV'T 00-GL§ 05-68¢ 20¢ 99
00+dL0% 00+dL0¥ G0—UH68°T G0+H98e'T 00-98¢€ 05-68¢ 902 99
00+HLC'E 00+Hd.3°¢ SO—HI'1 SO+H¥Pe'T 00-G6C 05-68¢ q0¢e 99
00+d00°¢ 00+-H00°¢ G0—HGI'1 S0-+d%0T'1 08§-¢L¢ 05-68¢ ¥0¢ 99
00+d.L8°¢C 00+3d.8°¢C G0—H99'1 70+dE86'8  08-L9¢ 05'68¢ £0C 99
00+dILC 00+dT1L°C G0—H6S'T y0+Hd088°, 09292 05-68¢ 602 99
00+4d99°'2 00-+d99°¢ G0—HES'T P0+d989°'L  08-282 09-68¢ 10¢ 99
00-+HSS°¢C 00-+H98°¢C SO—H9¥'1 0+HCIES  05-T5% 05-68¢ 00T 99
00-+H6%°C 00-+H6%°C Q0—dEV'1 P0+HEL08  08-L¥C 05-68¢ 661 99
00+d0%'¢C 00+-d0%°C G0—H9¢'1 QO+HLVT'T 08-2¥¢ 09-68¢ 861 99
00+42¢°C 00+H2¢°C G0—UucTe'1 G0+HS60°'T (1 A%A 09-68¢ L61 99
00+dvC'C 00+d¥T°C S0—HLT'T S0+HEV0'T 05-2€¢C 05-68¢ 961 99
00+dLT'C 00+HdLT'C G0—dIC'T P0+HL06'6  0S-LTC 05-68¢ g61 99
00+d60°¢ 00+Hd60°C G0—H8T'1T 70+Hd126'8  0S-26% 05-68¢ ¥61 99
00+d10'2 00+d10°¢ S0—HOT'T 70+d%02°'9  05:L1¢ 09-68¢ €61 99
00-+HdE6°T 00+H8€6°T G0—dL0'T 70+dP96'S  09-21% 05-68¢ G61 99
00-+d98°'1 00+d98°T G0—HdE0'T P0+dS0L°S  05-L0C 0G-68¢ 161 99
00-+Hd6L°T 00+d64°T 90—HCL'6 70+d9S7'S  09-20¢ 09-68¢ 061 99
00+dTL'T 00-+d2TLT 90—UuvC'6 PO+HL0T'S  09-L61 05-68¢C 681 99
00+dS89°1 00+H99°1 90—H18'8 PO+HIPL9  05-C61 05-68¢ 881 99
00+d.LS'T 00+HLS'T 90—H81'8 VO-+d1L89 05481 056-68¢ 181 99
00+d6¥'1 00+d6¥9°1 90—dL9°L v0+d200'S 09281 09-68¢ 981 99
00+d0%'1 00+d07°1 90—HSL"9 VO+dL89F  09-LL1 05-68¢ a8t 99
00+d0T'1 00+d0T°T 90—UTSs'e y0+dTIEY  €8-%91 05-68¢ P81 99
10—d9%°9 10—d97°9 90—H.LC'C V0+dL96'€  09-FP1 09-68¢ €81 99
T10—HS9'¢ 10—HS9'¢ 90—Hee'C ¥0+dTT9'e  L1-9C1 05-68¢ e8I 99
(e-wo nepm)  (g-wo Bep)  (puo nepm) (guru) (wur)  (urw)
wns ewImIes uoxnNsu
ayex Suryesf] aye1 Sunjesy 9)ex Juryesyy oum[oA WSWBYH  sMIpRY  [RAIS)UI [BIXY  [RAIOJUI [RIpRY

Pa32InIsal yjum g0gy 2sed 1o prerys ayj jo jred [edrjrea Jeuul oY) Ul ajer Surjedfy ‘g0 S[qRI

.

