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FOREWORD

This report is the second and final report of shield design engi-
neering and radiation analysis work for the Advanced Test Reactor (ATR).
The first volume was the Interim Shielding Design Report, SR-88, pub-
lished in September, 1961, which contained all Title I and a portion of
the Title II design results. All of the information included in the interim
report has been updated as necessary and is included herein. Addition-
ally, the later Title II design work is described. Of particular impor-
tance are the results of the heat generation rate calculations for the core
and internals. These heating rates are expected to be severe in the high
power density ATR, and the difficult shielding geometries encountered
made necessary the development of special methods for their accurate
prediction.

This report should serve as a reference document describing the
calculation methods used and design results obtained during work on the
ATR contract. It has been written for the use and review of the reactor
prime contractor, EBASCO SERVICES, INC., the reactor builder, THE
UNITED STATES ATOMIC ENERGY COMMISSION, and the future oper-
ator, THE PHILLIPS PETROLEUM COMPANY.

W. R. Smith, Supervisor
Shielding Analysis Group
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ABSTRACT

This report has been prepared as a design reference document
describing the calculation methods and engineering results for shielding
analysis work done during the design of the Advanced Test Reactor. All
calculations that are significant in the plant shield design are described.
Also included are sections on heat generation rates, materials activation,
and spent fuel and test element transfer.

The calculation descriptions are divided into two parts: The methods
used to obtain the activity of the source are described in Section 3, and
the geometry and the attenuation equations from source to dose point are

described in the remaining sections.
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1. INTRODUCTION

1.1. General Description

The ATR is a high-flux, beryllium reflected, water cooled and
moderated test reactor incorporating advanced design features. One
such feature is a flux trap core configuration affording neutron fluxes
of greater than 10! neut/cm?-sec to nine experimental loops. From a
shielding viewpoint, the reactor presents several particularly inter-
esting aspects. The core materials for the fuel region are aluminum
and uranium dioxide plates and water. The core configuration can be
roughly visualized as four equal-radius hollow cylinders of fuel arranged
symmetrically around a similar central cylinder. This configuration
shown in Figure 1-1, causes difficult geometry problems in treating
dose rates and heating rates at intermediate distances from the core
where two or more lobes contribute significantly to the flux.

Another feature of interest is the high fast-neutron flux in the core,
which produces high values for N-16 water activation in the primary
coolant. The 17-day core lifetime and the resulting frequent refueling
operations require particular attention to transient dose rates and per-
sonnel exposure environment during refueling operations. Experience
gained by Phillips Petroleum Company in MTR and ETR operation indi-
cated a definite possibility of test loop fuel specimen failure and subse-
quent fission product distribution throughout the loop. This possibility
was considered in test loop cubicle shielding designs.

The reactor vessel contains the core and reflector assembly and
provides space and access, shown in Figure 1-2, for various experimental
facilities. The coolant is pressurized light water, which also provides
shielding during refueling and experiment-handling operations.

In addition to the experimental loop facilities and capsule test facil-
ities in the beryllium reflector, there are two outer capsule irradiation

facilities consisting of aluminum blocks 4 inches by 4 inches by 5 feet



long attached to the outer wall of the core reflector tank. An internal
fuel element storage facility is also provided in the vessel to reduce the
shutdown time for certain operations. Two storage racks, each accom-
modating 12 fuel elements, are located in diametrically opposed posi-
tions in the water space between the core reflector tank and the inlet
flow baffle. Shielding inside the vessel consists of two annular stain-
less steel thermal shields used to reduce the gamma heating in the
vessel and in the concrete surrounding the vessel.

The reactor building encloses an area approximately 200 feet by
200 feet extending 60 feet above and 60 feet below grade. The first floor
is located at grade and includes the following areas: reactor area,
storage canal area, utility area, general storage and laydown area,
critical facility area, control rooms, and offices. The first and second
mezzanine floors include office areas and heating and ventilating equip-
ment rooms. The first and second basements are devoted to experiment
cubicles and equipment, heat exchangers, demineralizers, and heating,

ventilating and electrical equipment. (See Figures 1-3, 1-4, and 1-5.)

1.2. Design Parameters

The general reactor design parameters used as basic data for the

shielding calculations are shown in Table 1-1.

1.3. Dose Rate Summary

A general summary of the calculated dose rates throughout the

plant is shown in Table 1-2.

1.4. Radiation Control Areas

In an experimental reactor such as the ATR, it is impractical and
uneconomical during the design of the reactor to attempt to specify a
complete shield arrangement that anticipates all operating eventualities.
Instead, precautions to limit radiation exposure during these operations
can best be achieved through administrative control by supervisory and
health physics personnel as the occasions arise. In most cases this
control can be accomplished by using access limitations or local shielding.
Table 1-3 is a general listing of those areas, operations, and conditions

requiring radiation control procedures.



Table 1-1. ATR Design Parameters

Parameter

Quantity or description

Reactor rated thermal power

Average power density

Maximum power density

Axial maximum-to-average power ratio
Radial maximum-to-average power ratio
Local maximum-to-average power ratio
Combined maximum-to-average power ratio
Primary system design pressure

Primary system operating pressure
Primary system design temperature
Primary system inlet temperature

Total coolant flow through reactor vessel
Average coolant velocity through fuel element
Average coolant flow through fuel element
Leakage coolant flow

Reflector
Flux trap region
Thermal shields

Coolant inlet temperature
Coolant exit temperature at rated power
Core dimensions:

Active fuel length

Fuel spacing (@ to Q)
Number of elements in core
Number of test positions

Fuel element:

Metal-to-water ratio

Type

Shape of fuel region

Clad material

Form of uranium

Number of plates per element

Experiment region:

Pressure tube ID

Pressure tube OD

Insulation tube ID

Insulation tube OD

Flux trap H,0 volume fraction,
A-3, A-5, A-1

Flux trap Al volume fraction,
A-3, A-5, A-1

Nuclear data:

Total fuel loading, U-235
Effective lifetime
Average U-235 burnup in 17 days

1-3

250 MW
0.954 MW/liter
2.8 MW/liter

1.40

1.63

1.15

2.61

390 psig

300 psia

240 F

130 F

21.6 X 10° Ib/hr
42.5 fps

3.11 X 105 1b/hr
9.2 X 10% 1b/hr
6.7 x 10% 1b/hr
1.5 X 10% 1b/hr
1.0 X 108 1b/hr
130 F

169 F

48 in

2.5 in

40

9

0.8

Plate

Cored cylinder
X8001 Al

Fully enriched U-235
19

2.125 in.
2.530 in.
2.635 in.
2.875 in.

0.3, 0.4, 1.00
0.7, 0.6, 0.0
33 kg

17 EFPD
5.4 kg
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Table 1-2.

Summary of Calculated Dose

Rates

Maximum calculated dose rate
during full power operation,

Location mrem/hr
Outside reactor concrete shield 6.0
Outside experiment H,O loop cubi-
cles (N-16 activity only) 2.5

Inside experiment H,O loop cubi-
cles

Subpile room

Rod access room
Floor above heat exchangers

Reactor area, first floor
Reactor vessel top head

Above storage canal and at floor
level near parapet

Above storage canal during
spent fuel transfer

Below storage canal
Outside walls of storage canal

Surface of water above ATRC

5.0 from adjacent operating cubi-

Maximum calculated dose rate
after shutdown,
mrem/hr

<1.0

<1.0

cles (N-16 only), 6.0 from reactor

and primary piping

No access

10.0
1.5
1.0

1.0

50.0 transient
1.0
1.0
6.0 with ATRC operating at 5 kw

<1.0

1.0 from core through vessel bot-
tom head (does not include stream-
ing through bottom head penetra-
tions)

<2.5
<1.0

<1.0 except during specimen and
loop component transfer

<1.0 except during specimen and
loop component transfer

1.0

50.0 transient
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Table 1-2. (Cont'd)

Maximum calculated dose rate Maximum calculated dose rate
during full power operation, after shutdown,
Location mrem/hr mrem/hr

Below ATRC canal 1.0 with ATRC at 5 kw - -
Outside walls of ATRC canal 1.0 with ATRC at 5 kw - -
Outside pipe tunnel 6.0 <1.0
Motor area outside pump cubicles 7.0 <1.0
Inside pump cubicles 4.0 from heat exchangers and piping,

7.0 from adjacent pump cubicle - -
Nozzle access trench No access 12.0 from core and stored fuel

(does not include streaming
through vessel penetrations)

Office areas <0.25 <0.25 except during specimen and
loop component transfer
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Location

Table 1-3.

Radiation Control Areas

Operation

Radiation sources

Nozzle access trench

Subpile room

Pipe corridor

Experiment loop test cubicles

Reactor area, first floor

Reactor top head area, vessel top
head shield removed

Top head shield, and cask transfer
station

Removal of instruments and irradi-

ated capsules

Experiment loop removal, general
maintenance

Maintenance of rod drive mecha-
nisms

Maintenance of test loop equipment

Removal of activated loop compo-
nents

Spent fuel removal, general main-
tenance

Transfer of test specimen

Streaming through instrument
wells, activated capsules

Contaminated experiment loops;
streaming through inpile loop pen-
etrations; spent fuel elements
passing through transfer chute

Contaminated experiment loops,
spent fuel passing through trans-
fer chute

Contaminated test loops

Streaming out of top and bottom
of transfer cask

Contaminated experiment loops,
raised fuel elements

Test specimen



Figure 1-1. Reactor Cross Section,
Sheet No. 1
(Dwg. No. 670-M-428)
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. Figure 1-2. Reactor and Internals Assembly
Vertical Section
(Dwg. No. 670-M-426)
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Figure 1-3. Reactor Building First-Floor
Plan
{Dwg. No. 670-A-5)
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Figure 1-4. Reactor Building First-
Basement Plan
(Dwg. No. 670-A-6)
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Figure 1-5. Reactor Building Second-
Basement Plan
(Dwg. No. 670-A-7)
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2. CALCULATION METHODS

Shielding design calculations for the ATR are based on techniques
and procedures in general use in the industry. The equations for the
flux from regular geometric sources were compiled at an early date by
Sievert! and have been extended and widely repeated in other References
2, 3, 4. The simpler geometric source flux calculations (point, line,
disc, slab, truncated cone, cylinder) have been programmed for the
digital computer and are available for use on standard Babcock & Wilcox
Company computer codes (see Appendix B). Appendix A describes a
coded method of computing the secondary gamma ray flux through a lam-
inated semi-infinite shield region. For the more crucial calculations,
such as the inpile heat generation rates, the primary and secondary
gamma fluxes were computed using a point-source summation program
(see Appendix D). Methods used in computing source activities are
described in the next section and in the appendixes or are referred to
where standard procedures are described in the literature.

Neutron flux values, described in Section 3.1, were generated
using a Babcock & Wilcox Company 20-group diffusion code. In the
region outside the core, where the thermal neutron flux is important in
secondary gamma calculations, the fluxes were checked with good agree-
ment by scaling up Lid Tank Shield Facility data. The fluxes have not

"been compared with removal theory fluxes at the exterior of the shield
since all neutron fluxes become completely insignificant outside the con-
crete surrounding the reactor.

All gamma ray source strength and attenuation calculations had
unit energy intervals and the appropriate form of buildup for dose rate
or heat generation rate. NDA infinite-medium buildup values?®, gene-
rated by moments method solutions of the time-independent Boltzmann
equation for the flux, were used. In most cases, the Taylor sum- of-

exponentials form of the buildup® was used.






3. SOURCE ACTIVITIES

3.1. Neutron Fluxes

As previously noted, fast and thermal neutron fluxes in the core
and inside the reactor vessel were generated by the 20-group diffusion
equations programmed for the Electrodata digital computer. This one-
dimensional multiregion calculation gives the flux as a function of space
and lethargy, approximating the continuous neutron spectrum by 20 dis-
crete lethargy groups. The basic diffusion equation employed is shown

below:

VD(r,u)Veé(r,u) - [ZA (r,j) + Z)I (r,u) + Z)S (r,u)]é(r,u) + S(r,u) =0 (3-1)

where VDV¢ = leakage rate

ZAcp = absorption rate

Zlq) = inelastic scattering rate

Z}S¢ = elastic scattering rate

S = source term, which is a summation of terms
representing the fission source, elastic scattering
sources from hydrogen and from elements other
than hydrogen, and inelastic scattering

The flux is calculated in the program for each lethargy group, i,

at some position, r, in the region by:

Ui 1,

di(r) = S‘ é(u, r)du (3-2)
uj



Total flux in each region, j, is computed in the program by:

o

b= | irVar (3-3)

j-1

where Rj~1 and Rj are region boundaries and y refers to the geometry
chosen.

The total fast and thermal fluxes resulting from the 20-group
program are shown in Section 5 (Figure 5-2) for the core midplane
through the primary shield. Although it is probable that the fluxes
shown far out in the shield are somewhat overestimated by the use of
diffusion theory, removal theory fluxes were not calculated because
additional (structural) concrete exists between the magnetite and the
pipe tunnel resulting in the flux being insignificant at the shield exterior.
In the region where the thermal flux is important in the calculation of
secondary gamma ray sources, the fast flux predicted by diffusion
theory was independently checked by scaling up ORNL Lid Tank Shield
Facility (LTSF) fluxes. The comparison is shown in Figure 3-1. The
neutron spectra predicted by the 20-group equations for the fuel, flux
trap, and reflector regions are shown in Section 3. 4.

The neutron flux and spectrum predictions are important from a
shielding viewpoint because the ATR thermal flux outside the fuel-re-
flector region enters into the secondary gamma and thermal activation
calculations as a source term and because the fast flux in and near the
core is the source of coolant activation N-16 gamma rays as well as
Na-24 and Mg- 27 recoil product activities in the coolant. Both fast and
thermal flux, of course, affect operating core gamma source strengths.
The neutrons alone pose no direct shielding problem since they are
attenuated to insignificance inside the primary shield as previously

noted.

3. 2. Operating Core Gamma Sources

Gamma rays produced in the reactor core during power opera-
tion are normally referred to as primary gamma rays. The significant
sources of primary gamma rays are prompt photons emitted during the

fission process, capture gamma rays emitted almost instantaneously



by excited nuclei after capture of thermal neutrons, fission product
gamma rays given off in decay, and inelastic scattering gamma rays
emitted by the nucleus in an inelastic scattering event. All of these
sources, with one exception, are of significance in the calculation of
ATR primary gamma source strengths. Inelastic scattering gamma
rays are negligible in the ATR core since only a small amount of heavy
material is present.

At energies of 1 mev and above, the prompt and fission product
gamma sources were obtained from the expression proposed by

Goldstein’:

N(E) = 14.0 e-l°1E per mev per fission

Multiplying the solution of this equation in each energy interval by the
fission density in the core gives the full-power source strengths. Below
1 mev, the prompt gamma sources were computed independently from
the data reported by Maienschien et al®. The fission product decay
gamma rays in the energy range below 1 mev were estimated so that
the total fission product decay energy was 5.5 mev per fission. These
low energy sources were significant in analyzing core heat generation.
Capture gamma source strengths in the core were obtained by using
capture rates in core materials obtained directly from the 20-group
diffusion program solutions. Core materials considered were water,
aluminum, iron, nickel, zirconium, and U-235. The capture gamma
yield spectra for each material were taken from Deloume?, and the data
were modified in the lower energies to match the energy spectra to the
binding energy of the excited nucleus. The average gamma ray source
strengths in the fuel region at a power level of 250 MW are shown in
Table 3-1.



Table 3-1. Gamma Ray Source Strengths in Fuel Region

Source strength,

Energy interval, mev Average energy, mev photons/cc-sec
0.3-0.5 0.4 1.2 x 1014
0.5-1.5 1.0 1.7 x 104
1.5-2.5 2.0 5.3 x 1013
2.5-3.5 3.0 1.9 x 1013
3.5-4.5 4.0 7.6 x 1012
4.5 - 5.5 5.0 6.0 x 10%
5.5 - 6.5 6.0 3.1 x 1032
6.5- 7.5 7.0 7.2 x 101!
7.5-8.5 8.0 1.0 x 1012

In calculations involving the homogenized core, source strengths were
obtained from the fuel region sources by means of a volume ratio.
Linear absorption coefficients for the core were calculated for
each energy interval by volume weighting the coefficients of the various
core materials. Absorption coefficients for the individual elements
were taken from Reference 10. A plot of the linear absorption coef-

ficient in the fuel region is shown in Figure 3-2 as a function of energy.

3.3. Secondary Gamma Rays

Secondary gamma rays are capture gamma rays born outside the
core as a result of thermal neutron capture in reflector and shield
materials and internals. Consequently, the source activity for sec-
ondary gamma rays is a function of the thermal neutron flux level at
the specific location being considered. In the ATR design, secondary
gamma dose rates and heat generation rates contribute significantly to
the total dose and heating rates even at locations inside the pressure
vessel near the reflector. This is because very high fluxes, which
cause high secondary gamma production, exist in and near the reflector
region.

The secondary gamma production rate is given by the expression:



S,i= Z.Y 4y photons/cc-sec-mev (3-4)

2 _ = thermal neutron macroscopic absorption coefficient
per centimeter

Y. = gamma ray yield in the ith energy group, photons/cap-
ture-mev

thermal neutron flux, neut/cm? -sec

1}

The gamma ray yields were taken from Deloume?, and the thermal
neutron flux profile was obtained from the 20-group diffusion program.

Resonance neutron capture in the shield region contributes no
more than 10-20% to the secondary gamma sources and was not included
in the-calculations.

Two methods were employed to calculate the secondary gamma
flux. Some of the earlier calculations were done analytically by using
modifications to the equation for the uncollided secondary gamma flux
at the plane surface of an infinite slab shield. Since this equation refers
to a single infinite homogeneous slab source, the equation was revised
for use with a series of slab sources of different materials to accom-
plish the following objectives:

1. Individual unit energy intervals could be
followed for gamma radiation.

2. The contribution of any individual source
slab could be determined at any location
in the shield.

3. Buildup could be applied from each source

to any interface so that a builtup flux

could be obtained from the entire source

array at any point.
The revisions to the single slab equation to accomplish these objectives
consisted of: (1) a substitution of '"relaxation length'' distance for real
distance to facilitate programming, (2) a difference method whereby the
entire shield array was assumed to have a flux of the same slope as the
source slab and whereby the flux was assumed to be attenuated exponen-
tially from the source slab. This difference method gave the separate
contributions from each source slab at each dose point chosen. The
equations used in the secondary gamma calculation were programmed
for the digital computer and are shown in the discussion in Appendix A

of this report.
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The second method for determining the secondary gamma flux
uses a computer code for summing point sources over an annular source
region (see Appendix D). Provisions are made in the program for
axial and radial variations in the source strength. Actual shield sizes,
i.e., height and thickness, are specified as inputs to the program as
opposed to the semi-infinite shield that must be assumed for the ana-
lytical solution. The size of the source mesh volume is chosen by the
programmer, and the incremental variations in the source strength,
both radial and axial, can be made to correspond to the thermal neu-
tron flux profile in the source shield.

For relatively large shield heights having exponential neutron
radial fluxes and no axial variation in the thermal flux, agreement of
point source and analytical solution programs is good. However, the
ATR seldom has this condition, and most of the final secondary gamma

design calculations were done with the point source program.

3.4. Primary Coolant Activation

The activity of the primary coolant during operation of a water-
cooled reactor is due chiefly to three reactions involving the oxygen
atom in H;O. Activation of impurities in the coolant and leakage of
fission products from the fuel will contribute to the total activation.

The reactions which occur for oxygen are:
1. O (n,p) ,NZ
2. §0'" (n,p) NV
3. g0 (n.y) OV

Of these reactions, the major contributor to the activity is the
N-16, which decays with a 7.35-second half-life. The emitted gamma
ray energies are 6.1 mev and 7.1 mev, which yield 75 and 7 per 100
captures respectively. The effective energy considered for calculations
was 6.3 mev, which yields 82%.

The N-16 reaction, which has a threshold energy of about 10 mev,
is dependent on the high energy region of the fast neutron spectrum.
Therefore, the prediction of the fast neutron core spectrum is of prime
importance in the calculation of this activity. The high energy spectrum

in the region of interest in the ATR was obtained from a multigroup
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diffusion theory program. The program has a cutoff energy of 10 mev,
which is based on the assumption that all neutrons having higher energies
are included in the last group. Figures 3-3, 3-4, and 3-5 present the his-
tograms of the neutron flux in the high energy groups for the fuel region,
flux trap, and reflector respectively. The following equation provided an

estimate of the continuous spectrum of neutrons from these histograms.

E +e¢ E + AE
d’avg (Em)AEn fo ” 1 " ?
> = g ¢ (E)dE =— g ¢ (E)dE (3-5)
| E,
where ¢, = 0.4 AE,
¢avg'(Em) = average neutron flux in energy group E to E
with average energy E
AEn = En+1 - En
E, = lower energy boundary of neutron group n.
Epte, =Eqn

The calculated continuous spectrum below the cutoff energy of
10 mev and the extrapolation of this spectrum above 10 mev (dashed
line) is shown in Figures 3-3, 3-4, and 3-5.

An independent check on the high energy spectrum used a method
presented in Reference 11. This method assumes Watt's fission spec-
trum source of high energy neutrons. A correction is made to the spec-
trum to account for neutron removal from the high energy (> 10 mev)

groups. The method is described by the equation:

L YFaygN(E)
bavg (B) = —5 m)

where v = neutrons per fission for U-235 (2.43)
Favg = average fission rate in fuel region (7.47 X 108
fissions/cc-sec)
N(E) = fractional number of neutrons in the energy group

from E - 0.5 mev to E + 0.5 mev from Watt's
fission spectrum

ZR(E) = cross section for removal of a high energy neutron
from energy group E to below the threshold energy
of the reaction
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The cross section for removal of a neutron from the energy groups

above the threshold energy of the reaction was computed from the fol-

lowing assumptions.

1. That an elastic scattering reaction of a neutron having
energy En with an atom of mass A has the probability of removal to

below the threshold energy E

Pg

2. That an inelastic scattering reaction of a neutron with
a low mass atom (A < 30) does not degrade the impinging neutron to

below the threshold energy of the N-16 reaction.

3. That an inelastic scattering reaction of a neutron with
a high mass atom (A >30) degrades the impinging neutron to below the

threshold energy of the N-16 reaction with a probability of one.

From these assumptions and the fuel region volume fractions of

materials, the macroscopic differential cross section for removal of

1

[4A

of;

T

Er

E
n

[(A +1)2 - (A= 1)21

-7

a neutron from the high energy groups was computed.

presented in Table 3-2 and are plotted on Figure 3-3 (solid line).

(3-7)

The results are

Table 3-2. Parameters for Calculation of the High
Energy Neutron Spectrum
E, mev z:R N (E) avg(E)

10 0.065 9.53 x 10-* 1.39 x 1012
11 0.038 4.38 x 10°* 1.07 x 1012
12 0.029 1.99 x 10-% 6.27 x 101
13 0.023 8.95 X 10-5 3.60 x 1012
14 0.019 4.01 X 10-5 1.91 x 101!
15 0.018 1.77 X 1075 8.90 x 101°
16 0.017 6.07 X 10-8 4.12 x 101
17 0.016 2.6 x10-°% 1.95 x 1010
18 0.015 1.1 x10-°¢ 9.24 x 109
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The results obtained from the independent check substantiate the

use of a continuation of the multigroup spectrum slope as an approxi-

mation of a continuous neutron spectrum above 10 mev. The extrapo-

lated neutron spectrum was used in all calculations, and the spectrum

above 10 mev used in each of the activating regions is shown in Fig-
ures 3-3, 3-4, and 3-5.

