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Part V - Gamma Radiation Levels on the Operating
. Floor of the Containment Building

a. Levels Above the Equipment Compartment

“Summary ‘ f?
This report, Part V-a of Technical Memorandum No, 16, presents the results
of a survey of calculated gamma-ray levels at many points on the surface of the
operating floor of the containment building for the Enrico Fermi reactor. That
portion of the floor surveyed lies directly above the equipment compartment.
The calculations were made with the aid of an IRM-650 electronic computer,

: The main source of radioactivity which gives rise to gamma radiation
above -the floor is the radiocactive sodium-2L in the primary coolant system. This
system was considered to be completely filled with sodium, and activated to an
equilibrium act1v1ty of 0.05 curles/cc which corresponds to infinite reactor
operation at 500- megawatts power, No f18$1on ‘product contamination was considered
for these calculations. The operating floor is 5 feet thick and of concrete and

~steel, as shown in Figure 1. , .

.. The results of the survey, presented in Table II, indicate: that above
- the equipment compartment the surface dose on the operatlng floor will in no case
-5 exceed 0,9 mr/hr at the expected full Operatlng power of L30 megawatts.

g .
'*Tﬂ Included as appand1ces are derlvatlons and methods of correctlons
v from one set offconcrete ‘and steel thicknesses to another, - )
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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.
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Vegsel of the Enrico Fermi Atomic Power Plant

Being Issued:

Part V - Gamma Radiation Level in the Operating Area
of the Containment Building

a, Levels above the Eéuipment Compartment

Issved Sepvember L, 1958:

"Part 1 - Gamma Radiation Levels in the Equipment Compartment
Due to Primary Coolant Activity and Associated
Fission Product Contamination -

To Be Issed at a Future Date:

... Part IT - Gamma Radiation Levels in the Equipment Compartment
Due to the Storage of Various Radioactive Pieces
of Equipment

Part TIT - Gamma_Radiation Levels in the Reactor Compartment

Part IV - Neutron Radiation Levels in the Reactor Compartment
During Plant Operation

Part Vb - Gamma Radiation Levels in the Operating Floor Above
the Reactor Compartment

Part VI - An Estimate of Neutron and Gamma Streaming into the
Operating Area of the Containment Building.,
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I. Description and Results

A, Design Basis

The operating floor Shield of the containment building for the Enrico
Fermi reactor has been designed so as to allow continuous access to the building
at all times during full-power operation of the reactor. The maximum weekly
external radiation exposure to which plant personnel working in unregulated
areas will be subjected is 0.03 rem on the basis of a LO-hour week. Translated
into a design criterion, the maximum permissible level due to radiation leaking
through the operating floor of the containment building has been set at a rate
of 0.75 millirem/hr,

S The shield floor consists of a total thickness of 5 feet in most areas,
consisting of from 3-1/2 inches to 10 inches of steel plate on the underside of
the shield, with the remaining thickness being corncrete having a dry density

-of 150 1b/rt3 (1),

(2) .

Serpentine concrete has been chosen for the high~temperature areas
which will exist around the access plugs in the floor for the primary coolant
heat exchangers and primary sodium pumps., This concrete, developed for PRDC

by the Toledo Tésting Laboratory, has a density of 130 1b/ft3 and a compressive

strength of around 2500 psi. The serpentine rock aggregate, actually a type of
asbestos ore, has the ability to hold its hydrated water to temperatures as high
as 900 F,and therefore to keep its neutron shielding effectiveness to these
temperatures, It should be noted that in the serpentine concrete areas; the
steel thicknesses required are greater than in other areas because of the low
density of serpentine concrete.

_ The present report is concerned with the radiation levels at the sgrf?ﬁ?
of that portion of the operating floor above the equipment compartment, (3),

(1) At the time that the design of this operating floor shield was set, the most
reliable information which was available indicated that 150 1b/ft3 concrete
could be easily obtained by use of a particularly heavy grade of local trap
rock. It has not been established that this-density is. -~possible to-achieve.
consistently in large quantities with this aggregate. Some magnetite ore
will be added to achieve this density.

2 o _ L

@) A description of this concrete is given in an article entitled "New Shielding
Material for High Temperature Application" by H. E. Hungerford, R. F. Mantey,
and R. Van Maele, Nuclear Science and Engineering, November 1959.