P[RS wnyuyey



C-5

10+H9T1°S 10+H9T°G £0—H6€°1 Q0+dI8T°'.  008..  0§'76C L1% L9
10+d79°¢ 10+379°¢ $0—H9E"L S0+H610°L  00-66L  09-76% 91¢ L9
10+d%¢°2 10+3d¥2°C $0—HLI'S G0+dLe8'9  00-G669 09762 q1é L9
10+306°T 10-+H06°T 70—deV'Y Q0-+d969'9 00999  05-76C P18 L9
10+377'1 10-+d7%'1 70—H0L'E q0-+H8%9°L 00819  0§-76¢ £1¢ 29
10-++HET'T 10+HEC'T $0—HS0°E q0+dsey’L 0068 09762 ¢Ie L9
00-+H98°6 00+d98°6 Y0—H29°C q0+dc0%’. 00688 09762 11¢ L9
00+d¥¥'8 00+3¥7°8 ¥0—H02°C Q0-+d6.6'9 00667 09762 01¢ 29
00+d¥69 00+d¥6°9 70—H06°T q0-+d62I'€ 00987  09-76C 60¢ L9
00+396°¢ 00+HS6°S 70—d6S°T S0+Hg80'¢  00-8IF 05762 80¢ L9
00+d06'% 00+H06'% y0—H9E'T Q0+d960'6 00926 09762 202 29
00+d9T'v 00+d9T'¥ YO—HIT'1 90+d886'c  00-96€ 09762 90¢ L9
00+d9¢°€ 00+d9¢°¢ G0—H60°6 90+HE€9C'E 0096 09762 902 29
00+HIT'E 00+dTIT’E S0—HLSL Q0+H96T°'€  0S2Lc 09762 ¥02 L9
00+d88'¢ 00+d88°¢ 90—H09°2 Q0+HU88T'€  09-292 09762 €0¢ L9
00+d¢E8°2 00+HES'T S0—UHyT°L S0+H180'¢  09-29¢  0576C ¢0¢ L9
00+dT1LG 00+dTLT G0—H96°9 Q0+d9PE'C  09:.6¢ 09768 106 L9
00+dE9°C 00-+-H89°C S0—Hv9°9 Q0+HIIET  09:29¢ 09762 00¢ L9
00+d85°C 00-+dSS°C S0—HLY'9 Q0+HEYT'T  09-.9¢ 05762 661 L9
00+H9%°¢ 00+397°¢ G0—H8I"9 Q0-+d9.8'¢  09-2¥¢ 05762 861 L9
00+H8€'¢C 00+d8€°C G0—H96°G 90+3662'€  09-28C 09762 161 29
00+d0¢°g 00+d0€°C G0—H89'G Q0+HIGe'e  09:2€C 09968 961 L9
00+H2e’ 00+H23C S0—H0S°S Q0+HEYT'E  0S:.CC  0576C G61 L9
00+H¥1°C 00+H71°C S0—H12'S Q0+d990'¢  0§-2¢¢  05'76% v61 L9
00+H90°¢ 00+H90°C G0—H00°g Q0-+d886'c  09-.I1 05762 €61 L9
00-+H86°T 00+d86°T S0—HaLY q0+d016'c 0931 09768 e61 L9
00+H16°T 00+HI6°T S0—H67'¥ q0+HEe8'c 0§20  05-76¢ 161 L9
00-+HE8'T 00+HE8'T 0—d8C'y Q0+d98L'¢  09:202  0S-76C 061 L9
00+d9L°T 00-+-H9L°T S0—H00'% Q0+HL6V'T  09-261 05767 681 L9
00+d69°T 00-+-d69°T G0—HLLE Q0+HELY'T  08-261 05-76¢ 881 29
00+d19'T 00+d1I9°'1 G0—HES'E Q0+H220°C  09-281 05-76¢ 181 L9
00+d79°'1 00-+dPS°T G0—H8e'E G0+dSL6'T  0S-28I 05762 981 L9
00+d¥¥'T 00+d¥#'1 S0—HS0°¢ V0+H2E'8  05-LL1 09-76¢ a81 L9
00+HIC'T 00+H1g'T G0—H97'C V0-+H9¢2°'8  €8-%91 08-76¢ P81 L9
10—H67"L 10—H6¥'L S0—HO07'T Q0+HdE89C  0S-¥PI 09-76¢ €81 L9
10—H09°€¢ 10—H09°€ 90—H08"C Q0+H.89C  LIPCI 08-76¢ e81 L9
(g-um 11ep)  (o—tm 338M) (T 33EM) (puorar) (o) (o)
wns eurures uoInsu
ayer Suryesfy ajex Juryesyy ajer 3uryesyy auImnjop YSWH  snipey  [eAISJUI [EIXY  [BAISJUI [BIpERY
PIPIYS winjuyey