The cross section for the O-16 (n, p) N-16 reaction as a function

of neutron energy has been measured by Martin!? and is shown in Fig-

ure 3-6. The average of this curve over a fission spectrum of neutrons

is 20 ub £ 6 ub, which has a £30% uncertainty in the absolute values of

the experimental measurements. The value of the average cross sec-

tion agrees favorably with the value of 16 pb given by Rockwell?, how-

ever, it is a factor of about two higher than recent measurements made

by Shure!3,

The activation of primary coolant during exposure to neutron flux

is based on the differential equation,

where

> o M+ Z
1]

Consider the

where

oaw»
n

dN/dt = Z¢ = AN (3-8)

number density of active nuclide, atoms/cc
time, sec

macroscopic activation cross section, cm™!
neutron flux, neut/cm?-sec

active nuclide decay constant, sec™!

single pass core described by the following diagram:

plenum region
incore region
plenum region

exterior primary coolant loop
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Similarly, let t be the transit times in each of the regions

A s e b ‘
during a single pass of coolant through the system. Equation 3-4 can

be solved as a function of time if the neutron flux in each region can be
described. Assuming that the neutron flux in region B is constant and
that the flux is attenuated exponentially in the plenum regions A and C,

the fluxes in the regions are as follows:

oy = A (3-9)
ch = B! (3-10)
o = Cle % (3-11)

where x is chosen as some distance where activation is negligible, A'
and C' represent the neutron flux at x = 0, and B' is the flux value in
the incore region.

By writing the distance (x) as velocity times time (vt), Equations

3-8 and 3-9 are applied to the upper plenum as follows:

dN/dt = zAe*V - AN (3-12)
The solution is
AN ZAY (av + Nt _
Ne = v ®© + K (3-13)
whent = 0, N = Ny
Then
’ _ ZA avt -\t -\t )
N—m(e (S )+N0e (3 14)

Solution of this time-dependent equation provides the activation
in the upper plenum. Similar solutions are evident for the core region
and lower plenum. Letting a equal the number density of the nuclide

existing in region C after a single pass,

t - -
> A < aAVa©a “A) Mg + )
e - e e

a =

av + \
. -t -t . -t -cvt
+ zB <1—e B>e C+ —:)-:—-g——-—-<e C--e CC> (3-15)
)N cvc—)\



Since tD is the transient time in the exterior loop, the total number

density of the active nuclide entering the activation region for the second

pass is
-t
N=ae O (3-16)
Letting T = tA + tB + tC + tD’ after the nth pass, the saturation number
density is
=~
I NERTCER Y S S
N=oa /. = 1 _e')‘T (3-17)
n=1

Therefore, the saturation activity leaving a single pass core is

AN = —2e (3-18)
1l -e
The coolant activity of N-16 was calculated assuming a series of
single-pass activating regions of different flow velocities and, there-
fore, different core lag times. The total equilibrium activity is then

the sum of the individual contributions.

Atotal = Z . LA (3-19)
all regions

[
1]

fraction of flow through activating region i

>

activity induced in region i

The regions calculated, as well as transient times and calcula-
tion parameters, are shown in Table 3-3. The assumption was made
that all plenum activation occurs within 10 inches above and 10 inches
below the active core region.

Total loop transient time, including exterior loop time t_ not

D
shown in Table 3-3, is taken to be 37 seconds.
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Table 3-3.

Parameters for Calculation of N-16 Activity

Region

Fuel plates

Side plates
Reflector body
Rotating drums
Outside annulus
Flux trap

Neck region

Outside reactor tank

Aluminum capsule holders

Totals

Flow rate,
gpm
25,300
1,230
2,530
7,520
650
6,110
200
2, 000
1, 875

47,415

Flow ratio,

Time, sec

fi Veigglty, £
0.532 44 0.034
.026 44 .034
.053 30 .36
.159 30 .36
.014 5 .36
.129 20 41
.004 20 0.41
.042 0.08 10.4
0.041 15 0.054
1.000

t

B C
0.091 0.034
.091 .034
.133 .36
.133 .36
.802 .36
.2 41
0.2 0.41
51 10.4
0.027 0.054



The resulting equilibrium coolant activation obtained from the pre-
ceding equations and parameters is 2.2 X 107 disintegrations/cm?3-sec
at 10 inches below the active core region. The decay of this activity
with time is shown in Figure 3-7.

The O-17 (n,p) N-17 reaction has a threshold energy of about 10
mev. The product nucleus, N-17, decays with a 4. 14-second half-life
to O-17 by beta emission. The excitation energy of the residual O-17
nucleus is released by the emission of a neutron of about 1 mev.

The procedure for computing the N-17 activity in the test loop
coolant is the same as that used in determining the N-16 activity. The
cross section for the reaction was taken from Reference 2. Activities
in coolant leaving the pressure vessel as a function of flow rate are as

foliows:

20 gpm 2.0 X 10* dis/cc-sec
60 gpm 1.2 X 10% dis/cc-sec
120 gpm 7.8 x 103 dis/cc-sec

3.5. Fission Products

The decay of long-lived (i.e., half-life longer than 1 minute) fis-
sion products constitutes the major radiation source from the reactor
core after shutdown. Decay of these fission products creates a gamma
ray spectrum over an energy range up to 5.4 mev. For shielding anal-
ysis the high energy portion of the spectrum is important. Until recently,
fission product decay curves lumped the high energy gamma rays into
groups that had a high energy group of 2.6 mev. Goldstein’ tabulates
J. F. Scoles's data!* of fission product decay. This data divides the
spectrum into 1 mev intervals up to the highest energy of 5.4 mev. The
tabulation gives the gamma ray energy emission in mev/sec for each of
six energy groups at various times after shutdown. The basis of the
data is an initially clean reactor which operates at 1 watt for periods
ranging from 10~% hour to 10® hours.

For the ATR parameters of 250 MW power and total fuel region
volume of 262 liters, the volumetric source strengths as a function of
time after reactor shutdown for each of five fission product gamma

energy groups are presented in Figure 3-8. The energy grouping used

in Figure 3-8 is as follows:



Energy group Energy limits, mev Average energy, mev

1 - 0.99 0.5
2 1.0 - 1.99 1.5
3 - 2.99 2.5
4 0 - 3.99 3.5
5 0 - 4.99 4.5

A compilation of the fission product gamma energy release has
also been made by Perkins and King!®, This agrees well with the Scoles
data down to about 1000 seconds after fission. However, for shorter
decay times the Perkins and King data show a higher energy release
rate and, for this reason, were used to obtain fission product gamma
sources for calculations involving times after shutdown of 1000 seconds
or less.

In conjunction with the use of the data described above, the
buildup and decay of individual fission product isotopes in the ATR core
have also been studied. The computer program DER-006A, which is
described in Appendix C, was used. The fission product inventory
predicted by this program is shown in Table 3-4. The activity of the
individual isotopes is shown for various times after shutdown following
17 days of operation at 250 MW. For times after shutdown greater than
1000 seconds, the beta and gamma decay power predicted by the pro-
gram is in good agreement with Scoles's data and with the work of
Perkins and King. Between 100 and 1000 seconds after shutdown, the

program results follow the Perkins and King data.



Table 3-4. ATR Fission Product Inventory After 17 Days
of Operation at 250 MW Using 33 kg of Fuel

Shown in Disintegrations per Second per Gram
of Uranium

Time after shutdown

Isotope 1/2 hr 1 hr 12 hr 24 hr 3 days 90 days
Se-83m 5.86 x 10° -- -- -- -- --
Se-83 2.17 x 1011 9.48 % 101 1.07 X 103 -- - .
Br-83 1.028 x 101 9.04 x 101 3.36 X 101 9.05 x 10° 4.73 x 10% -
Kr-83m 1.127 x 1012 1.100 x 10%2 1.170 x 101! 4,24 x 10° 2.70 x 10% -
Se-84 7.96 x 107 2.43 x 10° -- -- -- --
Br-84 1.39 x 10%2 6.97 x 101! 1.66 x 10° -- -- --
Br-85 3.47 x 107 -- -- -- -- .-
Kr-85m 3.31 x 1012 3.06 x 1012 5,33 x 101! 7.92 x 10'° 3,84 x 107 -
Kr-85 2.14 x 10° 2.14 x 107 2.16 x 107 2.17 x 107 2.17 x 107 2.13 x 10°
Br-87 9.03 X 10? -- -- -- -- -
Kr-87 4.95 x 1012 3,79 x 10%? 1.08 x 1010 1.80 x 107 - -
Br-88 -- -- -- -- -- --
Kr-88 7.73 x 1012 6.82 x 1012 4.35 x 101! 2.16 x 1010 1.32 x 10% --
Rb-88 8.33 x 1012 7.54 x 1012 4.88 x 101! 2.42 x 10 1.47 x 10% -
Br-89 -- -- -- -- -- --
Kr-89 1.61 x 10%° 2.33 x 107 -- -- -- --
Rb-89 3.69 x 1012 9.58 x 1011 -- -- -- -
Sr-89 2.26 x 10%? 2.26 x 1012 2.25 x 1012 2.23 x 102 2.17 x 1012 6.98 x 1o}
Kr-90 -- -- -- -- -- -
Rb-90 8. 64 x 10° 4.38 x 106 -- - - -
Sr-90 1.61 x 10%° 1.61 x 10% 1.61 x 1010 1.61 x 101 1.61 x 10%° 1.60 x 10%°
Y-90 1.25 x 10%° 1.25 x 1010 1.29 x 1010 1.33 x 1010 1. 44 x 101° 1. 60 x 101°
Kr-91 -- -- -- -- -- --
Rb-91 3.07 x 1012 6.97 x 101 -- -- -- --
Sr-91 1.37 x 1013 1.32 x 1043 6.06 x 1012 2.57 x 1012 8.33 x 1010 --
Y-91m 5.57 x 102 5.51 x 1012 2.66 x 1012 1.12 x 1012 3.65 x 1010 --
Y-91 2.47 x 1012 2.47 x 1012 2.50 x 1012 2.52 x 1012 2.49 x 1012 8.81 x 101!
Kr-92 -- -- -- -- - --
Rb-92 2.24 x 10% -- -- -- - --
Sr-92 1.27 x 1012 1.11 x 108 5.94 x 1031 2.42 x 1010 6.73 x 10* --
Y-92 1.43 x 1013 1.41 x 109 3.64 x 1012 4,52 x 101 4.98 x 107 --
Kr-93 -- -- -- -- -- -
Rb-93 -- -- -- -- -- -
Sr-93 7.78 x 101! 3.99 x 10% -- - - -
Y-93 1. 50 x 1013 1.45 x 1013 6.77 x 10 2.95x 102 1.06 x 10M! --
Kr-94 -- -- -- -- -- --
Rb-94 -- -- -- -- -- --
Sr-94 4.21 x 108 1.28 x 10* - - .- -
Y-94 4.90 x 1012 1.39 x 1012 1.27 x 10° -- -- .
Y-95 2.09 x 1012 2.88 x 101! -- - - -
Zr-95 2.51 x 102 2.51 x 1012 2.49 x 1012 2.48 x 1012 2.43 x 1012 9.62 x 101!
Nb-95m 2.49 x 101 2.49 x 101 2.57 x 1010 2.65 x 1010 2.89 x 101° 1.42 x 101°
Nb-95 3.87 x 10! 3.88 x 101! 4,07 x 101! 4.27 x 101! 5.06 x 101! 1.22 x 1012
Zr-97 1.43 x 1013 1.40 x 1013 9.00 x 102 5.51 x 1012 7.80 x 101 --
Nb-97m 1.36 x 1013 1.34 x 1013 8.55 x 1012 5.24 x 1032 7.42 x 101! --
Nb-97 1.46 x 1013 1.45 x 1013 9.68 x 1012 5.94 x 1012 8.39 x 101 --
Nb-99 6.08 x 10%° 2.56 x 108 -- -- - -
Mo-99 1.41 x 101 1.40 x 1013 1.25 x 101 1.11 x 101 6.83 x 1012 3.94 x 103



Table 3-4.

(Cont'd)

Time after shutdown

Isotope 1/2 hr 1 hr _ﬁr_
Tc-99m 1.41 x 101 1. 41 x 10% 1.34 x 10%2
Mo-101 2.85 x 10! 6.86 x 101! .
Tc-101 6.78 x 1012 2.52 x 101? --
Mo-102 1.75 x 10} 3.10 x 101 --
Tc-102 1.82 x 1012 3.22 x 101 --
Ru-103 1.75 x 10%2 1.75 x 1042 1.74 x 1012
Rh-103m 1.67 x 104 1.67 x 10% 1.65 x 10%2
Mo-105 2.22 x 10%° 3.47 x 108 --
Tc-105 2.22 x 10%° 3,84 x 10° --
Ru-105 1.99 x 102 1.84 x 10% 3.39 x 10%
Rh-105m 2.00 x 101 1.85 x 1042 3.40 x 101!
Rh-105 2.12 X 1012 2.12 x 1012 1.89 x 1012
Ru-106 2.86 x 1010 2.86 x 10 2.86 x 10%°
Rh-106 2.86 x 10%° 2.86 x 10%° 2.86 x 10%°
Tc-107 3,62 x 108 -- --
Ru-107 3,87 x 109 2.13 x 107 --
Rh-107 2.63 x 101 1.19 x 101! 2.98 x 10°
Ru-108 1.04 x 109 5.80 x 108 --
Rh-108 1.13 x 107 6.27 x 10® --
Rh-109 4. 68 x 1010 3,31 x 101 1.62 x 107
Pd-109 6. 60 x 101 6.53 x 1010 3.88 x 10%
Ag-109m 6.60 x 101 6. 53 x 1010 3,88 x 101
Pd-111 1.65 x 101 6.43 x 10° 6.02 x 10!
Ag-111 3.37 x 101° 3.36 x 10% 3.22 x 10%
Pd-112 2. 56 x 101° 2.51 x 10% 1.75 x 10%°
Ag-112 2.60 x 101 2.59 x 101 2.03 x 10%
Ag-113 2.21 x 10%° 2.07 x 101 4.93 x 10°
Cd-113m 7.36 X 10° 7.37 X 105 7.46 x 105
Ag-114 7.24 x 105 2.21 x 10! --
Ag-115 9.02 x 109 3,25 x 109 --
Cd-115 2.40 x 1010 2.39 x 1010 2.08 x 1010
In-115m 2.35 x 1010 2.35 x 1010 2.17 x 1010
Cd-117m 2.10 x 1ot 1.87 x 1010 1.48 x 109
Cd-117 2.31 x 1010 2.20 x 101° 2.04 x 109
In-117m 2.36 x 1010 2.35 x 1010 5.50 x 109
In-117 6.62 x 109 6.62 x 109 2.13 x 109
Sn-117m 4.64 x 107 4.64 x 107 4.64 x 107
Cd-118 1.56 x 1010 1.03 x 1010 1.09 x 106
In-118 1.71 x 100 1.32 x 1010 1.20 x 106
In-119 7.21 x 109 2.19 x 109 --
Sn-119m 1.08 x 109 1,08 x 10° 1.08 x 109
Sn-121 3.27 x 1010 3,23 x 101° 2.44 x 1010
Sn-123 2.09 x 101° 1.23 x 1010 1.16 x 105
Sn-123m 2.35 x 108 2.35 x 108 2.35 x 108
Sn-125m 3.11 x 109 3.73 x 108 --
Sn-125 2.02 x 1010 2.02 x 10%° 1.95 x 1010
Sb-125 6.15 x 108 6.15 x 108 6.24 x 108
Te-125m 9.69 x 106 9.72 x 108 1.02 x 107
Sn-126 1.56 x 101 1.03 x 1011 1.09 x 107
Sb-126 2.35 x 101 2.31 x 101! 1.03 x 1011
Sn-127 4.51 x 1ot 3.58 x 1011 2.22 x 1010
Sb-127 5.62 x 1011 5.62 x 1011 5.23 x 101!
Te-127m 6.63 x 109 6.64 x 107 6.89 x 109
Te-127 4.76 x 101 4.76 x 101! 4.67 x 101
Sn-128 8.21 x 1o 5.70 x 1011 1.87 x 108

24 hr 3 days 90 days
1.21 x 1012 7.49 x 101 4.32 x 102
1.72 x 1012 1.67 x 1012 3.67 x 104}
1.64 x 1012 1.58 x 1012 3.49 x 1o}t
5.35 x 10%° 3.29 x 107 --
5,36 x 101° 3.30 x 107 .-
1.53 x 10% 6.20 x 10! -
2.86 x 10%° 2.85 x 104 2.41 x 1010
2.86 x 10%° 2.85 x 10%° 2.41 x 1010
3.96 x 10° -- .-
2.10 x 10% 1.82 x 107 --
2.10 x 101 1.82 x 10° .-
3.08 x 10%° 2.56 x 10%° 8.29 x 10¢
1.17 x 101 2.42 x 10° --
1.38 x 10%° 2.85 % 10° --
1.02 x 10° 1.93 x 106 --
7.49 x 105 7.49 x 105 7.25 X 105
1.78 x 1010 9.78 x 109 1.31 x 108
1.88 x 101° 1.01 x 10t° .-
9.25 x 107 1.41 x 103 --
1.28 x 108 1.95 x 103 -
4.61 x 108 8.34 x 103 -
1.95 x 108 3,68 x 103 --
4.55 x 107 4.12 x 107 5.56 x 105
5.08 x 10! -- --
5.58 x 10! -- -
1.08 x 109 1.08 x 10° 8.49 x 108
1.81 x 1010 5.40 x 109 --
2.34 x 108 2.32 x 108 1.49 x 108
1.88 x 1010 1.62 x 1010 2.66 x 107
6.33 x 108 6.65 x 108 8.08 x 108
1.08 x 107 1.33 x 107 9.95 x 107
5.08 x 102 -- -
4.11 x 1010 1.02 x 109 -
8.71 x 10¢ -- --
4.78 x 101! 3.34 x 1012 5.89 x 104
7.15 x 109 7.99 x 109 5.78 x 109
4.42 x 101 3.19 x 101 5.78 x 109
2.95 x 104 . .



Table 3-4. (Cont'd)

Time after shutdown

Isotope 1/2 hr 1 hr 12 hr 24 hr 3 days 90 days
Sb-128 7.68 x 101 6.92 x 101 2.28 x 10° 3.61 x 10* -- --
Sb-129 2.19 x 102 2.03 x 1012 3.88 x 10! 6.36 x 10 4.60 x 107 --
Te-129m 1.66 x 101 1.66 x 101! 1.67 x 101! 1.65 x 101! 1.59 x 101! 2.63 x 101
Te-129 1.79 x 1012 1.89 x 102 5.69 x 101! 2.31 x 101 1.59 x 10%! 2.63 x 10
Sn-130 1,59 x 109 5.37 X 10° -- -- -- --
Sb-130 1.06 x 1012 1.89 x 1012 -- -- -- --
Sb-131 2.79 x 102 1.13 x 102 2.85 x 10° -- -- --
Te-131m 1.02 x 1012 1.01 x 1012 7.90 x 101! 5.99 x 101! 1.97 x 101! --
Te-131 5.60 x 1012 3.84 x 1012 8.01 x 101! 6.07 x 101! 2.00 x 101! --
1-131 5.23 x 1012 5.23 x 102 5.07 X 1012 4.89 x 1012 3.17 X 1012 2.23 x 10°
Xe-131m 2.08 x 101 2,08 x 101 2.04 x 1011 1.99 x 101! 1.82 x 101! 1.70 x 107
Sn-132 6.33 x 108 4.98 x 10* -- -- -- --
Sb-132 4.50 x 10° 4.72 x 105 -- -- -- --
Te-132 1.01 x 1013 1.00 x 1013 9.11 x 1012 8.18 x 1012 5.31 x 1012 3.66 x 10*
1-132 1.01 x 1013 1.01 x 1013 9.40 x 1012 8.44 x 1012 5.48 x 1012 3.78 X 104
Te-133m 7.82 x 1012 5.62 X 1012 3.96 x 10° 1.44 x 106 -- --
Te-133 8.08 x 1012 5.81 x 1012 4.09 x 107 1.48 x 108 -- --
1-133 1.52 x 1013 1.51 x 1013 1.06 x 1013 7.10 x 1012 1.40 x 1012 --
Xe-133m 3.65 x 101 3.65 x 1011 3.58 x 101! 3,37 x 10U 2.20 x 1011 --
Xe-133 1.33 x 1012 1.34 x 1013 1.33 x 1013 1.30 x 1012 1.08 x 1013 1.21 x 108
Sb-134 1.03 X 102 -- -- -- -- --
Te-134 4.12 x 1022 1.04 x 1012 -- -- - -
1-134 1.48 x 1013 1.07 x 1013 1.83 x 10° 1.36 x 105 -- --
Te-135 3.04 x 108 9.30 x 102 -- - - -
1-135 1.33 x 1013 1.26 x 1013 4.03 x 101 1.16 X 1012 7.98 x 10° --
Xe-135m 4,10 x 1012 3.93 x 101 1.25 x 1012 3.62 x 101 2.49 x 107 --
Xe-135 1.52 x 1013 1.52 x 1013 1.06 x 1013 5.56 X 1012 2.12 x 101 --
1-136 7.48 x 106 3.76 X 10° -- -- -- -
Cs-136 8.77 X 10? 8.76 x 107 8.55 x 10° 8.32x 107 7.48 X 10° 6.98 X 107
1-137 -- -- -- -- - .
Xe-137 6.96 x 1010 3.36 X108 -- -- - -
Cs-137 1.59 x 101 1.59 x 101° 1.59 x 1010 1.59 x 1010 1.59 x 1010 1.58 x 1010
Ba-137m 1. 46 x 101° 1.46 x 1010 1. 46 X 1010 1. 46 x 1010 1.46 x 1010 1.45 x 1010
1-138 - -- -- .- - -
Xe-138 3.84 x 1012 1.13 x 1012 2.34 X 1010 - - .
Cs-138 1.06 X 108 6.61 % 1012 7.19 X 10 1.87 x 10° -- --
1-139 -- -- -- - -- --
Xe-139 - -- -- - o= -
Cs-139 1.66 x 1012 86 X 1011 -- - - -
Ba-139 1.23 X 108 9.82x 1012 4.55 X% 1010 1.28 x 108 -- --
Xe-140 - - -- .- .- -
Cs-140 1.05 x 105 - -- . - -
Ba-140 8.96 x 1012 95 x 1012 8.73 X 1012 8.50 X 1012 7.62 %1012 6.86 x 1010
La-140 8.07 x 1012 08 x 1012 8.21 x 1012 8.29 X 1012 8.12 x 1012 7.91 x 10%°
Xe-141 -- - - -- - -
Cs-141 -- - - . . .
Ba-141 4.40 x 1012 1.38 x 1012 1.28 x 101 -- - .
La-141 1.36 x 10B 1.26 X 108 1.63 x 1012 1.72 x 101 2.14 %107 --
Ce-141 4.28 X 1012 4.29 x 1012 4.30 X 1012 4.09 x 1012 6.50 X 101 --
Cs-142 7.53 % 103 -- -- - - .
Ba- 142 4.65 x 1011 45 x 101 -- .- - -
La-142 1. 15 x 10" 8.70 x 10* 1.81 % 10%° 2.14 % 107 - .
Ba-143 - - -- - - -
La-143 5.02 X 1012 1.68 x 1012 5.92 X 10! - -- -
Ce-143 1. 46 x 10" 1.45 x 101 1.15x 108 8.95 x 1012 3.27 x 1012 --
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Isotope

Pr-143
Ce-144
Pr-144
Ce-145
Pr-145
Ce-146
Pr-146
Nd- 147
Pm- 147
Nd- 149
Pm- 149
Nd-151
Pm-151
Sm-151
Sm-153
Sm-155
Eu-155
Sm-156
Eu-156

Table 3-4.

(Cont'd)

Time after shutdown

1/2 hr 1 hr
7.77 X 1012 7.78 X 1012
5.75 X 101 5.75 % 1012
5.75 X 1011 5.75 x 101
9.72 X 109 9.51 X 106
9.46 X 1012 8.92 X 1012
1.70 X 1012 3.80 X 101!
5.36 X 1012 2.74 X 1012
3.98 X 1012 3.98 X 1012
2.90 X 1010 2.90 x 1010
2.59 X 1012 2.18 x 1012
3.06 X 1012 3.06 X 1012
2.84 % 1011 7.11 X 10
1.18 X 1012 1.16 X 1012
4.74 % 108 4.74 % 108
3.52 % 1011 3.49 x 101
3.03 x 1010 1. 25 X 101
1.39 x 109 1.39 X 109
2.97 x 1010 2.87 x 1010
1.71 % 1010 1.71 X 1010

12 hr

7.90 X
5.75 X
5.75 X

N oD W WwN

»-un—v-.hNuh_a)

.48 X

.35 X
.86 X
.04 X
.81 X
.72 X

82 X

.87 X
.97 X
.43 X
.39 X%
.34 X
.72 X

1012
loll
101t

1012

104

1012
1010
1010
1012

1011
108
1011
101
109
1010
1010

24 hr

7.96 X
5.73 X
5.73 X

o~

NN W Ww

.13 X

1012
1011
o1

loll

1012
1010
108

1012

1o
108
loll

109
109
1010
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_3days

1012
101
1011

10°

1012
1010
10!

1012

1011
108
1011

109
108
1010

90 days

.93 X 101°
.63 x 1011
.63 x 1011

.60 X 1010
.20 X 1010

.93

.25 X 109

.10 x 108



3.6. Recoil Coolant Activities

The recoil escape into the primary coolant of nuclides formed by
fast neutron reactions with the aluminum clad plate type fuel elements
constitutes a significant source of activity during operation and after

shutdown. The most important fast neutron reactions are:

Al-27 (n, a) Na-24
Al-27 (n, p) Mg-27

The Na-24 recoil nucleus, being the more energetic gamma ray
emitter, is the major contributor to dose rates through more than a few
mean free paths of shielding. The Na-24 nuclide decays witha 15.1-
hour half-life by the emission of two gamma rays per disintegration
having energies of 2.75 and 1.37 mev. Mg-27 decays with a 9.5-minute
half-life with the emission of 0.84 and 1.01 mev gamma rays having
yields of 100% and 20% respectively.

The cross section for production of the Na-24 nuclide has been
measured experimentally and is well known as a function of energy.

The reaction has a threshold energy of 3.26 mev and a fission-spectrum-
averaged cross section of 0.56 millibarns!, The cross section versus
energy of the impinging neutron is shown in Figure 3-9 taken from
Reference 16.

The Mg-27 cross section is not as well known. The calculation is
based on information from Reference 15, which gives a fission-spectrum-
averaged cross section of 3.1 millibarns.

The specific activity of the Na-24 nuclide in the primary coolant
water of the ATR was calculated by two methods. One method was an
empirical fit to operating research reactor experience, and the other
method was a theoretical approach using the energy dependent cross sec-
tion shown in Figure 3-9. The empirical fit is represented by the equa-
tion:

C - 9.5 NP

“Flar (3-20)



where

C = specific activity, dis/cm3-min
9.5 = empirical constant

N = number of elements

P = reactor power, MW

F = primary coolant flow rate, gpm X 1073
a = demineralizer-to-total flow rate ratio
N\ = decay constant of Na-24, sec™!

t = total loop time, sec

The theoretical calculation was performed on the basis of the fol-

lowing assumptions:

1. That the range of the recoil product is equal to the range
of an alpha particle in aluminum. This assumption was checked with
previous reported values of the range of the Na-24 nuclide, and agree-

ment was indicated.

2. That 25% (from geometry considerations) of all recoil
particles formed within the thickness of the recoil range are released to

the coolant water.

From an estimation of the neutron spectrum (Figure 3-3) and the
energy dependent cross section (Figure 3-9), the total equilibrium spe-

cific activity of Na-24 in the aluminum can be found.

0

N, S' ¢(E) ¢ (E)dE (3-21)
E.

H

NA N Za(1>

T

r o e .
where = specific activity in coolant exposed aluminum

N
A
2 = macroscopic reaction cross section

¢ = average fast flux in core

Ny, = number density of aluminum

o(E) = energy dependent macroscopic reaction cross section

¢ (E) = neutron flux in reactor core
And from the aforementioned assumptions,

N_ = 0.25 (R) (S) (N)/V (3-22)



NC = specific activity in coolant water, dis/cm?3-sec
, = range of recoil product in aluminum, cm
S = exposed aluminum surface area in core, cm?

V = total primary coolant volume, cm?

The results obtained from the two methods with no demineraliza-
tion were 1.32 X 105 dis/cm?3-sec for the empirical formula and 1.27 X 105
dis/cm3-sec for the theoretical equation. With the demineralizer oper-
ating, the equilibrium activity in the coolant was calculated to be 2.41
X 10* dis/cm?3-sec using the empirical correlation.

The specific activity of the Mg-27 nuclide in the primary coolant
water was calculated in the same manner as the Na-24 activity. Similar
assumptions were used. The Mg-27 activity was found to be less impor-
tant during operation and after shutdown of the reactor, due to the shorter

half-life and less energetic emission of gamma rays.
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Comparison of Fast Flux Computed by 20-Group
Code to That Scaled From LTSF Data

Nl

Water

A\

1

A\N

\

~ LTSF Data

Scaled

]

Beryllium Reflector

L

20-Group Total

Fast

Flux

108

20

40

60

80

Distance From Core Edge, cm

100



-1

Absorption Coefficient, p, cm

0.20

0.18

0.16

0.08

0.06

0.04

0.02

Figure 3-2.

Linear Self-Absorption Coefficient for ATR
Core Fuel Region

2 3 4 5 6 7

Energy, mev




Figure 3-3. Fast Neutron Flux Spectrum in Fuel Region

(Single Lobe Power = 50 MW)

Note: Flux Averaged Over
Volume of Region.
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Fast Neutron Flux, neut/cm?-sec

Figure 3-4. Fast Neutron Flux Spectrum in Flux Trap
Region (Single Lobe Power = 50 MW)

1014 )

| Note: Flux Averaged Over
\ Volume of Region.

L

oo
pd

1010
G 2 4 6 8 10 12 14 16 18 20

Neutron Energy, mev



Fast Neutron Flux, neut/cm?-sec

Figure 3-5.

Fast Neutron Flux Spectrum in Reflector
Region (Single Lobe Power = 50 MW)
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Cross Section, ¢, millibarns

Figure 3-6. Cross Section for O-16 (n, p) N-16 Fast
Neutron Reaction
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N-16 Activity, dis/cm?-sec
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Figure 3-7.

Equilibrium N-16 Activity Vs Delay Time
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Source Strength, photons/cm3-sec

Figure 3-8.

Fission Product Gamma Ray Source Strengths
in Core Vs Time After Shutdown (Operating

Time, 400 Hours)
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Cross Section, o, millibarns

Figure 3-9. Cross Section for Al-27 (n, a) Na-24 Reaction!®
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4. HEAT GENERATION RATES

4.1. General Description

When the gamma flux has been computed at a point, the gamma

heat generation rate at that point is given by the formula:
Heating Rate = 1.6 X 10" B Eu(E)o(E)/p, watts/gm (4-1)

where: 1.6 X 10 -1 = the conversion factor from mev/sec to watts

E = the initial gamma ray energy, mev

w(E) = the energy absorption coefficient at energy E,
cm?/gm
¢(E) = the gamma flux at energy E, computed using

energy absorption buildup factors, photons/cm?2-sec

p = the density of the material for which heating rates
are being computed, gm/cc

The heating rate due to elastic scattering of neutrons is given by:

Heating Rate = 1.6 X 10" Zg(E)E AE $(E)/p (4-2)
where: Zg(E) = the elastic scattering cross-section at energy E, cm™!
E = the mean energy of the neutron group, mev
AE = the average fractional energy lost per collision
$(E) = the fast neutron flux at energy E, n/cm?-sec
p = the density of the material for which heating rates

are being computed

The bulk of the heating rates in the ATR is due to gamma rays.
The rapid attenuation of the fast neutron flux outside the core region and
the relatively small value of AE for most materials minimize the impor-
tance of neutron heating due to elastic scattering. Only in the water and
beryllium in and near the core is the neutron heating of any importance.
An estimate of the heating rates due to inelastic scattering of fast neutrons
showed that these heating rates were insignificant in comparison to those

from elastic scattering and gamma ray absorption. Figures 1l-1 and 1-2

4-1



show most of the core and vessel components that are mentioned in the

following sections on heating rates.

4. 2. Inpile Heating Rates

A profile of the gamma heating rates across the core was com-
puted with the use of computer code DER-013 (see Appendix D). A five-
lobe model of the core was employed; i. e., the fuel region was repre-
sented by five cylindrical annuli. The fuel region in each annulus was
subdivided into 80-cc volume elements, and the gamma fluxes were
calculated at various points at the core mid-plane along a line extending
from the center of the core through an interior lobe. Fluxes were cal-
culated at each dose point from the individual lobes for the nine energy
groups shown in Table 3-1. The test regions in which the fluxes were
calculated were assumed to be composed entirely of water, the energy
absorption buildup factors for water were used exclusively in the cal-
culations.

Figure 4-1 shows profiles of the gamma heating rates at the core
mid-plane. Three cases were considered. Curve Il shows the average
heating rates obtained by assuming an average power distribution over
the entire fuel region. Curve II shows the heating rates for an axial
cosine power distribution ranging from 1.4 max/avg at the core mid-
plane to 0.4 min/avg at the ends of the core. Curve III also shows the
effect of a cosine power distribution and, in addition, shows the heating
rate that would exist at each point if the nearest lobe to that point were
operating at 75 MW.

The curves show the gamma heating rates in units of watts/gm of
aluminum. A relatively small amount of fast neutron heating due to
elastic scattering is also present in aluminum, and the neutron heating
rates are listed below for each of the three cases described above. Only
one value is given for each case, since the fast neutron flux is assumed

to be constant radially across the core.

Neutron heating rates

Case in aluminum
1 0.6 watt/gm
1I 0.85 watt/gm
111 1.1 watts/gm
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4.3. NR Loop Heating Rates

A calculation of the gamma heating rates in an NR test loop during
operation and after shutdown was done for an interior lobe with a water-
moderated flux trap. It was assumed that a test element, composed of
80% zirconium and 20% water, was operating at 800 kw in the loop.
Heating rates were computed at three points: the outer surface of the
insulating tube, the inner surface of the pressure tube, and at the center
of the test specimen.

Gamma fluxes were calculated with computer code DER-013
(Appendix D) based on a five-lobe core model. The fluxes were calcu-
lated from the individual lobes and from the test element using energy
absorption build-up factors for water. Operating core gamma sources
were the same as those shown in Table 3-1. Volumetric source strengths
for the operating test element were obtained from the core sources by
using a power density ratio.

The gamma sources used in computing fission product heating after
shutdown were taken from the data of Perkins and King as reported by
Goldstein®. An operating time of 17 days at full power was assumed.
Since the data for shutdown times of less than 100 seconds are not
reported, the curves of Perkins and King were extrapolated to the oper-
ating fission product level (zero time shutdown) to obtain the fission-
product gamma sources for shorter shutdown times.

Table 4-1 shows the gamma heating rates at the core mid-plane

during full power operation with the following power distributions:

Uniform axial and radial power distribution.

2. Uniform radial power distribution and a cosine
axial power distribution ranging from 1.4 max/avg
at the core mid-plane to 0.4 min/avg at the core
extremities.

3. Same as No. 2 except the heating was computed
in a 75-MW lobe.
The fission product gamma heating rates are shown in Tables 4-2,
4-3, and 4-4 for various times following shutdown and for these same

power distributions.



Table 4-1. Gamma Heating Rates During Operation

(Interior Test Lobe)

Heating rates at
core mid-plane
in a 75-MW lobe

Average
heating rates

Heating rates at

Location core mid-plane

Outside surface
of the insulating
tube

Inside surface
of the pressure
tube

Center of lobe

12 watts/gm
of steel

10 watts/gm
of steel

9.1 watts/gm
of Zr

16 watts/gm
of steel

13.3 watts/gm
of steel

12.1 watts/gm
of Zr

23 watts/gm
of steel

19 watts/gm
of steel

17.3 watts/gm
of Zr

Table 4-2. Fission Product Gamma Heating Rates at the
Outside Surface of the Insulating Tube

(Interior Test Lobe)

Heating rates at

Time after Average Heating rates at core mid-plane

shutdown, heating rates, core mid-plane, 1in a 75-MW lobe,
sec watts/gm of steel watts/gm of steel watts/gm of steel
1072 3.86 5.13 7.34
10-! 3.55 4.72 6.75
1 3.16 4.2 6.0
10 2.7 3.6 5.15
100 2.0 2.62 3.75
1000 0.95 1.26 1.8



Table 4-3. Fission Product Gamma Heating Rates at the

Inside Surface of the Pressure Tube
(Interior Test Lobe)

Heating rates at

Time after Average Heating rates at core mid-plane
shutdown, heating rates, core mid-plane, in a 75-MW lobe,
sec watts/gm of steel watts/gm of steel watts/gm of steel
10°2 3.3 4.4 6.3
10-! 3.0 4.0 5.72
1 2.65 3.52 5.03
10 2.2 2.93 4.2
100 1.6 2.13 3.05
1000 0.80 1.06 1.52

Table 4-4. Fission Product Gamma Heating Rates at the

Center of the Interior Lobe

Heating rates at

Time after Average Heating rates at core mid-plane
shutdown, heating rates, core mid-plane, in a 75-MW lobe,
sec watts/gm of Zr watts/gm of Zr watts/gm of Zr
10-2 2.82 3.75 5.36
10! 2.50 3.33 4.72
1 2.20 2.93 4.2
10 1.80 2.40 3.43
100 1.40 1.86 2.66
1000 0.65 0.865 1.24

4.4. Control Rod Heating

4.4. 1.

General Description

Essentially all of the heat generated in the hafnium con-

trol elements of the ATR is due to primary gamma rays originating in

the core. In an element as heavy as hafnium the heating from elastic

scattering of fast neutrons can be ignored. A conservative estimate

of the volumetric gamma source strength due to thermal and resonance



neutron capture in hafnium showed this gamma flux to be negligible in
comparison to gamma rays from core sources.

In hafnium both the total gamma and the energy absorp-
tion cross sections exhibit a sharp rise at the lower energies, i.e.,
below 1.5 mev. Since the heating rate is proportional to the energy
absorption cross section, the low energy gamma rays, which are of
little importance in other heating and shielding calculations, play an
important role in hafnium heating. Consequently, more attention was
devoted to the low energy end of the core gamma spectrum. Above 1.5
mev the gamma spectrum shown in Table 3-1 was used. From 0.3 to 1.5
mev the prompt gamma sources were computed from the data of
Maienschien®. The equilibrium fission product activity in the range
from 0.3 to 1.5 mev was estimated to match a total fission product
energy release of 5.5 mev per fission. The resulting gamma ray sources

used in calculating control rod heating rates are shown in Table 4-5.

Table 4-5. Gamma Ray Source Strengths in
the Fuel Region at 250 MW

Energy interval, Average energy, Source strength,

mev mev photons/cc-sec
0.3 - 0.5 0.4 1.2 X 10
0.5 - 0.75 0.625 7.1x 108
0.75 - 1.0 0.875 4.8 X 108
1.0 - 1.5 1.25 5.4 X108
1.5 - 2.5 2.0 5.3 X108
2.5 - 3.5 3.0 1.9 x 108
3.5 - 4.5 4.0 7.6 X 1012
4.5 - 5.5 5.0 6.0 X 1012
55 - 6.5 6.0 3.1 X 1012
6.5 - 8.5 7.5 1.7 X 1012

Linear absorption coefficients for the fuel region, which
were used in the calculations, are shown in Figure 3-2. To account for

buildup, energy absorption buildup parameters for water were used.
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4.4.2. Neck Shim Rods

Because of their location, the neck shim rods will experi-
ence the maximum heating rates occurring in the ATR <;ore materials.
Gamma fluxes incident on the rods were computed with program DER-013.
The fuel region was homogenized and represented by segments of cylin-
drical annuli. A 20-cc mesh volume was chosen. Regions between the
source region and the dose point were treated as cylindrical shields.

The expected '"'worst case' occurs in the center shim rod,
since this rod is closest to the fuel region. Heating rates were thus
computed at the core mid-plane in the center rod assuming the rod to
be fully inserted. Although hafnium is a dense material, the neck shim
rods are only 3/8 inch in diameter and are virtually surrounded by fuel.
For these reasons attenuation by the rod itself is considered to be of
little importance and was ignored in the calculations.

Average heating rates in the rod were obtained by assum-
ing a uniform power distribution throughout the core. Actual heating
rates at the core mid-plane were computed by assuming an axial cosine
power distribution with all lobes operating at 50 MW. A maximum
heating rate was also obtained by assuming an axial cosine power dis-
tribution with the center lobe at 75 MW and the other lobes at 50 MW.

The resulting heating rates for the three cases are listed below.

Average heating rate, 39 watts/gm
Core mid-plane heating rate, 52 watts/gm

Maximum heating rate, 64 watts/gm

4.4.3. Hafnium Safety Rod

The total heat generation rates in a hafnium safety rod
were calculated as a function of the distance from the end of the incore
portion of the rod. It was assumed that the rod was withdrawn but
immersed in water except for a 3-inch segment remaining inside the
core. Curve 1l of Figure 4-2 shows the heating rate on the innermost
portion of the safety rod, i.e., the part of the cylinder which is nearest
the neck region, in a 75-MW lobe. Curve 2 is the same as Curve 1
except that the rod is in a 50-MW lobe. Curve 3 shows the heating rate

along the rod at its outermost portion, radially opposite the neck region,



in a 50-MW lobe. The calculations were performed in the same manner

as those for the neck shim rod heating rates.

4.4.4. Outer Shim Control Cylinders

The heating rate in the hafnium of the control cylinders
is a function of the location of the cylinder with respect to the core and
of the hafnium position due to cylinder rotation. The heating due to the
primary gammas of the core and the secondary gammas of the beryllium
reflector was calculated with computer program DER-013. Energy
absorption buildup factors for water were utilized by the program.

The total heat generation rates from neutron and gamma
radiation in the hafnium of the control drums are shown in Figure 4-3.
These heating rates are shown at the core mid-plane as a function of
the distance from the inner edge of the beryllium reflector. The two
curves show the behavior of the heating rates in a hafnium medium in
two radial directions, i.e., along the core centerline through an inner
lobe and along the centerline through an outer lobe. In the axial direc-

tion the heating rates follow the core power distribution.

4.5. Heating Rates in the Storage Canal

The gamma heating rates in the walls of the storage canal were
calculated based on 40 spent fuel elements stored in a 4-foot by 8-foot
array. The array was treated as an infinite homogeneous slab source.
Volumetric source strengths were obtained by volume weighting the
fission product gamma sources in the core. Gamma fluxes were com-
puted at various depths in the concrete, using the equation for an infinite

slab source. At a given energy

Sv A, (1 -A)
by = 2ps |1 +a, E, [(1 t ax)bJ t T a, E;[1 +a,]b (4-3)
where ¢ = gamma flux, photons/cm?-sec
S, = volumetric gamma source strength, photons/cc-sec
Mg = linear absorption coefficient for the source region,

cm™!

buildup parameters

Ay, ay, @

total number of relaxation lengths in shield
materials

o
1l
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The calculations were based on a uniform core power density, an
operating time of 17 days at full power, and a shutdown time of 12 hours.
The heating rates as functions of depth in the concrete are shown in
Figure 4-4 for various thicknesses of the water slab between the row of
spent elements and the concrete wall. The maximum heating rates,
accounting for axial power peaking and a 75-MW lobe, would be about

twice as great as those shown.

4.6. Heating Rates Below the Core

The region below the ATR core is mainly water extending down to
206 cm below the core mid-plane. At this elevation there is a 3-inch-
thick steel grid plate. The gamma and neutron heating rates in this
region below the core are shown in Figure 4-5 as functions of radial
distance from the core axis for several elevations. The heating rates
vary depending on the radial direction examined. Hence, the top four
curves show the heating rates in two radial directions from the core,
i.e., along a centerline through an interior lobe and along an outer lobe
centerline. Beyond an elevation of 107 cm below the core mid-plane,
however, the directional dependence of the heating rates is no longer
significant.

The model employed for the calculations was a five-lobe core.
DER-013 treated each of the lobes as a hollow cylindrical source having
50 MW of power with an axial cosine distribution and a uniform radial
distribution. The water and the grid plate were handled as slab shields
parallel to the core end. Energy absorption buildup factors for water
were used for all points above the grid plate, but the buildup factors
for iron were used for those points below the grid plate. The heating

rates were calculated in watts/gram of aluminum.

4.7. Heating Rates in Concrete Surrounding the Pressure Vessel

Figures 4-6, 4-7, 4-8, and 4-9 show the heat generation rates in
the magnetite concrete surrounding the pressure vessel. Rotational
symmetry about the core axis was assumed in performing the calcula-
tions. There are three regions in which this is not valid, however.

These three cases are discussed later. All heating rates are shown as

a function of distance above the core mid-plane. However, because of



symmetry, the values are also applicable for elevations below the core
mid-plane for the assumed axial power distribution.

Figure 4-6 is a radial plot of the heating rate as functions of con-
crete thickness for several elevations above the core mid-plane. It
may be noted that the heating rates show an increase in magnitude at
elevations above 6 feet as compared to those immediately below this
elevation. This is attributed to the termination of the thermal shield,
which effects a partial unshielding of the concrete to the core at these
higher elevations.

Figures 4-7, 4-8, and 4-9 are plots of the heating rate as functions
of distance above the core mid-plane at a constant depth of concrete.
Both primary and secondary gamma heating rates are shown. The
relative minima of the curves occur just below the top of the thermal
shields, and the relative maxima are in a region just above the thermal
shields.

The attenuation calculations were performed using DER-013 with
the fuel, neck, and test regions represented by a homogeneous cylinder
of 36 cm radius. An axial cosine power distribution, ranging from 1.4
max/avg at core mid-plane to 0.40 min/avg at the top and bottom of the
core, and a uniform radial power distribution were assumed.

The three regions in which the heating rates depart from the
generalized cases discussed above are the regions near the spent fuel,
near the aluminum irradiation facility, and opposite the drop tube in
the storage canal.