PRIOLIISAT M 00QY 258D J0j P[RIYs 33 Jo jred [BI[3I9A I93N0 oY) UT ojes SurgesR] ‘gD OIqYL



C-6

00+H80°¢ 10-39%'1 00+36'¢  PO+APEST  LIVET  T9LLY 281 16
00+aPS'T 10-A1¥7'1 00+30%'1 PO+HEES0'T  LIFBT 0S-99% z81 06
00+a¥S'T T10-H08'T 00-+H0¥7'T VO+E9T0T  LI9TT  09-65F z81 68
00+38¢'T 10-392'1 00+395°'1 g0+d9L8Y LIPS 09-3SP z81 88
0043981 10-H22'1 00+a¥2'1 €0+d920'c LIPS 099 281 L8
0043781 10-81'T 00+331°1 g0+d9%0°c  LI¥eT  2I-8Eh %81 98
004021 T0-AST'T 00+60'T g0+d9L8F%  LIFZT  88-08¥ z81 g8
00+30T'T 10-H60'T 10-376'6 PO-+A6S0'T  LIFBT  Z9-0Th z81 78
00+3L0°1 10-3S0'T 10-H99°6 POHATIOT L1981 88-F1F 281 £8
10-H98°6 10-320'1 10-378'8 P0+HOIST  LI9TT  00-80% 281 %8
10-H5L'6 30-HS6°6 10-36L'8 P0+H028'T L1981 00-20F 281 18
T0-HST°6 30-d8L'6 10-EST'S £0+H282°6  LI-WeT  09-168 z81 08
10-3€8'8 20-A75°6 e ) £0+a789'8  LIPCT 09168 z81 6L
10-370°8 30-AST'6 10-3ET°L g0+d089'6  LIF2T 09688 z81 8L
10-H95°L 30-d8L'8 10-389°9 VO+HH0STT L1981 09-6.€ z81 LL
10-H64°9 20-d6¢'8 10-336°S g0+A8I9L  LIFCT 0979 z81 9L
10-362°9 30-d26°L 10-09°S g0+A8YE's  LIPET  09-G9E z81 )
10-379°S 30-d6V"L 10-308'¥ g0+a89%'9  LIFET  09-978 z81 L
10-320°S 30-dST'L 10-308°7 £0+d909°S  LI-P2T  0S-L8E z81 gL
10-18P Z0-A8L'9 10-H£9'S gO+ALTLY  LIPCT  09-8GE Z81 oL
10-a7L°E Z0-a%e'9 10-H01°¢ go+aI8s’e  LIP21  09'61€ 281 1L
10-39T°E 50-d10°9 10-399°2 €0+d929C  LIFET  09-GIS z81 0L
10-H38°C 30-dSL'S 10-872'2 €0+d9L6'T  LI-FCT  09-L0€ %81 69
10-321°2 30-d61°S 10-309'T eo+aves’e  LIPTT 08108 Z81 89
30-d66°9 Z0-A¥y'y 50-39S°C CO+ESIST  LIFZT 09762 Z81 L9
0-d89°6 30-dL6°E Z0-A1L'S 20+H090°S  LIFET 09682 %81 99
(g-u 1epy)  (p-wo 1epm) (om0 JyepM) ( guoru) (wrw)  (ru)
wns eurued "oI)nau
aye1 Juryeay] 9ye1 Juryesy ayex Jurjesy aUIN[OA WS  snipeY  [BAIDUI [RIXY  [RAId)JU[ [RIpRY