For the heating rates in the concrete opposite the stored fuel, the
sources of importance were the core and the fission products of the
stored fuel. The core was treated as a homogenized cylindrical source
as described above. For the purpose of attenuating the primary (core)
gammas, the stored fuel and fuel rack were treated as a homogenized
slab. As a source, however, the homogenized stored fuel was assumed
to be cylindrical and to possess a power distribution conforming to the
cosine fit of the core. The heating rate in the concrete from primary
gammas passing through the stored fuel is considerably lower than when
water occupies the fuel rack location. At the core mid-plane in 1 inch
of magnetite concrete, the primary gamma heating rate is 3.1 X 10-3
watt/cc. The heating rate from the spent fuel in a rack of 4-hour-shut-

down elements at this point is 8.3 X 107% watt/cc. The beryllium
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secondary gammas add only 4.3 X 107¢ watt/cc, making them rather
insignificant as a contributor. The total heating rate from these three
sources is 1.2 X 107* watt/cc. This is a factor of 2.6 lower than the
heating rate shown in Figure 4-6 for the general case.

In the concrete region outside the 18-inch aluminum irradiation
facility, the primary gamma heating rate in 1 inch of concrete at the
core mid-plane is 2.3 X 1073 watt/cc. The secondary gamma heating
rate from the beryllium is 8.3 X 107® watt/cc, and the secondary gamma
heating rate from the aluminum irradiation facility is 5.2 X 1075 watt/cc.
This gives a total of 8.4 X 1075 watt/cc, which is a factor of 3.7 lower
than the heating rate shown in Figure 4-6 for the general case.

In the concrete just outside the pressure vessel on the inner edge
of the storage canal, the heating rate is somewhat higher than in the
other regions around the pressure vessel. The small amount of water
outside the 9-inch aluminum facility and the air volume within the drop
tube bubble afford relatively little attenuation of the secondary gamma
radiation. Thus, the aluminum assembly and the local shields are the
main contributors to the heating rate. At the core mid-plane in the
first inch of magnitite concrete in this region, the heating rates from

the various sources are as follows:

Core 7.0 X 1075 watt/cc
Secondary gamma from:
Beryllium reflector 2.5 X 1073
2-inch S. S. bubble 1.5 X 1075
9-inch aluminum facility 2.5 X104
4-inch S. S. local shields 1.2 X 1074
Total 4.8 X 10~* watt/cc

4.8. Heating Rates in the Aluminum Irradiation Facility

In the aluminum irradiation facility, there are three gamma
sources responsible for the major portion of the heating. These sources
are the primary gammas of the core, the secondary gammas of the
beryllium reflector, and the secondary gammas from the aluminum
facility itself. Using DER-013, the core was treated as a homogenized

cylindrical source with a radius of 36 cm and a height of 4 feet. From
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the inner edge of the aluminum facility out to about 17 cm in the aluminum,
the core primary gammas dominate the heating. Beyond this point, how-
ever, the secondary gammas from the facility itself are the main source
of the aluminum heating. As a source, the aluminum facility was treated
as a 44° segment of a hollow cylinder with an inner radius of 65 cm, an
outer radius of 115 cm, and a height of 4 feet. The heating from the
secondary gammas of the beryllium reflectcer were the least important
of the three sources. The heating from this socurce was a factor of 3.5
lower than that from the core primary gammas. The model used for
the beryllium reflector was a hollow cylinder with an outer radius of
65 cm, an inner radius of 36 cm, and a height of 4 feet. The dose
buildup factors for aluminum were used in all of the calculations. The
power distribution for the secondary gamma sources was fitted to the
multigroup thermal neutron flux profile. The core, however, was
assumed to be operating at 250 MW with an axial cosine power distri-
bution and a uniform radial power distribution.

Figure 4-10 shows the total heating rate in the aluminum irradia-

tion facility at the core mid-plane as a function of aluminum thickness.

4.9. Heating Rates in the Beryllium Reflector

Figure 4-11 shows the total heat generation rate in the beryllium
reflector at the core mid-plane as functions of the distance from the
inner edge of the reflector. Since the heating rates vary with radial
direction from the core, it is necessary to indicate these heating rates
by two curves. The two curves show the behavior of the heating rate
in two radial directions, i.e., along the core centerline through an
interior lobe and along the centerline through an exterior lobe. In the
axial direction the heating rates fcllow the core power distribution. All
lobes were assumed to be operating at 50 MW.

The model employed for the calculations was a 5-lobe core of
250 MW with uniform radial power distribution and an axial distribution
ranging from 1.4 max/avg at the core mid-plane tc 0.4 min/avg at the
top and bottom of the core. The heating from each of five lobes of the
core was examined separately utilizing DER-013. The shielding of
certain lobes by other lobes was simulated by homogenizing that part

of the core providing the shielding. The heating from the secondary
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gammas of the beryllium reflector itself, the core reflector tank, and

the aluminum facility were examined using DER-013. Their contribu-
tion to the heating rates was small, butis included in the totals given in
Figure 4-5. On the inner edge of the beryllium reflector, the neutron
heating was found to contribute significantly to the total heating. This

is especially true for the region of the reflector surrounding an inner
lobe. Here the neutron heating is about 28% of the total. This percentage
decreases rapidly, however, with increasing depth of beryllium.

4.10. Comparison of Heating Rate Calculations With ATRCE
Measurements

The prediction of gamma heating rates during the ATR design
has been based almost entirely on calculations. In an effort to provide
experimental verification of the calculated heating rates, a number of
film packet exposures were made in the ATR critical experiment.

The film packet exposures in the critical experiment yielded the
integrated dose in units of roentgens. The calculated heating rates are
in units of watts per gram of various materials. To provide a basis
for comparison, the heating rates were transformed into dose rates.
Since the heating rates per unit mass may vary significantly from one
material to another, and since the gamma absorption properties of film
are similar to those of water, the heating rates were converted to
watts/gm of water. These numbers were then converted to dose rates
using a value of 93 ergs/gm-hr equal to 1 rem/hr.

The contributions of the core and the test elements to the total
dose rate were computed separately. The power level of the ATRCE
during the run was approximately 0.35 watt. ATR calculations were
based on a power level of 250 MW. This yields a power scaling factor
for the core of 1.4 X 1079, The power levels for the test elements in
the critical run were estimated to be 1 X 10~* watt for the A-1 experi-
ments ard 1.8 X 1073 watt for the A-5 experiments. The value used
for all test elements in the ATR calculation was 800 kw. The resulting
scaling factors are 1.25 X 1079 for the A-1 experiments and 2.25 X 10”9
for the A-5 experiments.

A water-moderated flux trap was used in the ATR calculations,
whereas a flux trap composed of about 65% water and 35% aluminum

was used in the experiment. The contribution of thermal neutrons to
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the film exposure was computed to be 8.6% of the total dose in the center
experiment mockup and 9% in an interior experiment mockup. This
contribution was subtracted from those dose measurements made in

the core and experiments before comparing the measurements to the
calculations. Since the relative value of thermal neutrons compared to
gamma rays increases in the reflector and decreases outside the reflector
by a varying amount, no correction was employed outside the core regions.

The test bundle in the critical experiment was composed of about
50% water and 50% aluminum with small amounts of fuel. The test
bundle used in the ATR calculations was assumed to be 79% zirconium
and 21% water. Since the gamma absorption properties of the two ele-
ments are quite different, a calculation was made to determine the dose
rate at the center of an A-1 experiment with an element composed of
50% water and 50% aluminum. The results showed an increase of about
30% in the dose rate at this point, and this number was used in the com-
parison. It is not expected that the dose rates outside the pressure tube
would increase by this percentage, since the relative effect of the test
element on the total dose rate is reduced significantly in going from the
center of the lobe to the outside of the pressure tube.

Figure 4-12 shows the results of the film packet exposures at the
core mid-plane. The values shown are dose measurements in roentgen
units.

Figure 4-13 shows a comparison between the dose rates measured
in the ATRCE and those obtained from the ATR heating rate calculations.
The curves show the radial profiles of the dose rates through the center
of an A-1 experiment at the core mid-plane. As can be seen, there is
reasonably good agreement between the two curves. The shape of the
calculated curve follows the measurements closely. In general, the
measured dose rates are 20-30% higher than the calculated values in
the core region. It would be expected that the calculated values would
be slightly higher than the measured values due to buildup of fission
products. The calculations are based on a core that has been operating
for 17 days, whereas the ATRCE was operated for 10 minutes to obtain

the film exposure.
There are several possible sources of error. There is an uncer-
tainty of £12% in the processing and reading of the films. The contribu-

tion to the film exposure by intermediate and fast neutrons is not known;

4-14



however this effect is expected to be small. The most likely source of
error is the fact that the response of the film is not linear with energy
for gammas below 0.3 mev. The increase bléckening of film by gammas
below this energy tends to exaggerate their contribution to the total dose
rate. In the calculations, errors can arise from uncertainties in source

strengths, buildup factors, and geometrical approximations.
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Heating Rate, watts/gm of Hafnium
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Heating Rate, watts/cc of Hafnium

Figure 4-3.
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Average Heating Rate, watt/cc

Figure 4-4. Average Gamma Heating Rates in Walls of Storage
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Total Heating Rate, watt/gm of Aluminum

Figure 4-5. Total Heating Rates Below ATR Core
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Heating Rate, watt/cc

Figure 4-6. Heating Rates Through the Magnetite Concrete
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Figure 4-7.
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Figure 4-8.

of Height Above Core Mid-Plane
(1 Foot Inside Concrete)

Heating Rates in Magnetite Concrete as Functions

1074
BE

»

10-5

106

1077

L /— Primary

<«— Secondary From

Be

0 2 4 6 8

10

Height Above Core Mid-Plane, feet

12



Heating Rate, watt/cc

Figure 4-9.
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Heat Generation Rate, watt/gm of Aluminum

Figure 4-10. Total Heating Rate in the Aluminum Irradiation

Facility at Core Mid-Plane
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Heating Rate, watts/cc of Be

Figure 4-11. Total Heat Generation Rates in Beryllium
Reflector at Core Mid-Plane
(Density of Be = 1.84 gm/cc)
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Figure 4-12. Mid-Plane Distribution of Film Packet Exposures




Figure 4-13. Comparison of ATR Calculations With ATRCE
Measurements Through an A-1 Experiment
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5. BUILDING SHIELDING

5.1. Primary Biological Shield

The primary biological shield is designed to attenuate radiation
from the core and primary coolant to a level of 5 mrem/hr at the outer
surface of the shield. The shield is composed of three sections. The
first is a 3-foot-thick magnetite concrete shield surrounding the pres-
sure vessel and extending 8-1/2 feet above and 12-1/2 feet below the
core mid-plane. The second section is a 2-1/2-foot ordinary concrete
shield adjacent to the magnetite shield. The ordinary concrete is sized
primarily for structural requirements and must be relatively free from
gamma heating and radiation damage. This protection is provided by
the magnetite concrete. The third section is a 5-1/2-foot ordinary con-
crete shield surrounding the piping corridor. This shield is designed
to reduce the level of radiation from N-16 in the primary coolant piping
to 5 mrem/hr at the outer shield surface.

The calculation of primary and secondary gamma fluxes in the
thermal shields and pressure vessel was made during the early stages
of Title I and employed a somewhat conservative calculation model.
However, since no design problems were encountered as a consequence
of the results, it was deemed unnecessary to recompute these fluxes
with more refined methods during Title II design.

For the gamma attenuation calculations, the core (including the
test and neck regions) was homogenized and approximated by a cylinder
of equivalent volume and height. This cylindrical core model was then
positioned slightly off the vessel centerline so that its perimeter coin-
cided with the perimeter of an external lobe. Volumetric gamma sources
were obtained by volume weighting the gamma source strengths shown in
Table 3-1. The gamma dose rates were computed along the core radial

centerline with the aid of The Babcock & Wilcox computer program



DER-074 (Appendix B). Dose rate buildup factors for steel were used.
The dose rate profile is shown in Figure 5-1.

The neutron flux profile was calculated using the methods outlined
in Section 3.1. The flux was computed from a single lobe along a line
from the core center through the center of the lobe. The lobe was
approximated by a two region cylinder. The center region was consid-
ered as the homogenized test section. The outer region was the homog-
enized fuel section. Plots of the fast and thermal fluxes along the core
radial centerline are given in Figure 5-2.

The secondary gamma fluxes and dose rates were computed from
the above-mentioned thermal neutron flux profile. Details of the calcu-
lation are given in Section 3.3 and Appendix A. Figure 5-3 is a graph
of the secondary gamma dose rates along the radial centerline of the
core. The bulk of the secondary gamma flux is due to neutron capture
in the beryllium reflector and the core-reflector tank. The relatively
large thickness of water between the core and the thermal shield atten-
uates neutrons to such an extent that the secondary gammas produced
in the thermal shields and pressure vessel make no significant contri-
bution to the total gamma flux.

The 5-1/2-foot-thick ordinary concrete shield surrounding the
piping corridor is sized for shielding the N-16 gammas from the pri-
mary coolant piping. The contribution from primary and secondary
gammas to the total dose rate at the outer surface of this shield is neg-
ligible. Dose rate calculations are based on the primary coolant layout
shown in Ebasco drawings ATR-1075-MTR-670 P-8 and P-10. The fol-
lowing transit times were used to obtain the N-16 activity at various
locations:

Core exit to 18-inch-OD outlet pipe, 0.75 sec.
Core exit to 24-inch-OD outlet pipe, 3.0 sec.
Core exit to 36-inch-OD outlet pipe, 5.4 sec.

The pipes were represented by cylindrical sources, and dose rates
through the concrete shield were calculated with computer program
DER-074 (Appendix B). A pipe wall thickness of 3/8 inch was used.
The dose rates from an 18-inch-OD and a 24-inch-OD pipe at the outer
surface of the shield are shown in Figure 5-4 as a function of shield

thickness.



5.2. Subpile and Rod Access Room Shielding

The shielding for the subpile room is designed to permit entry
into the room one hour after reactor shutdown. No access is allowed
during operation. The subpile room is shielded from the core by the
1-foot-thick vessel bottom head and by the 10-foot water depth between
the core and bottom head. The dose rate from the core after 1 hour of
shutdown was computed at the lower surface of the bottom head using
the truncated cone geometry in computer program DER-074. Gamma
sources were taken from Figure 3-8; dose buildup parameters used were
those for steel. Assuming a solid steel bottom head, the dose rate was
computed to be less than 1.0 mrem/hr. Higher radiation levels can be
expected locally, however, as a result of radiation streaming through
neck rod and inpile loop penetrations in the bottom head.

During the Title I phase of the ATR design, a procedure was
devised whereby pressure tubes containing stuck test assemblies would
be removed from the vessel through the drop tube. The pressure tube
and element would then be stored temporarily in the deep end of the
working canal adjacent to the subpile room. Consequently, the wall
between the subpile room and the working canal was sized for this con-
dition. It was assumed that an 800-kw test element, at 1 hour of shut-
down following infinite operation, was positioned 1 foot from the wall.
The element was represented by a line source of uniform strength, and
the dose rate was computed along the mid-plane of the element through
ordinary concrete. The dose rate as a function of concrete thickness
is shown in Figure 5-5. To meet the design radiation level of 7.5
mrem/hr, a 6-foot-thick wall of ordinary concrete or an equivalent
4-foot thickness of magnetite is required. Although the procedure for
removing stuck test assemblies was revised during Title II design, the
shield wall was not changed, since nearly as much shielding is needed
to reduce the transient dose rates to design level in the subpile room
during spent fuel removal.

The failure of a test specimen and the subsequent release of fis-
sion products to the test loop coolant must also be considered in the
shielding of the subpile and rod access rooms. Since it is impossible

to predict the nature of such a failure, the analysis must be based on



a postulated test element failure. The following assumptions and param-
eters were used to determine the fission product source activity in the
loop:
1. Bottom re-entrant loop with 200-gallon
capacity.
2. 800-kw test specimen, infinite operation.

3. Release of 10% of the gross fission product
gamma activity in the specimen to the coolant
within 30 seconds.
The fission product gamma activity was taken from the tables in Appen-
dix A of Reference 15.

loop is shown in Table 5-1 as a function of energy and time after failure.

The total fission product gamma activity in the

Table 5-1. Fission Product Gamma Activity in the Test Loop

(Disintegrations/Second)

Time after fission product release

Energy interval,

(mev) 0.6 Min 6 Min 1 Hr 10 Hr
0.5 1.3 x 1015 1.3 x 1015 8.0 x 10 3.0 x 1014
1.5 1.6 x 1014 1.5 x 1014 7.7 X 1013 8.3 x 1012
2.5 1.0 x 1014 4.3 x 1012 1.4 x 1012 1.4 x 101!
3.5 3.3 x 101! 3.3 x 101 2.8 X 10t 3.0 x 1010
4.5 2.5 x 1033 4.4 x 101 - - - -

Because it is assumed that the fission products are released to

the test loop coolant in a few seconds, the dose rates will be signifi-

cantly higher during the first few minutes after a failure than at some

later time.

Instead of increasing the shielding to lower these initial

dose rates to the general design level, the shielding was sized for an

integrated dose from fission products during the first hour after a

failure.

In this case the dose rates are of a transient nature rather

than a continuous background, and a higher limit can be allowed.

The subpile room door is sized for a dose rate outside the door

of 2.5 mrem/hr from N-16 in the test loops and an integrated dose of

12.5 mrem from loop fission products during the first hour following

5-4



a test failure. The dose rate from N-16 was calculated for nine loops
operating at 20 gpm (worst condition). The loops were represented by
line sources of uniform source strength. A mean distance of 24 feet
between the source and the outer surface of the door was assumed.
Figure 5-6 shows the calculated dose rate from a single loop versus
steel thickness of the door. With nine loops, a steel door 10 inches
thick is needed to limit the radiation level to 2.5 mrem/hr. The door
thickness is governed by the N-16 activity. The first hour dose from
fission product activity is approximately one-fourth of the design level
dose for fission products.

The floor between the subpile and rod access rooms consists of
3 feet of magnetite concrete, 4 inches of steel, 6 inches of polyeth-
ylene, and local lead shielding. The concrete and steel are designed
to shield the rod access room from core radiation and from N-16 in
the test loop piping. Using the truncated cone geometry in computer
program DER-074, the dose rate from the core during operation was
computed to be less than 1 mrem/hr at the ceiling in the rod access
room. The dose rate from the N-16 in the vertical section of the test
loops was computed to be about 1.5 mrem/hr at the lower surface of
the concrete, steel, and polyethylene shield complex. The loops were
represented by line sources of uniform strength, and the dose rates
were calculated by integrating along the length of the source. Self-
absorption by the loop coolant water and piping was neglected. Buildup
factors for concrete were used. The calculations were based on the
20-gpm flow rate, since this yields the maximum N-16 activity at this
point.

Where the test loop traps and exit piping are embedded in the
subpile room floor, lead replaces concrete as the shielding material.
The dose rate from N-16 in a single loop, at a point 6 inches below
the floor and directly beneath the loop, is shown in Figure 5-7 as a
function of lead thickness. The effect of the 4-inch steel shield is also
included. The calculation is based on a 20-gpm flow rate with the loop
represented as a line source. A 6.5-inch lead shield was chosen,
resulting in a dose rate of 2.5 mrem/hr in the rod access room.
Because of slant penetrations through the shield, the contribution of

adjacent loops to the dose rate at this point will be comparatively



insignificant. The 6-inch polyethylene shield is placed below the iead
to insure adequate attenuation of the neutrons from the N-17 activity in
the test loop coolant water.

In the rod access room, the design dose rate for a test specimen
failure is a 25-mrem integrated dose during the first hour following the
failure. The floor between the rod access and subpile rooms will pro-
vide sufficient shielding so that radiation levels in the rod access room
from the postulated test element failure will be relatively insignificant.
The only significant dose rates originate where the loops are embedded
in the subpile room floor.

The computed dose rates in this area were based on the fission
product gamma sources listed in Table 3-1. Two cases were considered.
In one, the fission products were assumed to be uniformly dispersed
throughout the loop. The portion of the loop pipe embedded in the floor
was approximated by a uniform line source, and the dose rates were
computed at the lower surface of the floor. With the 6.5-inch lead
shield plus the steel and polyethylene, the resulting dose rates were
negligible. In the second case it was assumed that 10% of the activity
released to the loop was concentrated in the loop trap. It was further
assumed that all of this activity was collected in the trap within 30 sec-
onds after the test element failure. Using point source geometry, the
dose rates were computed as a function of lead thickness for various
times following test failure. The 4 inches of steel and the % inches of
polyethylene were included in the calculaticns. Lcad buildup factoss
were used. The resulting dose rates, at a point 1 foot below the shield
surface, are shown in Figure 5-8.

The wall between the piping corridor and the rod accees rocm is
composed of 3 feet 8 inches of magnetite cocncrete. The dose rate at
the wall surface is estimated to be about 6 mrem /hr
culations for ordinary concrete. As seen in Figure 5.1, the dose rate
from a 24-inch primary pipe through 5 fcct & inches of ordinary con-

crete is 6 mrem/hr. The equivalent thickness of magnetite concrete



5.3. Coolant Canal and ATRC Shielding

The overall building height limits the depth of the storage canal to
20 feet. To meet the design radiation levels above the canal, fuel ele-
ments will be stored in the working canal until they have decayed suffi-
ciently to permit transfer into the storage canal.

The condition that governs the length of the decay period is the
transient dose rate that occurs when a spent fuel element is raised above
the storage rack to be lowered into the rack. Figure 5-9 is a plot of
water height required over a single ATR fuel element, following 17 days
operation, to meet a 50 mrem/hr transient radiation level as a function
of decay time. The overall water height in the canal is determined from

the following dimensions starting from the canal floor:

Water circulation space, 6 in.
2. Fuel element height in storage rack, 5 ft 6 in.

Clearance above fuel element in raising element
for storage, 6 in.

4. Fuel element raised above storage rack, 5 ft 6 in.

5. Water above raised element for a 50-mrem/hr
transient dose rate after 10 days decay, 8 ft 0 in.

6. Total water height, 20 ft 0 in.

The 8-foot shield height was based on the dose rate at the surface
of the water from an average fuel element with a uniform power distri-
bution. Since most of the dose rate is due to the upper 1 foot of the ele-
ment, this was considered to be as conservative as using the '"hottest"
element and accounting for end effects. The element was assumed to
be a vertical line source, and the dose rate was calculated directly
above the element in water by integrating point source attenuation ker-
nels along the length of the element. The absorption coefficients of the
element were assumed to be those of water.

The shielding calculations for the walls and floor of the storage
canal are based on a row of 40 fuel elements, 4-inch center-to-center
spacing, 15 days shutdown, and 6 inches from both the wall and floor.
For sizing the wall, the row of elements was represented by a plane

source expressed as:



S, = ——
A A
where
S, = fission product gamma source strength per
unit volume of fuel element
V = volume of 40 fuel elements

= area of the plane formed by the row of elements

SA = gamma source strength per unit area of plane

Dose rates were then calculated as a function of concrete thickness using
the disk source case in program DER-074. It was assumed that there
was 6 inches of water between the source and the canal wall. The curve
of dose rate versus ordinary concrete thickness is shown in Figure 5-10.
To meet a design dose rate of 1.0 mrem/hr outside the canal wall, 6 feet
6 inches of ordinary concrete is required. To facilitate construction
around support beams, a wall thickness of 7 feet was used.

The dose rate through the canal floor was computed by dividing
the above-mentioned plane source into a series of line sources 4 cm
apart and parallel to the floor. Fluxes were then calculated from each
line source. Figure 5-11 shows the total dose rate from all such line
sources as a function of floor thickness. The canal floor forms the
ceiling of cubicles 2A and 2E and a portion of the pipe tunnel. The floor
thickness over these areas is sized for a 5.0-mrem/hr dose rate and is
5 feet 6 inches of ordinary concrete. Elsewhere, the floor is 7 feet
thick with a resulting dose rate of less than 1.0 mrem/hr.

Shielding calculations for the ATR critical facility are based on a
5 kw core located to maintain 5 feet of water between the bottom of the
active core and the canal floor and 5 feet of water between the center of
the core and the canal wall. Dose rates were computed along the radial
and axial centerlines of the core using computer program DER-074.
Radially, the core was approximated by an equivalent radius homoge-
neous cylinder. Axially, a truncated cone approximation was used. In
both cases a uniform power distribution was assumed. Core gamma
source strengths were obtained from Table 3-1 using a power density
ratio. Figure 5-12 shows the dose rate as a function of water height
over the core. For a 22-foot canal the water height over the core is

established as follows:

5-8



1. Provision for follower rod travel and snubber,
5 ft 0 in.

2. Length of active core, 4 ft 0 in.
3. Water height over core, 13 ft 0 in.
Total water depth, 22 ft 0 in.

As can be seen from Figure 5-12 the calculated dose rate through 13
feet of water is 6.5 mrem/hr.

The design transient dose rate for transferring irradiated fuel ele-
ments into the critical facility is 50 mrem/hr. Allowing 1 foot 6 inches
for the end boxes and clearance and 4 feet for the active fuel length, the
minimum shield water height available during transfer is 7.5 feet. As
seen in Figure 5-9, a decay period of 20 days is necessary before irra-
diated fuel can be transferred into the critical facility.

The sides of the ATRC canal are sized for a dose rate of 1.0
mrem/hr at the shield surface. The calculations show that 6 feet of
ordinary concrete are required to lower the dose rate to this level. The
dose rate through the concrete wall is shown in Figure 5-13. The con-
crete floor below the critical experiment is also designed for a 1.0-
mrem/hr dose rate at the shield surface, which results in a thickness
of 5 feet. The dose rate is shown in Figure 5-14 as a function of floor
thickness.

One end of the ATRC canal will be used for the storage of spent
fuel elements and must be sized accordingly. The design for this end
of the canal was based on a single ATR element stored 6 inches from
both the canal wall and floor 12 hours after shutdown and a row of 40
ATR elements, 4-inch center-to-center spacing, stored 6 inches from
the wall and floor 15 days after shutdown. In both cases an operating
time of 17 days was assumed. The single element was represented by
a line source for both the axial and radial dose rate calculations. Fig-
ure 5-15 is a plot of the dose rate through concrete along the radial
centerline of the element. The calculations for the row of elements
are the same as those for the storage canal. The dose rate profiles
through the walls and floor are shown in Figures 5-13 and 5-14, respec-
tively. The shield thicknesses are governed by the 40-element case.
For a 1.0-mrem/hr dose rate, the required thicknesses are 6 feet

6 inches for the walls and 6 feet for the floor.
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5.4. Coolant Loop Shielding

The coolant loop shielding was based on calculations of the dose
rates from N-16 in the primary coolant. Using the calculated core exit
equilibrium activity of 2.2 X 107 d/cm3-sec and the transit times to the
various loop pipes, the volumetric activities of coolant in various sec-
tions of piping were calculated. The N-16 activity was calculated for a
half-life of 7.4 seconds and an 82% yield of 6.3-mev mean energy pho-
tons. All piping was assumed to have a uniform wall thickness of 3/8
inch of steel. The transit times used were those of thenormal flow rate
of 44,000 gpm. The times of transit for several of the loop regions are

as follows:

1. Core to reactor outlet, 0.75 sec.

2. Reactor outlet to first 24-inch effluent pipe,
3.0 sec.

3. Reactor outlet to first 36-inch effluent pipe,
5.4 sec.

4. Reactor outlet to heat exchanger inlet, 1.8 sec.
5. Through heat exchanger, 10.5 sec.

6. Heat exchanger outlet to reactor inlet, 13.3 sec.
7

Total core to core time, 37.1 sec.

Computer program DER-074 was employed in the calculations in
this section. A discussion of the methods of this program is found in

Appendix B.

5.4.1. Piping Tunnel

The thickness of the walls of the piping tunnel was deter-
mined from the activity of the coolant in the 36-inch effluent pipe in the
pipe tunnel. The N-16, having undergone decay of about four half-lives
before returning to the pipe tunnel, makes the return pipe activity insig-
nificant as a source in comparison with the outgoing pipe. The 36-inch
effluent pipe was calculated to have a uniform volumetric source activity
of 1.10 X 107 photons/cm3-sec. This corresponds to the activity of this
pipe at its entry into the piping tunnel on the reactor end. The pipe was
treated as an infinitely long cylindrical source. The dose rates were
calculated for the outside surface of the tunnel wall for a ''straight

through' geometry. Figure 5-16 shows a plot of dose rate versus



[

ordinary concrete thickness for the source discussed. The shield thick-
ness is 5 feet 6 inches, which limits the average dose rate to about 6

mrem/hr at the outside surface of the tunnel wall.

5.4.2. Heat Exchanger Room Walls

The heat exchanger room walls were sized to allow a
2.5 mrem/hr dose rate at their outside surface. Each pipe in the pri-
mary coolant loop in the heat exchanger room was treated as a cylin-
drical source. Ordinary concrete shield thicknesses of 2 feet, 4 feet,
and 6 feet were used in the calculations. The point of highest cumulative
dose rate was found to be opposite the mid-section of Heat Exchanger 2.
In this case, the dose point receives contributions from the adjacent heat
exchangers as well as the two extra half-length portions of 36-inch pipe
not found at the other end of the heat exchanger room. The dose point
was assumed to be at.distances of 20 feet, 30 feet, and 40 feet from Heat
Exchanger 2 to assist in determining the exact location of the piping in
the final layout. The distance to each of the pipes in the primary system
was also calculated to correspond to these dose point locations. In order
to simplify calculations, it was assumed that none of the pipes was
shielded by other pipes. The heat exchangers were treated as homoge-
nized cylindrical sources. The source strengths of some of the prime
contributors to the dose rates in the heat exchanger rooms are listed

below.

Source S, photons/cm3-sec
36-inch incoming pipe 5.77 X 10°
24 -inch distributor 5.77 X 10°
20-inch heat exchanger inlet pipe 5.77 X 10%
Heat exchanger (homogenized) 1.14 x 108
20-inch heat exchanger outlet pipe 2.30 x 10°
30-inch collector pipe 2.30 x 10°®
24-inch and 20-inch pump pipes 2.30 x 108
24-inch return pipe 1.91 x 108
36-inch return pipe 1.91 x 108



Figures 5-17 and 5-18 show the plots of dose rates ver-
sus wall thickness due to the heat exchangers alone and due to the heat
exchanger piping alone as a function of several dose point distances.
The walls around the heat exchangers were sized for the worst case (a
single concrete wall placed within 6 inches of the heat exchanger piping
on the reactor side of the room). The wall thickness around the heat
exchangers is 5 feet 6 inches, which limits the maximum dose rate to

6 mrem/hr at the outer surface of the shield wall.

5.4.3. Pump Cubicles

The walls and ceilings around the pump cubicles are con-
structed of ordinary concrete and are designed to allow personnel to
work inside a particular pump cubicle with that pump shut down, but
with adjacent pumps operating. In performing the dose rate calculations,
the pumps were approximated by vertical cylindrical sources, 24 inches
in diameter and 75 inches long, located in the center of the pump rooms.
The dose rate through a concrete wall from a single pump, along the
pump radial centerline, is shown in Figure 5-19. Figure 5-20 shows
the dose rate from the heat exchangers and piping as a function of the
cubicle wall thickness. This calculation involved the same sources and
methods employed for the other heat exchanger walls.

The walls between the pump cubicles are 4 feet thick, and
the resulting dose rate is about 6.5 mrem/hr at the wall surface in one
cubicle from an adjacent operating cubicle. The wall between the pump
cubicles and the heat exchanger area is 5 feet 6 inches thick and limits
the dose rate in the cubicles from the heat exchanger and pipe sources
to a maximum of 2.5 mrem/hr. The pump motor area is shielded from
the pumps by a 4-foot wall thickness. As seen from Figure 5-19, the
dose rate at the surface of the wall is about 6.5 mrem/hr. The floor
above the pump cubicles is 5 feet 6 inches thick and is designed to limit
the radiation level from the pumps to less than 1.0 mrem/hr at the sur-

face of the floor.

5.4.4. Floor Above Heat Exchanger Room

The calculations of the dose rate on the surface of the
floor above the heat exchanger room were made for three dose point

distances of the "worst case', a point directly above Heat Exchanger 2.
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The heat exchangers were approximated by homogenized truncated cones
in these calculations, and each primary coolant pipe source was treated
as an infinitely long cylinder. The shield thickness for a 1. O-mrem/hr
dose rate on the floor surface was found to be 6 feet of ordinary concrete.
Figure 5-21 is a plot of the total dose rate in this region as a function of

ordinary concrete thickness at three dose point distances.

5.5. Cubicle Shielding

The exterior walls around the test cubicles are constructed of mag-

netite concrete and are designed to:

1. Attenuate radiation from N-16 in the test loops to 2.5

mrem/hr at the outer surface of the wall.

2. Restrict the integrated dose from fission products during
the first hour following a test failure to 12.5 mrem at the outer surface

of the wall.

The wall thicknesses between the cubicles are based on a dose
rate of 7.5 mrem/hr inside a cubicle (with test loop shutdown) from
adjacent operating cubicles and from the primary loop piping. The dose
rate inside a cubicle from the primary loops is calculated to be about
5 mrem/hr. Since no cubicle is bounded by more than one other cubicle,
the walls and floors between cubicles are sized for a 2.5-mrem/hr dose
rate. The thicknesses of the cubicle ceilings in the first basement are
governed by the 1.0-mrem/hr design dose rate on the reactor operating
floor.

The shield thicknesses were determined by computing the dose
rate at the outer surface of the shield from two adjacent 2.125-inch-ID
loop pipes located at the inner surface of the shield. The pipes were
represented by infinite line sources of uniform source strength.

Dose rates from the N-16 activity were calculated through mag-
netite concrete as a function of delay time from the reactor vessel for
flow rates of 20, 60, and 120 gpm. The concrete thickness required
for a 2.5-mrem/hr dose rate versus delay time is shown in Figure 5-22.
The cubicle walls are constructed of magnetite concrete, and, based on
the coolant flow rates, are required to be 32 inches thick to limit the
N-16 dose rate to 2.5 mrem/hr. The cubicle floors and ceilings are

constructed of ordinary concrete. The required thicknesses of the
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ordinary concrete structures were obtained from a ratio of the linear
absorption coefficient of magnetite concrete to that of ordinary concrete,
evaluated at the mean energy of the N-16 gamma (6.3 mev). This ratio
is about 1.7. Thus the cubicle floors and ceilings were determined to
be 54 inches in thickness to meet the 2.5-mrem/hr design level. For
the 1.0-mrem/hr design level on the reactor floor, the cubicle ceilings
in the first basement are 5 feet in thickness.

The dose rate from fission products through the concrete was cal-
culated assuming the activity to be uniformly distributed throughout the
volume of a 200-gallon loop (see Section 5.2). The calculations were
similar to those used in determining the N-16 dose rate except that a
single 2.125-inch ID loop pipe was used as the source. The dose rate
through the 3-foot shield is shown in Figure 5-23 as function of time
after the test failure. As may be seen, the first-hour integrated dose
is belov;/ the 12.5-mrem design level.

A point-source calculation was made to determine the dose rate
outside the shield from a concentration of fission products inside the
cubicle 1 foot from the shield wall. It was found that 4% of the fission
products released to the coolant in the postulated accident could be con-
centrated at a point in the cubicle without exceeding the 12.5-mrem
limit.

5.6. Nozzle Trench Shielding

The shielding for the nozzle access trench is designed to restrict
the general radiation level in the trench (neglecting streaming through
the nozzle penetrations) from elements in the core and temporary stor-
age racks to 12.5 mrem/hr or less, 3 hours after shutdown. The
shielding consists of a steel skirt, 2 inches thick, surrounding the pres-
sure vessel and extending from the floor of the capsule trench to the
4-inch-thick vessel wall section.

Because of the orientation of the core with the nozzle trench shield,
direct core radiation is forced to traverse a relatively large slant thick-
ness of shield in a conventional line-of-sight shielding calculation. To
account for the short-circuiting of radiation through the pressure vessel
and nozzle trench shield, dose rates were computed by a two-step pro-

cess. Both the total builtup energy flux and the unscattered energy flux



were calculated at the inside edge of the pressure vessel, at the eleva-
tion of the nozzle trench floor. These calculations were carried out
with machine program DER-013 using a double exponential representa-
tion for the point-source energy buildup factors in water. The fluxes
were computed for initial gamma energies of 1.5, 2.5, 3.5, and 4.5
mev. The differences between the total and the unscattered energy
fluxes yielded the scattered energy fluxes.

The energy distribution of the scattered fluxes was determined
for each initial energy from the moments method calculations of Gold-
stein and Wilkins (Reference 6). Given in the reference are the differ-
ential energy spectra in various media from point isotropic and plane
monodirectional gamma ray sources. Data are shown for a number of
initial gamma ray energies at various penetration distances. For the
nozzle shield calculations, the point isotropic spectra in water were
used. A penetration distance equal to the distance from the center of
the core to the field point was chosen. Although the penetration dis-
tance varies from point to point in the core, the percentage change is
relatively small, and the energy spectra are fairly insensitive to small
percentage changes in penetration distances.

The scattered and unscattered energy fluxes were grouped into
l-mev energy intervals ranging from 0.5 to 4.5 mev. The scattered
energy flux below 0.5 mev was ignored, since the energy spectra curves
dip sharply and the absorption cross sections rise rapidly below 0.5 mev.
The gamma rays incident on the pressure vessel were assumed to be
monodirectional along a line between the center of the core and the field
point. An angle of obliquity was measured between this line and the
normal to the pressure vessel wall. The attenuation of radiation by the
reactor vessel and the steel skirt was determined from the use of expo-
nential kernels and Peebles's buildup factors (Reference 17).

Dose rates from core fission products were computed at the sur-
face of the shield skirt as a function of lead shielding thickness for var-
ious times after shutdown. Detailed calculations on the dose rates from
fuel in the tempoi‘a‘ry storage racks were not made. It was estimated
that the dose rates from these sources would, at a maximum, equal
those from core sources. The shield thickness required to reduce the

radiation level to 12.5 mrem/hr is shown in Figure 5-24 as a function



of shutdown time. Since it is feasible to use steel rather than lead as
a shield material, an equivalent required thickness of steel was deter-

mined from a ratio of the linear absorption coefficients.
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Figure 5-1a.
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Figure 5-1b. Primary Gamma Dose Rates Along Core Radial
Centerline
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Neutron Flux, neut/cm?-sec

Figure 5-2a. Fast and Thermal Neutron Fluxes Along Core
Radial Centerline
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Neutron Flux, neut/cm?2-sec

Figure 5-2b.
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Neutron Flux, neut/cm?-sec

Figure 5-2c.

Fast and Thermal Neutron Fluxes Along Core
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Neutron Flux, neut/cm?-sec

Figure 5-2d. Fast and Thermal Neutron Fluxes Along Core
Radial Centerline
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Dose Rate, mrem/hr

Figure 5-3a. Secondary Gamma Dose Rates Along Core
Radial Centerline
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Figure 5-4. Dose Rates at Outer Surface of Piping Corridor
Shield From Single Infinite-Length Primary Pipe
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Dose Rate, mrem/hr

Figure 5-5.

Dose Rate From an 800-kw Test Element Through
Ordinary Concrete After 1 Hour Shutdown (1 Foot
of Water Between Element and Concrete)
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Figure 5-6. Dose Rate Outside the Subpile Room Door (N-16
in a Single Loop Operating at 20 gpm)

10-2

6

Steel Thickness, inches

8

12

14



Dose Rate, mrem/hr

Figure 5-7. Dose Rate Through Lead From N-16 Activity in a
Single Loop Operating at 20 gpm, 4-Inch Steel and
6-Inch Polyethylene Shields Included, Dose Point
6-Inches Below Shield
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Figure 5-8. Dose Rates From Fission Products in Loop Trap
Through Lead, Dose Point 1 Foot From Shield,
4-Inch Steel and 6-Inch Polyethylene Shields
Included
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Figure 5-9.

Water Required Above a Single Average Fuel
Element to Maintain a 50-mrem/hr Surface
Dose Rate (Element Vertical)
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Dose Rate, mrem/hr

Figure 5-10. Dose Rate Through Canal Wall From a Row of Fuel
Elements Along the Mid-Plane of the Elements
(15 Days Shutdown, 6 Inches Water Between
Elements and Wall)

108
6 EN
—\

4

il
2

T
L7

T
%

=
6_ N\
o= \

T
/

— \
o= N
E

=
4l— \
2
) N\
10777 3 4 5 6 7 B

Ordinary Concrete Thickness, feet



Figure 5-11. Dose Rate From Row of Spent Elements Through
Canal Floor (15 Days Shutdown, 6 Inches Water

Between Fuel and Floor)
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Dose Rate, mrem/hr

Figure 5-12.

Dose Rate in Water Above the ATRC at 5 kw
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Dose Rate, mrem/hr

Figure 5-13. Dose Rate Along the Radial Centerline of the
ATRC at 5 kw (5 Feet of Water Between Core
Center and Pool Wall)
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Dose Rate, mrem/hr

Figure 5-14. Dose Rate From ATRC at 5 kw Through Bottom
of Pool (5 Feet of Water Between Core and Pool
Floor)
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Dose Rate, mrem/hr

Figure 5-15. Dose Rate Through Canal Wall From a Single
Fuel Element Along the Mid-Plane of the Ele-
ment (12 Hours Shutdown, 6 Inches Water
Between Element and Wall)
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Dose Rate, mrem/hr

Pipe Tunnel Walls

Figure 5-16. Dose Rates From Primary Pipes Through the
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Dose Rate, mrem/hr

Figure 5-17. Dose Rates Through a Concrete Shield Wall
From All Heat Exchangers
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Dose Rate, mrem/hr

Figure 5-18. Dose Rates From All Pipes in Heat Exchanger
Room Through Concrete Shield Wall
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Dose Rate, mrem/hr

Figure 5-19.

Dose Rate From a Primary Pump Through
Concrete Shield Wall
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Figure 5-20. Dose Rate in Pump Room 2 From Heat Exchangers
and Piping (Dose Rate From Adjacent Pumps ‘Not
Included)
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Figure 5-21.
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Magnetite Concrete Thickness, feet

Figure 5-22.
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Figure 5-24. Thickness of Lead Shielding Required Around
Reactor Vessel for a 12.5-mrem/hr Dose Rate
in Capsule Trench From Spent Fuel in Core and
Storage Rack Vs Shutdown Time

2 3 4 5 6 7 8 9

Time After Shutdown, hours

10

11






6. MATERIALS ACTIVATION

The calculations of dose rates from activated core components and
internals were accomplished by both manual and computer methods. The
computer programs utilized were DER-013 and DER-074. A discussi?n

of the methods of these two programs is found in the Appendixes.

6.1. Outer Aluminum Reflector Blocks

The outer aluminum reflector blocks are composed of segments
4 inches square and 4 feet long. They are made of 6061-T6 aluminum,

which has the following composition:

Element Analysis, wt %

Si 0.4 - 0.8

Fe 0.7

Cu 0.15 - 0.4
Mn 0.15

Mg 0.8 -1.2

Cr 0.15 - 0.35
Zn 0.25

Ti 0.15

Al Remainder

Since the reflector block removal will be accomplished by removing
individual segments through the drop-tube, the dose rates were calculated
through water for a single activated segment of the aluminum reflector
block. The volumetric activity of the aluminum for each of the above
elements was calculated for three shutdown times. The source strength

due to an activated element is:



')\tl) e”)\tz

_ . pNo

where

thermal neutron flux, n/cm?-sec

density of element, gm/cm?

Avogadro's number (6.03 X 1023)
2

1}

microscopic cross section, c¢cm

atomic weight

= weight fraction of the element in the material

isotopic fraction of parent element

gamma yield per disintegration
1

>”<H\HHS>QZ'O‘9‘

"

disintegration constant, cm?”

At shutdown the majority of the activity of the reflector block is due to
Mn-56 activation and to Na-24 produced by the fast reaction Al-27 (n, a)
Na-24. Mn-56 has a half-life of 2.5 hr and disintegration energies of
2.98, 2.13, 2.65, 1.81, and 0,845 mev. Na-24, however, has a 15.1-hr
half-life and 2.75- and1.37-mev gamma energies. Hence, after about
12 hours shutdown the Na-24 activity dominates. Using these activities
as source inputs in DER-013, the dose rate from a 4-inch-square, 4-
foot-long reflector block segment was calculated. A cosine distribution
was applied to the source strengths in the axial direction, and the thermal
neutron flux shape was applied in the radial direction. The exponential
dose buildup of water was used. In the calculations it was assumed that
the core had been operated at 250 MW and that the reflector blocks had
remained in position for 2 years or more.

The dose rates from a single segment of the reflector block are
shown in Figure 6-1 as a function of shield water thickness for four

shutdown times.

6.2. Beryllium Reflector Blocks

The beryllium reflector is composed of the following elements in

the weight percentages indicated:

Element Analysis, wt %
Be 98.4
C 0.13
Fe 0.16

6-2



Element Analysis, wt %

Al 0.05

Si 0.05

Mg 0.08

B 1.2 X 1074
Cd 1 X104
Li 5% 1075
Other 0.04

Fe-58 was found to be the element of primary importance in the
beryllium activation, since the other elements either activate weakly
or decay rapidly. The Fe-58 activates by neutron absorption to Fe-59,
which has a half-life of 45 days and emits gamma radiation of about
l1.3-mev energy. Hence, the Fe-59 activation problem cannot be rea-
sonably handled by increasing the time between core shutdown and
reflector removal. However, the anticipated 2-day shutdown will be
more than adequate to permit the decay of the shorter half-life elements
such as aluminum and magnesium, which activate highly. The beryllium
reflector blocks will be removed from the vessel through the top head,
and shielding will be necessary. Dose rates from an activated reflector
block were computed as a function of lead thickness around the reflector.
Computer program DER-013 was employed in the calculation, utilizing
a quarter of a hollow cylinder as the geometrical model. The outer
radius of the hollow cylinder was 64 cm, and an inner radius of 36 cm
was calculated to represent an average of the nonuniform inner radius.
The volumetric source strength of the Fe-59 in the beryllium at the core
mid-plane was found to be 3.4 X 108 photons/cc-sec near the outer edge
of the reflector. A cosine distribution was applied to the source strengths
in the axial direction, and the thermal neutron flux shape predicted by
the multigroup program was used in the radial direction. The dose
buildup factors for lead were used in the program.