PI3IYS [el0q pajolasal ym OGPy 9580 1oy plarys ay3 yo jxed [ejuozrioy ayy ul ajyer Surjesyy ‘'O 9[qRL



C-7

T10+H089 00-+498°1 10+H29°9 S0+d905°1 00-9LL 08-68¢ JAYA 99
10-+H26'C 00+dSy'1 10+428°¢ SO+HGLY'T 00-G82 09-68¢ 91¢ 99
10+H28°1 00+H20°T 10+d124°1 0+H082°2 00-969 05-68¢ G1¢ 99
T10+H8T'1 10~-H99°8 10+H60°T GO-+98T°T 00-659 08-68¢ 716 99
00+486° 10-d16°9 00+H62Z°L G0+HZ9T’1 00°S19 05-68¢ g1¢e 99
00+d1¥%°g 10-d59°9 00+458°Y SO+H8ST’T 00-8.48 08-68¢ rA 4 99
00+H6.L°¢ 10-d8S%¥ 00+HEE'e $0+H086°8 00-6€9 05°68¢ 118 99
00+H99°2 10-d9.°€ 00-+H8%°¢ G0+HS60°T 00-G6¥% 05-68¢ 01¢ 99
00+HZ6°1 T10-H0T1°¢ 00-+-HT19°'1 $0+4879°6 00-99¥% 04°68¢ 60¢ 99
00+H6¢°1T 10-d¥%%C 00-+48T°1 P0+H¥757°6 00-ST# 09°68% 80¢C 99
00-+3¢€0°T 10-d21°¢ T0-H.LT'8 S0+H2EY'T 00-GL¢ 05-68¢ 202 99
T10-d89°2 T10-d6L'T T10~H68°S S0-+4988°1 00-G€¢ 05-68¢ 90¢ 99
10-d18°9 10-d6%'1 10-dee'¥ SO+HYYET 00-962 05-68¢ S0¢ 99
10-dS0°S 10-H8e'1 10-d99'¢ S0-+H702°1 08-CL32 05-682 70T 99
10-d3%0°S 10-H2¢8°1 T10-HO0L'E P0+HERG'S 08-292 05-682 £0¢ 99
T10-d69°% 10-HS92°1 10~-d%¥'¢ 70-+H088°2 08-¢92 09-68¢ 4114 99
10-d%S'P T10-HET'1 T10-H18°¢ $0+-H989°2 08252 09°68¢ 102 99
10-H3E'P 10-d61°1 T10-H21°¢ 70+HGIL'8 08-292 05-68¢ 00¢ 99
10-dS2'¥ 10-H9T1°1 10-H80'¢€ 70+H8L0°8 08-29%¢ 09°68¢ 661 99
T10-d10°'% T0-"PT°T 10-U88°'¢ SO+HLPI'T 09-2%2 05-68¢ 861 99
T0-d96°€ T10-H21°1 10-US8°¢ G0-+HdS60°'T 05-L8¢ 05-68¢ 261 99
10-dS.L'E 10-H60°1 10-H99°2 SO+HEF0'T 08:2£% 03°68¢ 961 99
10~-H69°¢ 10-d20°1 10-H29°'¢ $0+H206°6 08-2¢3 05-68¢ Q61 99
10-dS89°¢ 10-dS0°1 T10-H0S°2 70+H126°8 08-22¢% 09-68% V61 99
T0-HSE'€ T10-H20°1 10~H2¢°C 7049029 08212 05-68¢ €61 99
T10-482'¢ ¢0-HE6°6 10-d62°C 0+H756°S 08-21¢ 05-682 ¢61 99
10-d.LT°¢ ¢0-HT.L'6 10-d61°3 70+H904°S 05-202 05-682 161 99
T0-H70°¢ ¢0-H99°6 10-H60°¢ $0+H95%°9 05-202 08:68% 061 99
10-H06°3 ¢0-d6¢°6 T10-d96'T $0+202°9 0G8-L61 05-68¢ 631 99
10-d98°2 ¢0-d¥y1°6 10-d¥6'1 FO+HTIPL9 05-261 09°68¢ 881 99
10-H09°'2 ¢0-H28'8 10-H3L'T 70-+H122°9 05281 05-682 281 99
10-399°% ¢0-H6¥'8 10-369'1 $0+4d200° 08-281 05-68¢ 981 99
10-d.1°2 ¢0-HS1'8 10-d9¢'1 $0-+HL89°V 08-2L1 05-682 G81 99
T0-H6€°'1 ¢0—H98°9 ¢0-d80°L 70+d2IE Y £8-791 08-68¢2 781 99
C0-H.LE6 ¢0-H61'g ¢0-H8T'V $0+H296°¢ 08791 08°68% €81 99
¢0—-H89°6 - 80-HL6'8 ¢0-H12'9 70+H2%9°¢ AL 74! 05-68¢ 4 99
AMTEo 17eM) Anlﬁo 1M ) Amlﬁo 178M) Amﬁﬁv (wrux) ()
wns eurured uoInau