Figure 6-2 shows the dose rate in air as a function of lead thick-
ness at a distance of 20 feet from a 90° segment after 2 years of core

operation at 250 MW,
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6.3. Neck Shim Rods and Regulating Rods

The neck shim rods and regulating rods are made of hafnium. The
cross section data on individual hafnium isotopes for neutrons above the
thermal energy group is incomplete, but from available information it
was estimated that these epithermal neutrons do not contribute signifi-
cantly to the hafnium activation. The hafnium activation was considered

mainly due to the following interactions:

Product Gamma
Reaction Energy, mev half -life photon yield
Hf-174 (n, y) Hf-175 0.430 70 days 0.015
0.975
Hf-179 (n, y) Hf-180 0.444 5.5 hr 0.80
0.333 0.20
0.216 0.20
Hf-180 (n, y) Hg-181 0.482 44.6 days 0.89
0.346 0.132

The activation calculations were made for the worst case, i.e.,
the active rod fully inserted in the core. It was assumed that the rods
had been in the operating core for 6 months or longer. The volumetric
activities were computed by the method discussed in Section 6.1. The
dose rates from these components were then calculated as a function of
shield water thickness and shutdown time using program DER-013., The
geometry employed was that of a cylinder 4 feet long and 0.70 inch in
diameter. The buildup factors for water were used. Figure 6-3 shows

the results of the calculations.

6.4. Outer Shim Control Cylinder

Figure 6-4 shows the dose rate from an activated outer shim con-
trol cylinder as a function of shield water thickness for several shutdown
times. In the calculations it was assumed that the core was operated at
250 MW and that the outer shim control cylinder had been in the operating
reactor for 6 months or longer. The control cylinder is beryllium and
has a radius of 3.75 inches except on the segment containing the hafnium,
where the radius is 3.5 inches. The hafnium is 0.25 inch thick. The

method of calculating the activity and dose rate from the beryllium drum
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is the same as that discussed for the beryllium reflector blocks. The
hafnium was represented geometrically as a segment of a cylindrical
shell. The significant reactions leading to hafnium activation were

discussed in the preceding section.

6.5. Flux Trap Fillers and Flux Trap Baffles

The dose rates from the flux trap filler and the flux trap baffle are
shown in Figures 6-5 and 6-6, as functions of time after shutdown and
shield water thickness. It was assumed in the calculations that the core
had been operated at 250 MW and that the baffle and filler had remained
in the core for 1 year or longer before being removed. Both of these
components are manufactured using 6061-T6é aluminum and were assumed
to have been in an average thermal flux of 3.6 X 10! n/cm?-sec. The
dose rates were calculated as before using DER-013. Volumetric gamma
source strengths were obtained from the formula given in Section 6. 1.
The flux trap filler was represented by an activated aluminum cylinder
with a radius of 3.6 cm and a height of 4 feet. The flux trap baffle was
treated as a hollow cylindrical source with an inner radius of 6.67 cm,
an outer radius of 7.46 cm, and a height of 4 feet. Dose buildup factors

of water were used in the program.

6. 6. Neck Shim Housing Rod Sleeve

Dose rates from the activated neck shim housing rod sleeve through
water for various reactor shutdown times are shown in the following three
figures. Figure 6-7 shows the dose rate from an aluminum (6061-T6)
rod sleeve which has been in the operating core for 1 year or longer.
Figure 6-8 shows the dose rate from an Inconel-X rod sleeve which has
been in the core for 1 year, and Figure 6-9 gives the dose rate for an
Inconel-X rod sleeve which has been in the operating core for 10 years.

The composition of the Inconel-X by weight per cent is as follows:

Element Weight percent
Ni 70 min
Cr 14 - 16
Ti 2.25 - 2.75
Cb 0.7 - 1.2



Element Weight percent

Al 0.4 - 1.0
Fe 5-9

Mn 0.3 - 1.0
Si 0.5 max
Cu 0.2 max
C 0.8 max
S 0.01 max
Co 0.2

The core power was 250 MW having a cosine axial and a uniform radial
distribution. The rod sleeve was assumed to be subjected to an average
thermal neutron flux of 3.3 X 10! neut/cm?-sec over the periods indi-
cated above. The volumetric source strengths of this activated compo-
nent were calculated by the methods given in Section 7.1. These were
then converted to line source strengths by multiplying by the cross-
sectional area of the sleeve. The dose rates from the rod sleeve were
obtained by treating the sleeve as a 4-foot-long line source. Dose

buildup factors for water were used.

6.7. Neck Shim Housing

Since it is necessary to remove the neck shim housing through the
reactor vessel head, the dose rates from this activated component were
calculated for varying thicknesses of lead shielding. There are five
elements of concern in the 6061-T6 aluminum of the neck shim housing.
These elements, their half-lives, and their volumetric source strengths

at shutdown, after 5 years of reactor operation, are listed below.

Source strengths,

Element Half -life photons/cc-sec
Cu-64 12.8 hr 3.32 x 10!!
Fe-59 45 days 4.86 x 108
Mn-56 2.6 hr 5.05 x 10!
Cr-51 27 days 6.76 x 101°
Zn-65 250 days 1.36 x 1010
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Figure 6-10 shows the dose rate at a distance of 20 feet in air from
an activated neck shim housing as a function of lead shielding thickness
and shutdown time. Although a 5-year operating time was assumed, the
results are not significantly different if the operating time is as short as
1 year, since equilibrium activity is reached in all but one of the elements
in this period of time. In this case the source was treated as a small
segment of a large hollow cylindrical source with a 4-foot length. Calcu-
lations were performed using program DER-013. The average thermal
neutron flux over the operating time was assumed in the calculation to

be 3.3 X 10! neut/cm?-sec.
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Figure 6-1.
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Figure 6-2. Dose Rate (Fe-59 Activity) at 20 Feet in Air
From 1/4 of ATR Reflector After 2-Year
Operation and 2-Day Shutdown
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Figure 6-3.
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Figure 6-4.
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Figure 6-5.

Dose Rate Through Water Along the Radial

Centerline of an Activated Flux Trap Filler

Water Thickness, feet

6-12

S
— \_\
AN
—‘\‘ \:\\\ \\
— \  \ [\ \
— \ \\ N\
— \ \ X /- Shutdown
— \\ \\ \\ \
— \ _\ N\
— \\ \\ N\
- \ /— 12 hr After Shutdown
X
\ N\ \
— \ \NEEANEAN
~ RN
— \\ X\ \\ \
— \ N\ ANEEEAN
= \ AN
- \ ANIAN
\ NI
= . N AN
— 48 h}' After Shutdown —’\/ \ \ \\
\ INAN
— \ AN
— \ ANEEAN
- VA
30 days After Shutdown —
0 IZ - El ;A\ 8 10\ \ 12



Dose Rate, mrem/hr

0

T
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Figure 6-7.
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Dose Rate, mrem/hr

Figure 6-8. Dose Rate Through Water Along the Radial Center-
line of an Activated Neck Shim Housing Rod Sleeve
(Inconel-X) After 1 Year Irradiation Time

10‘%: \\\

2- \ \ _——Shutdown
108 \\\\ ﬂ

S \ WA

e N\
N

\ \ .

105 —

. \ W

2 \\ > 12 hours After Shutdown
104 \\/ \
8E. ne

. AR

A
\
\
\

\ N\

/'
it
B

¢ \
I NI
\

\ N\

ANEEAN

\ N

. \
4
2_ 30 days After Shutdown \ \

o NN\

A\ AN \
: \NEEAN \
N \NEAN \
2_. 48 hours After Shutdown \ \
\WANEEAN
0 2 4 6 8 10

Water Thickness, feet

6-15



mrem/hr
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Figure 6-9. Dose Rate Through Water Along the Radial Center-
line of an Activated Neck Shim Housing Rod Sleeve
(Inconel-X) After 10 Years Irradiation Time
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Figure 6-10.
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7. FUEL ELEMENT TRANSFER

7.1. Top Head Shielding

The arrangement of the top head shield assembly is shown in
Figure 7-1. A discussion of the methods of calculating shield thick-

nesses in the various areas is given below.

7.1.1. Working Platform

The working platform is designed to restrict the dose
rate at its upper surface to 1 mrem/hr or less from the operating core
and from the N-16 in the primary coolant. The core was treated as a
homogenized cylindrical source with a mean radius of 36 cm and a
height of 122 cm. The core power was assumed to be 250 MW and to
‘have a cosine distribution ranging from 1.4 max/avg at the core mid-
plane to 0.40 min/avg at the top and bottom of the core. A uniform
radial power distribution was assumed. Program DER-013 was used
to calculate the dose rates at the top of the platform from the operating
core as a function of platform thickness. Dose buildup factors for iron
were used in the program. Figure 7-2 shows the results of the calcu-
lation. This figure also shows the dose rate at the same location from
the fission products of an 800-kw test specimen which has been elevated
to within 2 feet of the bottom closure plate. This is the specimen loca-
tion that produces the maximum dose rate on the working platform, since
the closure plate shields some portion of the specimen at higher eleva-
tions. The test specimen was treated as a cylindrical source with a
radius of 2.22 cm and a height of 122 cm. The fission products were
assumed to be axially distributed with the same cosine shape assigned
to the core. The average values of the volumetric source strengths due
to fission products in an 800-kw test specimen after infinite operation

and 1 hour shutdown are listed below for 1-mev energy groups.



S_, photons/cc-sec

Energy v
0.5 2.03 x 1013
1.5 4.28 x 10%2
2.5 4.06 x 101
3.5 7.51 x 10°
4.5 1.51 x 107

These values were derived from the integral gamma ray spectrum of
U-235 fission products given by Scoles!*, The calculation was accom-
plished by use of the point source integration program, DER-013, with
the use of steel buildup factors. The coolant level in both calculations
was assumed to be 6 inches above the lower edge of the closure plate.
The source that determined the thickness of the platform
was the N-16 of the primary coolant in the upper portion of the pressure
vessel. The transit time required for the primary coolant to reach the
pool at the top of the pressure vessel after core transit is calculated to
be approximately 41 seconds. Since the core exit equilibrium activity
of the coolant is 1.8 X 107 photons/cc-sec, the volumetric source strength
in the pool at this time is about 3.8 X 10° photons/cc-sec. DER-013 was
used to calculate the dose rate on the upper surface of the working plat-
form using dose buildup factors for steel. The water level was again
considered to be at 6 inches above the lower edge of the closure plate.
The geometry of the source was that of a half-cylinder. Slant penetra-
tions and shadow shielding reduce the influence of the far half of the
cylinder sufficiently so that it can be neglected. The radius of the source
was 5.25 feet, and the height was taken to be 2.5 feet. It was not con-
sidered necessary to extend the source height beyond 2.5 feet, since
self -absorption reduces the flux from lower regions to relative unim-
portance. Figure 7-3 shows the dose rate on top of the working platform
due to the N-16 of the coolant as a function of steel thickness. This
thickness is in addition to the 4-inch-thick top head. As may be seen,

a thickness of about 12 inches of steel is required to reduce the dose rate

to the design level.



7.1.2. Loop Transfer Shield Plate

The transfer plate, which is located atop the shield cyl-
inder, was designed for a dose rate of 1 rem/hr at its outer surface
during test specimen transfer. The source strengths of the fission
products in an 800-kw test specimen after infinite operation and 1 hour
shutdown, as well as their treatment in the machine program DER-013,
are discussed in the preceding paragraphs on the working platform. It
was assumed that the test specimen was raised into the removal sleeve
so that the upper end of the specimen was at the level of the bottom edge
of the loop transfer shield plate. Figure 7-4 shows the results of the
calculations of dose rate as a function of plate thickness. From this
figure it can be seen that a thickness of 14.75 inches of steel is required

to meet design requirements for the transient dose rate.

7.1.3. Shield Cylinder

The shield cylinder was sized to restrict the transient
dose rate at its outer surface to 1 rem/hr or less during test specimen
transfer. Program DER-013 was used to calculate dose rates as a
function of shield thickness. The geometry and source strength due to
the fission products in the test element are the same as those discussed
in Section 7. 1.1 concerning the working platform. It was assumed that
the test specimen was entirely within the removal sleeve. Figure 7-5
shows the dose rates predicted by the calculations. The required thick-
ness of steel to meet the design specifications is 17 inches. To reduce
the bulk in this region, a bimetallic cylinder with a thickness of 3 inches

of steel and 9 inches of lead was used as an equivalent substitute.

7.1.4. Instrument Lead Duct

The five instrument lead ducts, carrying neutron detectors
for startup instrumentation, extend from the removal sleeve in the top
head shield cylinder out under the working platform. Although these
ducts have some curvature, they are oriented so that it is possible for
both direct radiation from a transient test specimen in the removal
sleeve and scattered radiation from the N-16 of the primary coolant in
the pressure vessel to stream to the ducts under the working platform.

A preliminary calculation showed that adequate shielding for the trans-

ient test specimen would also be adequate for any scattered radiation
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from the N-16 at the mouth of the instrument lead duct. Figure 7-6
shows dose rates as functions of lead shield thickness over the end of
the duct from the direct line-of-sight radiation of an 800-kw test spec-
imen in the removal sleeve. To limit the transient dose rate emerging
from the duct to the design level of 1 rem/hr, a thickness of 6.5 inches
of lead for a 2-hour-shutdown specimen or 6.8 inches of lead for a 1-
hour-shutdown specimen is required. This lead slab extends about 8
inches on each side of the duct centerline so that radiation emerging at
an angle from the duct cannot circumvent it. Computer program DER-
013 was used in the direct radiation calculations. The test specimen
was represented as a cylindrical source 2.22 cm in radius and 10 cm
in height. This is the maximum height of the source that can influence
the dose rates at the other end of the duct, since the source is shielded
sufficiently at higher and lower levels. The method of determining the
volumetric source strengths for the test specimen and the source strengths
for each energy group are given in Section 7.1.1.

Scattering from the face of the shield at the end of the
duct was also found to contribute to the dose rates in the adjacent areas.
Hence, it was recommended that two shields be located on each side of
the end shield. Since the radiation reaching the region of concern must
scatter through a rather large angle, the radiation is degraded to a
relatively low energy. Consequently, the thickness of the side shields
was determined to be only 1.5 inches of lead or 2.5 inches of steel. A
thicker shield is required on top of this configuration (in the plane of
the working platform), since the region above is subjected to some
direct radiation from the N-16 in the primary coolant during operation.
As mentioned previously, the coolant was found to have a volumetric
source strength of about 3.8 X 10°> gammas/cc-sec. The level of the
coolant water was assumed to be 6 inches above the lower edge of the
closure plate. Using buildup factors of steel in DER-013 and treating
the source as a half cylinder with a radius of 5.25 feet and a height of
2.5 feet, a shield thickness of 5 inches of lead was calculated for a
dose rate of 1] mrem/hr at the shield surface during normal core oper-

ation.
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7.2. Cask Transfer Station

A shielding study was made of the various suggested designs for
the cask transfer station. The design chosen was one which afforded
optimum shielding against both scattered and direct radiation during the
transfer of a test element. The design is for a T-shaped channel in a
lead base. This channel accommodates a test element in either of the
two arms. The transfer station extends 1 foot above the water level of
the storage canal. To limit the transient dose rates from a test element
to 1 rem/hr or less over the canal, a hinged shielding door is used to
cover the mouth of the cask channel. To prevent radiation leakage
through any cracks or spaces around the door fitting, the door is made
of lead and shaped to protrude into the channel of the transfer station.
The required door thickness, as measured through the protrusion, was
calculated to be 6 inches (see Figure 7-7). In addition, the door was
made 22 inches wide, thus overlaﬁping the 6-inch wide channel by 8
inches on each side. This thickness applies from the top of the door
down to 2 inches beneath the water surface. However, starting at 2
inches below the water surface, the door was constantly tapered to a
zero thickness at 18 inches below the water surface. The door thickness
was determined by the direct radiation from the fission products of a
test specimen in one arm of the platform channel rather than by the
scattered radiation from the specimen. Calculations of the flux and
energy of the scattered radiation showed this to be valid, since the
scattering angle degrades the energy of the radiation much below that
of the direct radiation. The dose rate through the lead shielding door
from scattered radiation is shown in Figure 7-8.

The direct radiation from the test specimen in an arm of the
transfer station is required to penetrate a thickness of from 2 to 4 inches
of steel and lead to reach the leg of the T-shaped channel. The test
specimen was treated as an 800-kw cylindrical source with a radius of
2.22 cm and a height of 122 cm. The fission products were assumed to
be distributed in the test specimen in an axial cosine distribution ranging
from 1.4 max/avg at mid-plane to 0.40 min/avg at the top and bottom of
the element. The specimen volumetric source strengths due to fission
products after infinite operation and 1 hour shutdown are listed as a

function of energy in Section 7.7.1. Figure 7-7 shows the results of the
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calculations of the shielding door thickness employing program DER-013.
The overlap thicknesses and the width of the overlap were determined by
making the slant penetrations equivalent to the lead thickness at normal
incidence. The taper on the door was determined by reducing the door
thickness by the lead equivalence of the slant penetration through water.
Figure 7-9 shows the dose rate as a function of the thickness of the
transfer station for the top 12-inch segment. As may be seen, about 9.5
inches of lead or the equivalent are required around the test element
except on the side which has the hinged shielding door. Because of the
problems in shielding the air-filled upper extension, 13 inches of lead
{not including the hinged shielding door) are required on the side near
this extension. Since there is increasing water shielding with increasing
depth, the station was reduced in size in the underwater portion. The
reduction begins at 2 inches beneath the water surface and continues to
a zero thickness at 5.5 feet below the water surface. This designrestricts
the transient dose rate at the canal water surface to 1 rem/hr or less
during the transfer of an 800-kw test specimen. The source, geometry,
and methods for calculating the station size were the same as those used

in determining the thickness of the hinged shielding door.

7.3. Spent Fuel Element Transfer Cask

Normal fuel transfer procedures involving the fuel transfer cask
consist of the removal of nine spent fuel elements, which have decayed
for 90 days following 17 days operation at 250 MW. The cask shielding
is designed to limit the radiation levels to those included in the proposed
rule for spent fuel shipment, 10 CFR 72, i.e., 200 mrem/hr at the
shield surface and 10 mrem/hr 3 meters from the surface in air during
normal spent fuel removal.

In computing dose rates, the fuel elements were represented by a
homogeneous cylindrical source. Since the configuration and metal-to-
water ratio of elements in the cask are similar to those of the core fuel
region, self-absorption coefficients and gamma sources for the fuel
region, as shown in Table 3-2, were used. The average volumetric
gamma source strengths for the core at 90 days shutdown are shown

below for average energies in l1-mev energy intervals.
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Gamma ray source strength,

Energy, mev photons/cc-sec-mev
0.5 4.4 x 101
1.5 4.54 x 10%°
2.5 3.06 x 108

Dose rates were computed along the radial centerline of the cask
using the cylindrical case in program DER-074 and along the axial cen-
terline using the truncated core case. To account for the various power-
peaking factors, the calculations are based on "hottest'' elements whose
average power density is twice the average core power density., Figure
7-10 shows the dose rates, axially and radially, as functions of lead
thickness. The curves show the dose rates 3 meters from the cask
surface, since the shield thicknesses are governed by the '"10 mrem/hr
at 3 meters'' criterion.

The transfer cask has an ID of 13.75 inches, with 10.5 inches of
lead and 5/8 inch of steel on the sides, 9.5 inches of lead and 3/4 inch
of steel on the bottom, and a top plug consisting of 11 inches of lead
and 1 inch of steel. As may be seen from Figure 7-10, these thick-
nesses are sufficient to satisfy the design dose rate criteria during
normal fuel element transfer.

Dose rates were also computed for a special case of transferring
a single fuel element after a shutdown period of one day. The element
was approximated by a 4-foot line source with the following gamma

source strengths per l-mev energy interval.

Gamma ray source strength

Energy, mev S1,» photons/cm-sec-mev
0.5 1.6 X 1014
1.5 1.7 X 1013
2.5 2.4 X 1012
3.5 3.6 X 101!

As in the previous case, power-peaking factors are taken into account
by using an element with a power density of twice the average core

power density. Dose rates were obtained from the line source case
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of DER-074 and are shown in Figure 7-11, both axially and radially, as
functions of lead shielding thickness. Attenuation by water within the

cask was neglected.

7.4. NR Loop Handling Cask

The loop handling cask is designed for the wet transfer of test spec-
imens to and from the NR loop pressure tubes and for the dry transfer of
irradiated pressure tubes and flow tubes. The cask consists of three
major sections: a base, a lower body, and an upper body (see Figures
7-12, 7-13, and 7-14).

The base section houses the bottom closure door and provides an
enlarged diameter for shielding around the closure door cavity. The
cylindrical section of the base has a 54-inch OD and a nominal thickness
of about 20 inches. Except for the bottom closure door, all shielding in
the base section is steel. The closure door seals the bottom of the cask
cavity by translation at a right angle to the cavity axis. The door con-
sists of a steel box structure filled with lead and provides a minimum
shield thickness equivalent to 9 inches of lead.

The lower body is a cylindrical shielding section, which extends
upward approximately 7 feet from a flanged connection with the cask
base. This section provides the primary shielding during transfer of
test specimens and irradiated components. It consists of a lead-filled
annulus between two steel shells and a cooling coil contained in a third
inner shell. The ID of the inner shell is 6.75 inches, and the total shield
thickness (lead and steel) is equivalent to 11.25 inches of lead for gamma
energies of 2.5 mev.

The upper body section is bolted to the lower body and provides a
tubular cavity about 20 feet long with a 7-inch ID for the purpose of main-
taining a water environment during specimen transfer. The lower 5 feet
of the section consists of a shield, equivalent to 8 inches of lead at the
base and tapering to 1 inch at its upper point.

The shielding for the transfer cask is sized to restrict the radi-
ation levels from a test specimen situated in the cask to those specified
in 10 CFR 72. The calculations were based on a 4-foot long specimen
which had operated at 800 kw for an infinite time. It was assumed there

was a 2-hour decay period between reactor shutdown and specimen



removal. The specimen was represented by a line source of uniform
strength located on the axial centerline of the cask. The unit energy
gamma source strengths per centimeter of specimen length, after 2

hours shutdown, are shown below.

Gamma ray source strength

Energy, mev S, photons/cm-sec-mev
1.5 5.1 X 1013
2.5 4.0 X 1012
3.5 6.6 x 1010
4.5 2.3 x 10%°

Dose rates were computed along the radial centerline of the specimen
for various thicknesses of lead using the line source case in program
DER-074. The source was assumed to be located along the axial cen-
terline of the cask with 3.25 inches of water between the source and the
cask ID. Figure 7-15 shows the dose rate 3 meters in air from the cask
surface versus thickness of lead shielding. Approximately 11.25 inches
of lead, or the equivalent, is needed to reduce the radiation level to 10
mrem/hr. For this thickness, the dose rates are governed by the 2.5-
mev gamma energy group. To account for shielding afforded by the
structural steel, lead was replaced by steel according to the ratio of
their linear absorption coefficients at 2.5 mev.

The dose rate requirements for the base section are less stringent
than those for the main body of the cask, since the radiation levels that
occur during specimen transfer are of a transient nature. The minimum
shield thicknesses were determined on the basis of an integrated dose of
15 mrem at the shield surface during specimen transfer. It was assumed
that 1 minute would be required for the specimen to pass through the base
section. On this basis, a transient dose rate of 1 rem/hr is allowable,
The cylindrical portion of the base has a thickness of 20 inches, which
is sufficient to reduce the transient dose rates to well below the 1 rem/hr
limit. Shielding was added to the flange areas to provide, albng any line
of sight to any portion of the specimen, a minimum of 15 inches of steel.

This was calculated as being sufficient to insure that the dose rate would

not exceed 1 rem/hr.

7-9



The shield thickness for the bottom closure plug was computed
with the test specimen represented by a line source located along the
axial centerline of the cask with 19.5 inches of water between the lower
end of the specimen and the closure door. Dose rates were calculated
3 meters from the shield surface as a function of lead thickness by a
point kernel integration along the length of the source. Self-absorption
by the source was assumed to be that of water. The results showed that
a shield thickness equivalent to 8 inches of lead is required to conform
to the proposed shipping regulations.

During loop component removal, the upper 1-foot section of the
inpile portion of the loop will be situated in the upper body section of
the cask. The shielding for the upper body is sized to restrict the dose
rates firom the activated loop components to 10 mrem/hr 3 meters from
the shield surface. The 1-foot loop section was assumed to have been
exposed to a thermal flux of 1.5 X 10 n/cm?-sec for a period of 2 years.
The activated loop components (flow tube, pressure tube, and insulating
tube) are made of stainless steel 347. Isotope activation was computed

on the basis of the following elemental weight percentages:

Element Wt %
Cr 18
Ni 12
Fe 70
Ta 0.1
Co 0.04

The activated loop was approximated by a 1-foot line source of
uniform strength, and dose rates were calculated as a function of lead
shielding thickness. The dose rate at the surface of an 8-inch lead
shield is 150 mrem/hr. The dose rates are constant for shutdown times
of several days, since the gamma rays from the longer-lived isotopes
in the activated steel dominate.

An estimate was made to determine the dose rates in the vicinity
of the top head shield during loop removal as a result of radiation

streaming through the bottom of the cask and scattering on the top head



shield. It was assumed that the center of a 4-foot activated loop section
was located in the cask 6.5 feet from the bottom opening and that the
bottom of the cask was 5 feet from the top head shield plate. The loop
was represented by a line source, and the gamma energy flux incident
on the shield plate was computed by point source summation along the
length of the activated loop section. It was assumed that the flux was
incident on a circular area of the shield plate formed by the angle between
the cask axial centerline and a line extending from the bottom of the 4-
foot line source to the lower inside edge of the cask. A 6.5-inch cask
ID was used. The area subtended is 670 cm?. The calculations were
performed for gamma energy groups of 0.31, 0.81, and 1.25 mev. Scat-
tering from the steel surface was computed by using the total energy
albedos for gamma rays perpendicularly incident on a steel slab of

infinite thickness. The values used are shown below:

Gamma energy, mev Total energy albedo
0.31 6.3 X 1072
0.81 3.8 x 1072
1.25 2.7 X 1072

It was assumed that the reflected energy flux was independent of
the angle of reflection, and the subtended area of 670 cm? was treated
as a point source located at the intersection of the cask centerline with
the shield plate. The dose rate 10 feet from this point was computed to
be 2 rem/hr. Since the removal of a test loop section is an infrequent
operation, radiation exposure should be limited through administrative

control rather than additional shielding.

7.5. Dose Rates During Refueling

The original design criterion for transferring spent fuel elements
from thecorethrough the discharge chute was a dose rate of 25 mrem/hr
at the surface of the water from a raised fuel element 1 hour after shut-
down following 17 days operation at full power. Dose rates were calcu-
lated above a vertical element as a function of water over the element.
The element was represented by a line source of uniform strength. The

power density of an average element was used. This representation is
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considered to be as effective as designing for the "hottest' element and
accounting for end effects. Absorption coefficients along the length of
the element were assumed to be those of water, and dose buildup factors
for water were used. The resulting dose rate is shown in Figure 7-16
as a function of water depth above the active fuel region. About 11 feet
of water are required for a 25-mrem/hr dose rate.

The depth of water over the active core during spent fuel transfer
is 18 feet. The length of the active fuel element is 4 feet, and about 2
feet are needed for clearance over the drop tube shield. This leaves a
working margin of 1 foot. The above numbers are probably conservative,
since it is unlikely that fuel will be transferred sooner than 3 hours after

shutdown.



Figure 7-1. Reactor Top Head Shielding
General Arrangement
(Dwg. No. 670-MS-115)

A i i MATERIAL LIST
*aa" [ouan |  owe. wo NAME DESCRIPTION WATL. PRC.
pg00| — |G70 5115 ki s —
[raormavessa| 1 Jeromsrae |57 250 Go0% |73 voreo
(eag0rmmces84 | gaciporoms iy 5528 Blocx |73 ~voreo
|70 700 2974 | 0o, No70 M3 11G o83 T 20® o NOTED
2378 7m0 2379 | g0 JoPO M5 117 1253 T 54 ECP 5 43 NOTED
@ Vo790 rmv 437 |egecntaro ms /65 "““V:“-""' ndaged 43 NOreo
22557 wR0 2382 | 4 me 70 M5 -1G8 |30 R 23 vores
2911 THRU 2415 | g e av/cR3 CONDULY A AS NOTED
2443 3 |GI0MS/75 |CLeV/S As MOTED |
1 |eroms /8 LD CVL. A58y |#s voreo
! Jeroms1cs [ome 2asy \ #s voreo
5 rows /8 |rmaca 433y 73 NoreD
7 eroms 8 | 358 2eT e 43 NOreo
T R el 75 Noreo
4 |eroms- 175 |casia sumecar 23 ~oreo
! Groms-s78 |BRACKET 4S5 ~NOred
2 lopoms /78 |ceame A3 NOTED
2 roms-178 |DPRING |8 NOrED
\e7o-ms- 118 |\Cvin o
= Eﬁ'ﬁl-"//l LIOC. HO.CAPICR. |/-BNC B TLd.
4 |oromws 113 (wex wacamsca |8y roncerc} L.
& (GTOMS /8 |\ WEXNO.CAPICA. (/2 /1BNC-EX/ LS.
\ama| 10 Gows /15 wOcapscr | Yo /are-EX B L.
18 oM 13 |soc mo.car3CA. | 1g-2one 2 V8i6.
® Lrowns. s |o-rive e e S Sl i
3 |eioms s \wex. wo. BoeT |2-+fwc-zas5RL
3 [GTo-ms- /S |\ mex. AT 2-4jNC-2
3 [cr0m3-113 | mex. wo_socr |1-8uc-2 x34 18
3 |QTO-MS-//8 | VEX. MYT /-ONC-2
10 |6r0m3-115 |\ Mex. WO BT |/-BNC T <CFLe
8207 R DRIVE ASS'Y, e
acw | 620m3177) J {5 vorwo
/ [ - 5788\ GASKET A At v - L
) 10 |670m5 115 | Wex . HO . Bocr | F13me-z « 1346 cARe I IV
\ [2438) 4 |cr0 w15 105 |mex Mo BocT NF iz » 21 c. (366 oK 5) |
SEE REF. DWG. . e | e _] @ 237 ¢ [cr0m5 713 |[ex moBacr  |rowc ixzfceboe wr 5) | 2040
' < EC. 105" e [ l:‘fT; & |Gr0m5- /98 |exmmusT CT WS WOPED
: i (|28 3 |erows 197 m“"ﬁ‘!"‘ Eges w5 Wored
! " ezd 5 |er0ms 204 T pocr Aok A5 WOTED
& : e 4 = o : 1 [es/| 20 g 70M5 775 |soc warcoe souw|f-imc 2 « 316 s
) ) k03] 50 fero-mu 1§ [REx Wb BouT\| INC2x MZie £ by
) ke B 2 R N e e O A% NoTeD
1 THELD ®leck
71 [PE48THRY 5682 gaci MY - 18 " ASYY. AS WoTID
_l J T4 THRY BG T8l 000 e e AS NoTeD
5058 TWR) 36t2| letons - 186 | DuCT IAs NoTeo
~ Wasi| | |eTo-Me-190 [VENT DUCT ARRGMY. A® WOTED
37, 3672] | |[cTo-MS- 186|DUCT EXTENDION| e wOoTeD
Ec'x:;\ ) s 1 [oro-ms e [Tiee . ST AS NOTED
/AIR SOURCE FOR /ON REF. DWG. B3eBa| & [cTO-Mo-\B6|GASKET "B Ao WOTED
AIR DRIVE ASSEMBLY PRSI ) 4 [cto-wm- 113 [wex we. Bour [F-lenc-z % § Lona e T
PART NO.5GOS. THREAD SRR @ - p g Fr ey rr— NS Tangen WL
END (‘NPT AT SITE ASSY. : 5 NOT REQUIRED 48 [c70- w515 | WASHEWR |2 D BoD = L THK. | ¢
ba i &1 FLACE'S IB0°APART 4 e g 3 3 - i ik THID  LOCATION az s x I i Y
SEE REF. OWGS. 8 ANDTT o : S N T et Sk \ 5= / peoe] 5 [oromeiadamoner e | ks woTen
: SR o T YA TS 5 S / 740 [cT0-MB-118 [SWVEL SNAP [ rs Lo o Ta - Sa s [oreen SYC.
i AL e N2 N 3cas| 4 [cTo-ms-186[PUNTE wELDWT,
; RN \\\ = h2ssfse [cTo-ms iz [ wasnER 1O x \lp ©8. xgp THw.
\ 2375 ey 23 N N N 425685 © J670-M3- 115 [LOCK WASHER|§ MED. BPRING
\ o7 \ 587| 5  |670Ms- /92| rihen Core =X
/ ! v X \ \ e S e ST el ) e
g : - + > N sz ae iee N [2 @ GoJscistd wore AT {AoRD e AT
@\ 7escn covee — / / e AR \»/ TPACK BASE PLANTE WEF DWG NY 16
Smowns Tass / - AP V2 T —- =0\ Y \\ LOCATE FROWM PAPT PAGT 40, 3681 was 4edé
S et & e % / I g \\ /\\ \ (N;\;'c‘ozi‘r:*m'-’r‘j ic.ouv:»«_rbﬂ) " ““':‘“ nrm.uma-
4 4 et S > (ADOLD SEE REF OWa. MO 1§
% ¥ TR e ey \ ; EVISED PILTORE] € o f
< [ N\ Omed - S
N » h REVIBED PTAD. 4263 NOTS 4 WASS o0
PART No's, 8638 ADOED L1081 & 6L o' 7" é
’ S ALIGNMENT € SHMMING ::::" ::;: ‘s‘a’s: ﬁ ] DELETED Rir. Owe 12. PT W05 4215 [ s,
’ = :: :\:‘i“ :: .:;:::::T:: G 3662 ¢ 36re 3 ! 42/, 4277, 438, 4279, 4264 | |
e THRO 36T8 BHOWN 9261 & azer&oermie A.-1o-7]
B L ek
»ﬂ,l’wo-;s;./t(h o
NOTES . | [REv NGTES 565 ADDED NOTE G .AGY. 1% s
I, THE INFORMATION PRELLNTED ON THI® Dwé. FORMS A PARY ] (] 'fﬂnummdiﬁ “»
OF SPECIFICATION MD-1086 oF CONVRALT NO. AT (10 1)) 10885 ' [/.W(! TP T~ RO 1|
ALL PART NOS. ON THIS DWG. SHALL BE PREFIKED BY : axgﬂyfv’w 5 -
C7O-MBR ToR IDENT\IFICINTION PURPOLES. ! £]r3eedleev.sc0 ro gowce wirm Qmngl = 1Ml ]
. BEFORE FINAL NSSEMBLY (AT SITE )SURFAGE COAT (By oTiey, i R - s
PER TPEC. MS- 108, Gepig o Sy s i ol e =
! - WEVISIONS
FOR NEXT ASSEMBLY SEE REF.DWG N 18 — ! o P
PART Ne5 2438 £ 2439 ARE JO BE /SEL WiTH POLE HOIST T0O0L REA OWG. M. : . : e P T A AL DI
AR PRESSURE FOR PART NO.5GO3 TO BE SET AT 40PS) MAX. _ .. GENERAL ARRANGEMENT

REFERENCE DRAWINGS 77X /D75 AMIA -
ORAWING TITLE OWG. NO.
REACTOR IR NERD Sy JLN G DE™ WS ST " |G/IMS 116

NEV-TOR TP @A SwiEING D& v S S/ L |72 MS- /]

|20 Ve wousr rooc misthicariav aneaeevenr
%! [REACTOR BLDG FHST FL. FENETRATINS k WSERTS “MEET 2|,

b ;%-3] THE BABCOCK & WILCOX CO.
ACTOR e ERNA y 134 B ATOMIC ENERGY DIVISION
REALTOR N S RNALS PLAN + 1w SENET . - i o
L72M95§3§E° ﬁ:\‘( VJ? :qlg . PLVNN

R

EBASCO SERVICES INCORPORATED
TWO WICTOR STRELT. NEW YO K T.

[Fenc Tor €L 0o RIA IR TP 2 AD Fn 2O VE DerVes Smv8 | > 8 TWEETT
[PREwSUTIZ < SO AEED S iy DET 2/ w5 /53] LV R "ARCHITE
WeAcToR 16P DR AL O s v D2 570 .8 199 5{}1 2/ob>

DO AL AD Sw S SNy DTN i ST A [GTOMS L9

FEACTOR TOP (1, Tw_Bs, (14T BUCT ARRGM o] U.S, AT%”:S OEP“RA Y COMMISSION
. 2 T T S D S D s DT o 1ONS OFFICE

P e - e 22000 P fera ”:‘E}"-‘L IDAHO FALLS. IDAHO
s e vy ey w7 _ |esc . -2a8] TON DRI Sy DN DTS o - * D e 'S
R R S T TS B e L R N I T e ST R T [ laoec2e Xt GTR-/1075 MTR-GRO M3 //S

7-13

¢ PINETRAT oS | ‘19-*«5 “120

: ¥
SECT/ON V-V

Scace-/ %0







Figure 7-2. Dose Rate at Surface of Working Platform Vs
Platform Thickness
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Figure 7-3. Dose Rate at the Top Surface of the Working
Platform From N-16 Activity Vs Platform
Thickness
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Figure 7-4. Dose Rate at Surface of the Transfer Plate From
an 800-kw Test Specimen in the Removal Sleeve
With Infinite Irradiation Time and 1-Hour Decay
Time
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Figure 7-5. Dose Rate at Surface of Shield Cylinder From

Dose Rate, mrem/hr

an 800-kw Test Specimen in the Removal Sleeve
With Infinite Irradiation Time and 1-Hour Decay
Time
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Figure 7-6. Dose Rate Vs Lead Thickness on Instrument Duct
During Removal of an 800-kw Test Specimen
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Figure 7-7. Direct Radiation Dose Rate as a Function of Lead
Shielding Door Thickness From an 800-kw Test
Specimen With Infinite Irradiation Time and
1-Hour Decay Time

108

2
102 3 4 5 6 7 8

Lead Thickness, inches



Dose Rate, mrem/hr

Figure 7-8. Scattered Radiation Dose Rate as a Function of
Lead Shielding Door Thickness From an 800-kw
Test Specimen With Infinite Irradiation Time
and 1-Hour Decay Time
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Figure 7-9. Dose Rate Through LLead From an 800-kw Test
Specimen in the Upper Extension of the Cask
Transfer Station With Infinite Irradiation Time
and 1-Hour Decay Time
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Figure 7-10.

Dose Rate 3 Meters From Surface of Spent Fuel
Transfer Cask (Nine Elements at 90 Days)
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Figure 7-11.

Dose Rate 3 Meters From Surface of Spent Fuel
Transfer Cask (One Element at 1 Day)
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Figure 7-12.

N. R. Loop Handling
Cask Arrangement
(Dwg. No. 670-MS-101)
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Figure 7-13. N. R. Loop Handling Cask
Sections and Details
(Dwg. No. 670-MS-102)
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Figure 7-14.
Cask Base

(Dwg. No. 670-MS-103)
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4 SOLID SWELDING PLUG FOR THIS CAVITY SHALL ALSO
BE FURNISHED BY THE VENDOR .

S. DMENSIONS WITH TOLERANCES AND SHIELDING
THICKNE SSES ARE FIRM REQUIREMENTS . OTHER
DIMENSIONS AND RELATED TOLERANCES ARE
THE RESPONSIBILITY OF THE VENDOR.

& HOLES REQUIRED FOR DIMENSION SHOWN. HOLES
PROVIOED SHALL BE SIZER, FINISHED, AND LOCATED
TO AVOID ANY INTERFERENCE WITH LOAD WHEN
15 LIFTED OR LOWKRED.



Dose Rate, mrem/hr

Figure 7-15.
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Dose Rate From 800-kw Test Element Through
the Radial Centerline of the Loop Handling Cask

(2 Hours Shutdown, 3 Meters From Cask Surface
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Dose Rate, mrem/hr

Figure 7-16.

Dose Rate in Water Above a Single Spent ATR
Fuel Element After 1 Hour Shutdown
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APPENDIX A
DER-029, Secondary Gamma Code

The computation of the secondary gamma ray flux generated by
thermal neutron capture in a shield array is of prime importance in
shield analysis. The equation defining the uncollided secondary gamma

ray flux at the plane surface of a single infinite slab shield is

«© -pr
oz e
b = Z}a ¢, Sre dz S‘ Anee 2Illpdp (A-1)

0

where ¢ = uncollided gamma ray flux at the source slab

surface

2 = macroscopic radiative capture cross section
for the production of gamma rays from ther-
mal neutrons

¢o = existing thermal neutron flux in source slab
o = slope of thermal neutron flux through source
slab

i = linear absorption coefficient of gamma rays
for source slab

z = variable for distance into a slab of thickness L
p = variable for vertical distance in the shield slab
r(z, p) = distance from differential volume element of

integration to point of measurement

The solution of this equation is

¢
b :% [eULEl(p.L)—El(p.L-(rL)-t-Ln’ H H (A-2)

ph=0

With the substitution of o* =p.—01- and b = pz into the equation to con-

vert the equation to pz space, the equation becomes

b .
b 20 [e"*b Ey(b) = Ey(b — o*b) + wﬁu (A-3)

A-1



This equation is derived for either side of an infinite, single-
medium, source slab where the thermal flux through the slab is repre-

sented by a simple exponential:

o= ¢e” (A-4)

Equation A-3 for a single, homogeneous slab may be further mod-
ified to permit the calculation of the gamma flux from any source slab
in a shield array at any interface in the array. This is accomplished by
calculating the flux from each slab independently assuming the entire shield
array has a thermal neutron flux slope corresponding to and normalized
to that of the source slab being considered. The contribution from the
entire shield array at any interface is then corrected by subtracting the
gamma flux contributions from all portions except the source slab being
considered. Using this difference method the following equation is

deduced for the uncollided flux:

Z gk ’
*B *
b = 300 " BEB) - PE®) - El[(l -cr*)BJ + El[(l —cr*)b] (A-5)
where b = ux of shield slab between source slab and dose
point
B = b + px of source slab
¢* = ¢oe-°—*b

Equation A-5 was modified to account for photon yield in a given
unit energy interval per thermal neutron capture by substituting Ea(E)

for Za in Equation A-5 where:
Z(E) = Y(B)Z (A-6)

and Y(E) = photon yield per capture per mev.

A further modification was made in the equation to include gamma

ray buildup of the form:

-Qq) -a, B

Buildup = Aje B + (1-4) e (A-7)

The modified equation was incorporated into computer program DER-029
to calculate the total flux at each interface from all source slabs in each

gamma energy interval.



APPENDIX B
DER-074, Basic Geometry Code

DER-074 is a general purpose digital computer program designed

to calculate the heat generation rates and dose rates in and through lam-

inated shield slabs for five idealized geometries.

The geometries and equations used in solving for the attenuation

of gamma rays from each of the five geometries are as follows:

Type Geometry
—A\—
Point /~ a 7
S R A S
Source v Dose point
Ti\i
Line H
gy
Disk \'

T

Truncated cone

— R

o
A
—I— - t-\agﬁ)

. N L
Cylinder H 7-\%0
4 N R o



Geometry Equation

. BS -b
Point ¢ = 252 ©
B
Line ) =E[F(9,b)]
BSa
Disk ¢ :T[El(b) - E;(b sec 9)]
BS [ E,(b;sec ®) E,(bsec 8)
Truncated cone ¢ = 2I~’~s L_E‘-,_(b) - E,(b)) + sec O  ~ sec O
Cylinder b = % o) E@b) g EE2) | _F(On)
2 2EIF(I/2,b) 250 F(I/2,b) | F(II/2,b)
where B = buildup factor
S = gamma source, photons/sec
b = Eip.iti
W, = linear absorption coefficient of shield i, cm™!
t = thickness of shield i, cm
S, = line source strength, photons/cm-sec

o

1
F(O,b) = S oD sec® g
0

Sa = disk source strength, photons/cm?-sec
SV = volumetric source strength, photons/cc-sec
By = absorption coefficient of source material, cm™!
e-t
El(b) = 1 dt
b
o e—t
E,() = bS\ dt
t2
b



b,

gt Zi Bt

tan ! R/a

P

The equations used are as derived by Rockwell® with the exception
of the equation for the cylindrical source. The semi-empirical equation
which is used for this solution substitutes a finite truncated slab source
of equal area for the cylindrical source. The agreement of this solution

with the numerical solution of the exact geometry is shown in Table B-1.

Table B-1. Percent Error Between Numerical Solution
and Semi-Empirical Fit

b a= 5 R a= 20R a= 10 R _=2R
p.sa =1
1 -4.35 - - -1.08 -4.19
3 -21.3 - - -4.62 -1.84
10 -10.4 - - -8.99 -11.54
25 -4.13 - - -3.04 -8.95
|.|,Sa. =3
1 -1.05 - - -0.2 -3.23
3 -14.65 - - -0.81 +0.36
10 -9.54 - - -8.38 -6.15
25 -3.8 - - -2.38 +0.38
p.sa. =5
1 -0.88 - - +1.27 -9.3
3 -5.69 - - +11.4 -6.13
10 -9.8 - - -7.54 -11.1
25 -3.9 - - -1.67 -4.82
pga = 20
1 0.0 +16.9 +1.59 -10.6
3 -1.1 +25.3 +2.36 -7.38
10 -8.3 -11.95 -8.48 -12.9



It can be seen that the error in the use of this semi-empirical
equation for the cylindrical source is well within the limits of the error
of the calculation.

The program is designed for a minimum of input preparation for
any given problem. The tape dictionary includes shielding constants
for the materials shown below. The constants are stored as functions
of energy, and therefore straight line interpolation for the desired

energy constants is used.

Water Heavy water
Iron Graphite
Lead Polyethylene
Ordinary concrete Aluminum
Barytes concrete Uranium

Ilmenite concrete

The limitation on the program is the number of energy groups that
can be solved for any one group of input. This is limited to 10 energy
groups. The number of shield slabs which can be solved is unlimited in
that the program sums the relaxation lengths of the preceding slabs auto-
matically.

Buildup is included in the program by use of a sum-of-exponentials

fit,
-a px -a kX
B(ux) = A,e + (1 =A)e
where B(px) = buildup factor for relaxation lengths pux
A,,a;,a, = material and energy dependent constants
px = relaxation lengths

The buildup factor for any material at any given point in a shield

array can be chosen by use of input data.



APPENDIX C
DER-006A, Fission Product Buildup and Decay Code

The digital computer program, DER-006A, is a solution of coupled
time dependent equations describing fission product buildup and decay in
a reactor core. The program solution computes the concentration in a
reactor core of any isotope in a specified fission product chain. The pro-
gram limitations are five or less isotopes in the chain, six fission pro-
duct buildup times, and six decay times after shutdown.