ajel Suryeayy aye1 Suryesyy ayex Suryes]y sumjop WSIH  snIpRY  [AISUI [EIXY  [RAISUI rerpey

plorys
[e10q P23oLIIsal H3Im OSHY 9S82 Jof PIayys oYy Jo jred [edljiea Jomur oYy Uy oye SUTESE] *G') O[qRL



10-+d€0°S 00+d8L.L'1 T10+HS8¥ SO+HIST'L  00-GLL 08-¥62 L1¢ L9
10+H99°C 00+d07°1 10+H2S'C Q0+d6T0°L  00-9€2 05-76¢ 91¢ 29
10+HS0°¢ 00+d%0°T 10+d%6°'1 q0+Hd.298°'9 00969 05-76¢ 1184 29
T10-+HEI'T T10-H8%'8 10+dSS'T 90+d%69'9  00-999 05-76¢ 444 L9
T10+HLE'T 10-H9.°9 10+H08°1 S0-+d8¥9°L  00-G19 05-¥6¢ €1C L9
10+d¥PT°1 10-H8G°S 10+H60°T G0+dSeY'L  00-GLS 08762 (4 ¥4 29
00-+H18°6 10-HSS'V 00-+Hd9¢°6 G0+d20¢’L  00-9€S 05-¥6¢ 11¢ 29
00+d¢e8 T0-HLL'S 00+H%6°L G0+d6L6'9  00-96¥ 05-76¢ 1] 14 L9
00+HLT "L T0-HIT°E 00+H98°9 S0+d621'¢  00-95V 05-76¢ 60T L9
00-+d80°9 10—-H09°¢ 00+-H28°S G0+d280'¢ 00Ty 05-76¢ 806 29
00+HST'S T10-H¥P1°C 00+dv6'¥ G0+dS980's  00°9LE 05-76¢ 202 29
00+dLEY 10-H¢8'1 00+d60'% G0+d886'C  00-98¢ 08-76¢ 90T L9
00-+d8%'¢ T0-HES'T 00+H2e’¢e G0+d€9C'¢  00-962 08-76¢ S0¢ 29
00+H€0°¢ T0-H0V'1 00+H68°2 S0-+d96T°¢  05-2LC 05-76¢ $02 29
00+HL6°C T0-HSE'T 00+3d78°C G0+d8ET'¢  0§-L9¢ 09-76¢ £0C 29
00-+H08°C T10-H2E'T 00+dL9°C G0+HT180°¢  09-29¢ 09-¥6¢ ¢0¢C 29
00-+HLLT T10-d.12°1 00+Hd%9°¢C Q0+d9¥8'C  09:.9C 09-76¢ 10¢ 29
00+H19°¢ T10-HET'T 00+d8¥'C SO+HTIEC  09-09C 09-76¢ 002 29
00+H85°% T10-H0Z'1 00+d9%°¢ GO+HEVI'T 09-17¢ 05765 661 29
00+HC¥'¢C T0-HLT'T 00+Hd08°2 G0+H9.6'¢  05:T¥C 08-¥6¢ 861 L9
00-+H6€°C T10-"¥1°1 00+d2L2°2 G0+H662°¢  09-L8C 05-76¢ 261 9
00+d2%°¢ (I CrAN! 00+H1T1°¢ G0+d1cC'e  05-28C 08-76¢ 961 .9
00+322°% T10-d60°1 00+d1T1°T G0+dEYTe  09-L00 08-¥6¢ G61 9
00+d20°% T10-H90°T 00+H26°T G0+d990'¢  09-20C 08-v6¢ P61 29
00+H20°¢ 10-H70°1T 00+d26°T G0+d886'C  09-L12 09-76¢ €61 29
00+HS8°1T 10—-d20°1 00+HSL'T S0+d0T6'C  08:CT1C 09-76¢ G661 29
00+dI8'1 60266 00+d1L'T G0+dge8'c  05°L0C 0S-¥6¢ 161 29
00+d69°T ¢0-dT1L°6 00+d09°1 Q0+dS8L'c 08202 05-76¢ 061 L9
00-+d09°'1 60-H2S9°6 00+H1S'T GO+HL6T'T 08-261 09-76¢ 681 L9
00+Hd0S°T G0-HEE6 00+dT1¥°1 SO+HELY'T 09-C61 09-76¢ 881 L9
00+dTI¥'1 ¢0-d60°6 00+d2e'1 G0+d220'c  05-281 09-%62 281 29
00-+HTE'T ¢0—HcT8'8 00-+d2TT’1 G0+HSL6'T 09281 09-76¢ 981 29
00+d22'1 ¢0-Hd29'8 00-+d¥1°1 70+Hd20€'8  0§-LL1 05-76¢ G81 29
T10-MCL'6 ¢0-HES'L T10-H.6'8 $0+d9¢2°'8 £€8-991 08-v6¢ P81 29
T10-dSS°S ¢0-H06° T10-H96'¥ q0+d€89'C  0%F¥1 08-76¢ €81 L9
¢0-d66°9 S0-dvv'y ¢0-U99°¢ Q0+dL88'C  LI¥C1 08-76¢ (4311 29
(g0 33RM) (p-UIo 33BM ) (g0 338M0) (gtuur) (uruz) ()
wns euIues uoxnau
ajel Juryesy ayex Surjesy] 9e1 3uryesyy SUWINTOA SO  SnIpRY  [eAlojUl [RIXY  [RAI9JUI [RIpRY

PIIYs
[el0q pajaLIysal YIm Qgpy 9s8d J0f pIalys ayj jo jaed [@d13I9A JajNo Y} ul ajel Suljesfy '9°D °[qRL



w
|

19.

20.

21,

Ll S

PN :

ORNL/TM-12996

INTERNAL DISTRIBUTION

J. A. Bucholz 10. B. A. Worley

P. F. Cento 11. C. D. West

F. X. Gallmeier 12. ORNL Patent Office

D. T. Ingersoll 13-14. Central Research Library

T. J. McManamy Document Reference Section

J. V. Pace III 15. Y-12 Technical Library

D. L. Selby 16-17. Laboratory Records Department
C. O. Slater 18. Laboratory Records (RC)

EXTERNAL DISTRIBUTION

D. D. Carlson, U.S. Nuclear Regulatory Commission,
T10G6, Washington, DC 20555

U.S. Department of Energy, Oak Ridge Operations,

FEDC, MS8218, P.O. Box 2009, Oak Ridge, TN 37831-8218
Office of Scientific and Technical Information,

P.O. Box 62, Oak Ridge, TN 37831