Data concerning the gamma emitters among the fission products
are sketchy and incomplete and would in many cases lead to an under-
design. For this reason a literature survey was performed to obtain
data on the gamma emitters. A set of important radioactive fission pro-
ducts to be expected from fission and the number and energies of expected
gamma rays from each emitter were tabulated. Although there are prob-
ably many more fission products present than are known, the great
majority of these have extremely short half-lives and have only small
effects on radiation levels and shielding studies, since the integrated
dose from these emitters is extremely small. They will, however, con-
tribute greatly to any studies on the decay heat from fission products.

A list of isotopes and their associated gammas are included in
this appendix. Many of the values are based on a plausible decay scheme
and a total disintegration energy and represent a ''"best guess''.

The program has provisions for the calculation of fission product
buildup and decay for one or two fissionable isotopes in the reactor core.
In the case of two fissionable isotopes, two assumptions were made:

1. A linear growth of converted material and a
linear decrease in U-235 fission rate.

2. An operating time of t; for the core lifetime.

If attention is restricted to a core with U-233 and U-235 fissions, the

fission rate or power in U-235 is given by:

C-1



and in U-233 by

_ l -a
P =P, ( T )t
where a = fraction of power in U-235 at lifetime t,. A general equation
can be written as
P=0P -aPp,t

where

for U-235: &
for U-233; §

1, ais +

0, ais -

By defining

Nj = ith element in chain

independent yield of ith isotope, atoms/fission

Yi
i

fraction of the (i - 1) isotope decaying to the ith
isotope

the concentration of the ith isotope is

dNj

T+ ANy = 6y; R K - yiKR at + ﬁi-l )‘i-lNi‘l

or for the first isotope in the chain

and the second isotope in the chain

% + )\ZNZ = 6Y2P%)K b YZKPO at + ﬁl)\lNl

A review of the various chains shows that a maximum of five iso-
topes would adequately describe all chains with the exception of a few
short-lived isotopes. The concentrations of those omitted can be found
by a ratio of yields, since they are essentially in equilibrium at all times.

All decay chains are not completely described, especially where
they branch in the middle of the chain. A choice must be made of the
branching desired, and corrections must be made later. Once again
the fairly short half-lives and slowly varying fission rates allow cor-
rection of answers later on. A chain may also be broken into several

parts using the correct branching factors.

C-2



The solution of the five equations is tedious but straightforward

and is given below for KP, = A and {; = \;{B;

-t
N, = a,e M +ayt + ay

where _
15 743
A
az:' _Y;\ a
1
_ Syl A _q
A FE
N, = Bje MYy Be 2%y Bt + B,
where U
Birox
Bz': - B4 - Bl
1
B3=)\—[¢1a2 y2A, ]
-0y A By | a4
Be® X, "X TN
-t - -\,t
Ny =yie 1 +y,e "2+ yse T34 yut+oys
where U, B
- 2D
Y Ny = N
- _Y2B;
Y2 Ay = A,



_ -\t - A5t -X,t ~-
Ny =Ae U+ Aye "2+ a5e "3 4 ALe )‘4t+A5t+A6
where UsY 1
A, VR
- _Uye
Az )\4 - )\2
_ Usys
= Ns - N,
A4—-A6"A1—AZ-A3
Ag = - Yahg :44’5\/4
Oy4A + Ypy A
Ay = e T WYs A5
¢ W s
N _ E ')\lt ‘)\zt ‘)\3t “)\4t —Kst
5 = le + Eze + E3e + E4e + Ese + EGt + E7
where U
El ) As — 7\1
_ Y,
E2 = As = X
Vsl
E, = Ns — N3
L VAW
Bs X - x,
ES:_E7"EI"E2‘E3-E4
1
Eq = e (-ysAg + YuAs)
1 E
E; = X5 (VsAd + Uslg) - r:

These equations can be used for a nonconverter core by letting 6= 1
and a = 0. For short times after t = 0, an error is made, since a linear
approximation is used and U-233 and Pu-239donot grow immediately. How-
ever, the values predicted by the equation are slight for times over 50 days.

Examination of the differential equations shows that they will describe
the decay of the fission products after shutdown if KP, or A is set equal to
zero. DER-006A will calculate the growth at several operating times and

for the decay after shutdown.
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Table C-1. Fission Product Constants Used in DER-006A

. U-235 U-233 Pu-239

Isotope Ti/2 X, sec Bi Vi vi vi
1-137 22s 3.15 X 10-2 0.94 0.049 0.072 0.048
Xe-137 3.9m  2.962 X 103 1 0.010 0 0.0044
Cs-137 2Ty 8.17 X 1071® 0.92 0 0 0
Ba-137m 2.6m  4.442 X 1073 1 0 0 0
1-138 5.9s 1.175 X 10-! 1 0.034 0.071 0.031
Xe-138 17m 6.794 X 10-4 1 0.021 0 0.021
Cs-138 32.9m  3.510 X 104 1 0.003 0 0.002
1-139 2.7s 2.567 X 10-! 1 0.018 0.071 0.020
Xe-139 4l1s 1.69 x10°2 1 0.029 0 0.024
Cs-139 9.5m 1.216 X 1073 1 0.012 0 0.012
Ba-139 85m 1.358 X 10-* 1 0.001 0 0.001
Xe-140 16s 4.331 X 1072 1 0.037 0.069 0.0338
Cs-140 66s 1.05 X 1072 1 0.023 0 0.020
Ba-140 12.8d 6.266 X 1077 1 0.003 0 0.003
La-140 40.5h 4.753 X 10-% 1 0 0 0
Xe-141 1.7s 4.076 X 107! 1 0.018 0.062 0.020
Cs-141 Sh 1.000 X 10° 1 0.029 0 0.021
Ba-141 18m 6.416 X 10-4 1 0.012 0 0.010
La-141 3.7h 5.203 X 1075 1 0.001 0 0.001
Ce-141 32.8d 2.445 X 1077 1 0 0 0
Cs-142 Im 1.155 X 10~2 1 0.034 0.055 0.0509
Ba-142 6m 1.925 X 10-3 1 0.022 0 0.014
La-142 74m 1.56 X 104 1 0.003 0 0.002
Ba-143 30s 2.31 X 10-2 1 0.049 0.046 0.0531
La-143 19m 6.078 X 107* 1 0.013 0 0.010
Ce-143 33h 5.833 X 10-° 1 0 0 0
Pr-143 13.7d 5.855 X 10-7 1 0 0 0
Ce-144 290d 2.765 X 10-8 1 0.061 0.046 0.0529
Pr-144 17.5m 6.6 X 1074 1 0 0 0
Ce-145 3.0m 3.85 X 1073 1 0.042 0.027 0.0424
Pr-145 5.95h  3.235 X 1075 1 0 0 0
Ce-146 13.9m  8.309 X 1074 1 0.032 0.020 0.0343
Pr-146 24.4m  4.733 X 1074 1 0.001 0 0.001
Nd- 147 11.34 7.098 X 1077 1 0.026 0.014 0.0292
Pm- 147 2.6y 8.48 X 1079 1 0 0 0
Nd-149 2h 9.625 X 1075 1 0.013 0.007 0.0189
Pm- 149 54h 3.564 X 107¢ 1 0 0 0
Nd-151 15m 7.70 X 10-* 1 0.0048 0.0026 0.0117
Pm-151 27.5h 7.00 X 10-¢ 1 0.0002 0 0
Sm-151 73y 3.02 X 10-10 1 0 0 0
Sn-128 57Tm 2.026 X 10-4 1 0.005 0.0057 0.008
Sb-128 10.3m 1.121 X 10-3 1 0 0 0
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Isotope

Sb-129
Te-129m
Te-129

Sb-129
Te-129

Sn-130
Sb-130

Sbhb-131
Te-131m
Te-131
1-131
Xe-131m

Sb-131

Te-131
I-131

Xe-131m

Sn-132
Sb-132
Te-132

I-132

Te-133m
Te-133
I-133
Xe-133m
Xe-133

Te-133m

Te-133
I-133

Xe-133

Sb-134
Te-134
1-134

Te-135
I-135
Xe-135m

Xe-135

Te-135
1-135
Xe-135

1-136
Cs-136

Table C-1. (Cont'd)
Ty/. N sec~! B
4.6h 4.185 X 10-5 0.24
33.5d  2.394 X 1077 1
74m 1.56 X 104 1
4.6h 4.185 X 10-5 0.76
74m 1.56 X 10-4 1
2.6bm  4.442 X 1073 1
12m 9.625 X 10-* 1
23.lm 5.00 X 10"%4 0.15
30h 6.416 X 10-° 1
25m 4.620 X 10-4 1
8d 1.003 X 10"¢ 0.01
12d 6.684 X 10-7 1
23.lm 5.00 X 10°4 0.85
25m 4.62 X 10-* 1
8d 1.003 X 10-¢ 0.01
12d 6.684 X 10-7 1
2.2m 5.25 X 10-3 1
2m 5.775 X 1073 1
77h 2.50 X 1076 1
2.4h 8.021 X 10°5 1
63m 1.833 X 10-4 1
2m 5.775 X 10-3 1
20.5h 9.39 X 10°¢ 0.024
2.3d  3.487 X.10-°® 1
5.27d 1.522 X 107°® 1
63m 1.833 X 10~4 1
2m 5.775 X 10-3 1
20.5h 9.39 X 10°% 0.976
5.27d 1.522 X 10-°® 1
50s 1.386 X 10°2 1
44m 2.625 X 1074 1
52.5m 2.20 X 10-% 1
2m 5.775 X 10-3 1
6.68h 2.882 X 1075 0.3
15.6m 7.403 X 10~ 1
9.2h 2.092 X 10-5 1
2m 5.775 X 10-3 1
6.68h 2.882 X 1075 0.7
9.2h 2.092 X 10-5
86s 8.058 X 10-3 0
12.9d 6.218 X 1077 1

U-235 U-233 Pu-239
Yi Yi Yi
0.010 .0114 0.013
0 0 0
0 0 0
0.010 .0114 0.013
0 0 0
0.020 0 0.020
0 .025 0
0.029 .048 0.0287
0 0 0
0 .041 0
0 0 0
0 0 0
0.029 .048 0.0287
0 0 0
0 0 0
0 0 0
0.034 0 0.039
0 .062 0
0.010 0 0.0012
0 0 0
0.046 .066 0.0397
0.014 0 0.009
0.005 0 0.004
0 0 0
0 0 0
0.046 .064 0.0397
0.014 0 0.009
0.005 0 0.004
0 0 0
0.030 .071 0.0269
0.037 0 0.025
0.009 0 0.005
0.042 .071 0.039
0.017 0 0.016
0 0 0
0.003 0 0.003
0.042 .071 0.039
0.017 0 0.016
0.003 0 0.003
0.063 .072 0.021
0.000062 0 0.0296
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Isotope

Pd-111
Ag-111

Pd-112
Ag-112

Ag-113
Cd-113m

Ag-114

Ag-115
Cd-115
In-115m

Ag-115
Cd-115

Cd-117Tm

Cd-117
In-117Tm
In-117
Sn-117m

Cd-118
In-118

In-119
Sn-119m

Sn-121

Sn-123
Sn-123

Sn-125m
Sn-125
Sb-125
Te-125m

Sn-126
Sb-126

Sn-127
Sb-127
Te-127m
Te-127

Sn-127
Sb-127
Te-127

Kr-94
Rb-94
Sr-94

Y-94

Table C-1. (Cont'd)

Ti/2 A sec™! Bi
22m 5.25 X 104 1
7.5d 1.069 X 10-°® 1
21h 9.166 X 10-° 1
3.2h  6.016 X 1075 1

5.3h  3.632 X 1075 0.005
5.1ly  4.327 X 1079 1
2m 5.775 X 1073 1
20m  5.775X 107% 0.91
53h 3.632 X 1076 1
4.5h  4.278 X 1075 1
20m 5.775 X 10°% 0.09
43d 1.865 X 10-7 1
3.0h 6.417 X 1075 1
50m 2.31 X 10-% 1
2.3h  8.37 X 10°% 0.28
l.lh 1.75 X 107% 0.01
14d 5.729 X 10°7 1
50m 2.31 X 10°¢ 1
4.5m  2.567 X 1073 1
17.5m 6.6 X 1074 1
250d 3.208 X 10°8 1
27.5h  7.00 X 10~ 1
39.5m 2.924 X 1074 0
136d 5.897 X 10°8 1
9.8m 1.179 X 103 0
9.44 8.532 X 1077 1
2.0y 1.103 X108 0.18
58d 1.383 X 10-7 1
50m 2.31 X 1074 1
9h 2.139 X 1075 1
1.5h  1.283 X 107* 1
93h 2.069 X 107¢ 0.16
105d 7.638 X 1078 1
9.3h 2.069 X 10-5 1
1.5h  1.283 X 107* 1
93h 2.069 X 107¢ 0.84
9.3h  2.069 X 1075 1
1.4s 4.95 X 107! 1
Sh 1.00 X 100 1
2m 5.775 X 10-3 1
16.5m 7.00 X 104 1

U-235 U-233 Pu-239

Yi Yi Yi
0.00018 0.0003 0.0027

0 0 0
0.00011 0.00020 0.0010

0 0 0
0.0001 0.0002 0.00065

0 0 0
0.0001 00018 0.00049
0.00011 0.00017 00041

0 0 0

0 0 0
0.00011 0.00017 .0.00041

0 0 0
0.0001 0.00017 0.00039

0 0 0

0 0 0

0 0 0

0 0 0
0.0001 0 0.00039

0 0 0
0.0001 0 0.00039

0 0 0
0.00014 0.00019 0.00044
0.00015 0.00014 0.00065
0.000012 0 0.00005
0.00011 0 0.00072
0.00012 0.0006 0.00072
0.00011 0 0

0 0 0
0.001 0.009 0.0022

0 0 0
0.0024 0.0018 0.0039
0.0001 0 0

0 0 0

0 0 0
0.0024 0.0018 0.0039
0.0001 0 0

0 0 0
0.006 0.068 0.005
0.023 0 0.018
0.029 0 0.022
0.007 0 0.005
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Isotope

Y-95
Zr-95
Nb-95m
Nb-95

Y-95
Zr-95
Nb-95

Zr-97
Nb-97m
Nb-97

Zr-97
Nb-97

Nb-99
Mo-99
Tc-99m

Mo-101
Tc-101

Mo-102
Tc-102

Ru-103
Rh-103m

Mo-105
Tc-105
Ru-105
Rh-105m
Rh-105

Ru-106
Rh-106

Tc-107
Ru-107
Rh-107

Ru-108
Rh-108

Rh-109
Pd-109
Ag-109m

Se-83m
Se-83
Br-83
Kr-83m

Table C-1. (Cont'd)
TI/Z A SeC'l ‘31
10.5m 1.1 X 10-3 1
65d 1.234 X 10-7 0.014
90h 2.138 X 10-¢ 1
35d 2.292 X 10-7 1
10.5m 1.10 X 10-3 1
65d 1.234 X 1077 0.986
35d 2.292 X 1077 1
17h 1.132 X 10°5 0.95
60s 1.155 X 10-2 1
72.1lm 1.601 X 104 1
17h 1.132 X 1075 0.05
72.1m 1.601 X 1074 1
3.8m 3.039 X 10-3 1
68h 2.83 X 107¢ 0.1
6.04h 3.187 X 10°5 1
14.6m 7.91 X 1074 1
14.0m 8.25 X 10°¢ 1
12m  9.625 X 1074 1
25s 2.772 X 1072 1
39.8d 2.015 X 1077 0.95
57m 2.026 X 1074 1
5m 2.31 X 10-3 1
Sh 1.00 X 10° 1
4.5h 4.278 X 1075 1
45s 1.54 X 10-2 1
36.5h 5.273 X 1076 1
ly 2.207 X 10-8 1
30s 2.31 X 10-2 1
1.5m 7.7 X 10-3 1
4m 2.888 X 10-3 1
26m  4.442 X 1074 1
4m 2.887 X 1073 1
18s 3.85 X 10-2 1
lh 1.925 X 10-4 1
13.6h 1.415 X 1075 1
40s 1.733 X 1072 1
67s 1.034 X 10°2 0.1
25m  4.62 X 1074 1
2.3h 8.37 X 10-5 1
114m 1.013 X 1074 1

U-235 U-233 Pu-239
¥Yi Yi Yi
0.064 0.066 0.059
0 0 0
0 0 0
0 0 0
0.064 0.066 0.059
0 0 0
0 0 0
0.062 0.059 0.059
0 0 0
0 0 0
0.062 0.059 0.059
0 0 0
0.061 0.048 0.059
0 0 0
0 0 0
0.050 0.026 0.059
0 0 0
0.042 0.024 0.058
0 0 0
0.029 0.0088 0.057

0 0 0.001
0.006 0.0046 0.025
0.003 0 0.012

0 0 0

0 0 0

0 0 0
0.0038 0.0033 0.050

0 0 0
0.0016 0.0022 0.032
0.0004 0 0.008

0 0 0
0.0008 0 0.020

0 0 0
0.00028 0.0009 0.015

0 0 0

0 0 0
0.003 0.008 0.00050
0.0018 0 0.00035

0 0 0

0 0 0
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Table C-1. (Cont'd)

Isotope Ty/2 N\ sec”! Bs
Se-83m 67s 1.034 X 10-2 0.9
Br-83 2.3h 8.37 X 1075 1
Kr-83m 114m 1.013 X 10~* 1
Se-84 2m 5.775 X 103 1
Br-84 30m 3.85 X 104 1
Br-85 3m 3.85 X 10-3 1
Kr-85m 4.36h 4.415 X 105 0.2
Kr-85 10.57y 2.087 X 10-9 1
Br-87 55s 1.26 X 10-2 1
Kr-87 78m  1.48 X 107* 1
Br-88 15.5s 4.471 X 10~2 1
Kr-88 2.77h 6.949 X 10-3 1
Rb-88 17.8m 6.488 X 1074 1
Br-89 4,51s 1.537 X 107! 1
Kr-89 3.18m 3.632 X 10-3 1
Rb-89 15.4m 7.5 X 10°¢ 1
Sr-89 53d 1.513 X 10°7 1
Kr-90 33s 2.1 X 10-2 1
Rb-90 2.74m 4.215 X 10-3 1
Sr-90 28y 7.88 X 10710 1

Y-90 64.8n 2.971 X 1076 1
Kr-91 9.8s 7.071 X 1072 1
Rb-91 14m 8.25 X 10-4 1
Sr-91 9.7h 1.985 X 10~5 0.4

Y-91m 51lm 2.264 X 10-¢ 1

Y-91 58.3d 1.376 X 10-7 1
Kr-91 9.8s 7.071 X 1072 1
Rb-91 14m 8.25 X 10-4 1
Sr-91 9.7h 1.985 X 10-5 0.6

Y-91 58.3d 1.376 X 10-7 1
Kr-92 3s 2.31 X 10-1 1
Rb-92 80s 8.663 X 10°3 1
Sr-92 2.6h 7.404 X 10-5 1

Y-92 3.6h 5.347 X 10°5 1
Kr-93 2s 3.465 X 10-1 1
Rb-93 Sh 1.00 X 109 1
Sr-93 Tm 1.65 X 10°3 1

Y-93 10h 1.925 X 10-5 1
Sm-153 47h 4.095 X 10-¢6 1
Sm-155 23.5m 4.914 X 10-* 1
Eu-155 1.7y 1.298 X 1078 1
Sm-156 10h 1.925 X 10-5 1
Eu-156 144 5.729 X 1077 1

U-235 U-233 Pu-239
Yi Vi Yi
0.003 0.008 0.00050
0 0 0
0 0 0
0.011 0.015 0.001
] 0 0
0.015 0.025 0.0020
0 0 0
0 0 0
0.027 0.046 0.0082
0 0 0
0.029 0.054 0.010
0.008 0 0.002
0 0 0
0.046 0.051 0.018
0 0 0
0.002 0 0.001
0 0 0
0.052 0.064 0.022
0.007 0 0.003
0 0 0
0 0 0
0.037 0.066 0.020
0.020 0 0.009
0.002 0 0.001
0 0 0
0 0 0
0.037 0.066 0.020
0.020 0 0.009
0.002 0 0.001
0 0 0
0.027 0.068 0.018
0.028 0 0.017
0.006 0 0.002
0 0 0
0.013 0.068 0.005
0.031 0 0.023
0.020 0 0.014
0.001 0 0
0.0015 0.0009 0.0041
0.00031 0.0003 0.0022
0 0 0
0.00013 0.0002 0.0012
0 0 0






APPENDIX D
DER-013, Point Source Summation Code

DER-013 is designed to calculate the dose rate, heating rate, or
flux due to primary or secondary gamma radiation. Several geometries
are utilized by the program; however, the basic source geometry from
which the program operates is the cylinder. Variations of this geometry
are accomplished by applying the appropriate input data. These varia-
tions include a cylindrical shell source, a rectangular source, and a
disk source. The program has provisions for 15 shields arranged either
axially or radially about the source. The axial shields are represented
as slabs, and the radial shields assume the same geometry as the source.
The source and shields may be located in a specified shielding medium.
Flux, dose rate, or heating rate points may be located at any position
either outside the source, within the source material, inside the exclu-
sion volume of the hollow cylinder, or in the medium. The program
accommodates 10 energy groups of photons and provides for radial and/or
axial variations in source strength.

For the calculations the program divides a cylindrical source into
a number of volumetric sources (mesh volumes), which are then treated
as point sources located at the center of each volume (see Figure D-1).
The size, shape, and number of mesh volumes calculated by the program
depend on the input data. The initial division of the source is accom-
plished by separating it into cylindrical shells starting at its outer radius
and ending at the radius of the exclusion volume or the center of the
source, as the case may be. Axially, mesh volumes are begun at the
bottom of the shell. The normal or slant penetration and flux through
all of the shields for each energy group from a given mesh volume are
calculated and stored before the routine moves to the next mesh volume.
The program solves the equation for the intercept of the line [(y — y;)

(xp =%x;3) = (y2—y;) (x =x;)] between the source point and the dose point

D-1



with each of the shield interfaces (x? + y? = r? for a cylindrical shield
or Z = a for a plane shield] in the x — y plane. From these intercepts

the distances in the x — y plane are calculated:

PP, = N(x —x))% + (yz —y;)%.

The slant penetration distances in each shield in three dimensions is
then calculated for each column of mesh volumes by a ratio of the total
plane distance to the total three-dimensional distance. The flux from

each source point is

S
¢ = B o e-b
4Mla?
where )
So = point source strength, y/sec
a = distance from source point to flux point, cm
n
b = z Byt
1
i = number of shield
i = linear absorption coefficient
t = thickness of shield
B = Ale-alb + Aze-azb = buildup factor
The equation then becomes:
So e-(l+a)b e-(l+a,)b
= Al 1 + AZ 2
4T1a?

Fluxes from the volumetric sources are calculated in the axial
direction before a radial angular change is initiated to calculate a new
column of mesh volumes. With the appropriate input the program
applies a self-calculated axial distribution to the source points. If this
is not desirable, however, there are provisions for inserting a distri-
bution in source strengths, both axially and/or radially.

When the entire source has been divided and analyzed, the machine
prints out the total builtup flux, dose rate, or heating rate from each

energy group.



Figure D-1. Point Source Summation Program Method
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