(3) . . . A ,

) Section V-b, Radiation Levels on Operating Floor ‘Above the Reactor Compartment,

will be issued at a future date.

(L)

The secondary shield wall (Figure 1) divides the lower building area into an
inner reactor compartment and an outer equipment compartment,
_ _c .
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1 x 10k n/cnf -sec
flux on the under51 of the operating floor due to radiocactive sodium~2l is of

Co

The maximum level of the neutron flux which is expected to be incident
{he under51de o{ %he operating floor in the equipment compa rtment is less than
Part I of the survey (6) indicated that the highest ¥ -ray

the order of 5 x 10 4§ Fission product impurities present to the extent taken
in Case IV of Part I could raise this level by as much as a factor of 10 at
any given point,

The steel and concrete thicknesses were determined by means of detailed
hand calculatlons which considered separately and collect1vely all the important
radiation sources which contribute radiation to a given area of the floor above
the shield. With the aid of the results of these calculations, the steel require-
ments are satisfied in various areas by the use of from 3-1/2 ft to L ft of
concrete, The remainder of the concrete thickness and the steel thickness require-
ments then are necessary because of the nature and 4mtensity of the gamma radiation
below the floor and the maximum design dose rate pe rmitted above the operating
floor,

Purpose of this Survey

- This survey was undertaken as a check on the previous hand calculations
and to detect any hidden‘weaknesses which may exist in the floor as designed.
Since the floor is a relatively large area, there could conceivably exist points
not covered by the hand calculations.,

Description of Survey Program.

The plan of the survey follows closely that outlined in Part I. The
gamma radiation penetratlng the operating floor comes primarily from the radio-
active sodium-2lL in the primary coolant loops.

, The sources listed in Table I are the same as those used for Part I.

A grid consisting of radial lines and concentric circles was overlaid on a plan
view of the equipment compartment as shown in Figure 2 , Since it was previously
established that the total thickness of the shield was determined only by the gamma
radiation levels existing below the floor, no survey on neutron levels above the
operating floor has been made.

(5)
(6)
(7)

(8)
v

This value is a mid-compartment figure. Levels at the ceiling of the lower
compartment will be slightly less than this.

Part I was issued September L, 1958, See Chart 1k of Part I for expected full-
power radiation levels at the underside of the operating floor,

g.e., a contamination level of 0,025 curies/ce (Chart IT of Part I),

The only sources of neutrons above the operating floor are possible sireaming
paths. Possible neutron levels from these paths will be presented in Part VI,
The statement of the above paragraph refers only to the shield above the
equipment compartment.




Sources
6-inch pipe
1l4~inch pipe
16-inch pipe
30-~inch pipe
Sodium Pump
IHX

Sodium overflow tank

TABLE I

‘Individual Sources

In Fguipment Compartment

Horizontal

Loop I Loop 11  Loop 11l

1

o w ¥+
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Total Horizontal Sources

thal Vertical Sources

Total Sources

1
2

o w O
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vertical source only

3
2

0
3
0

0
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Loop L
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1
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Calculations of the dose rate to be expected at the surface of the
operatlng floor were made at each of the more than 200 grid points designated by
the intersection of the radial lines and the concentric circles. A program
was developed for running these calculations on the IBM-650 electronic calculator,
using the formulas developed in Sectlon IT. and in the appendices to this report.

The machine calculations were run u31ng a single steel thickness of
6-3/ly inches -- the largestsingle thickness of steel used (See Figure 1) in
the operating floor shield. The corresponding concrete thickness is 53 1/h inches.,
After an inspection of the results, the dose rate values for all points over areas
of different concrete and steel thicknesses were corrected to their proper thicknesses,
by hand calculation, using the ratio formulas developed in Appendix B.

Condition of the System

The sodium primary coolant system at. operating power of 500 megawatts(9)
will contain radiocactive sodium calculated to have a specific activity of
0,05 curles/cc. The dominant gamma-ray which contributes almost all the dose
has. an- energy of 2, 76 mev, No fissiom product ‘contamination was assumed in
these: calculations, because the proportion of fission products which may exist.
in the quantities assumed in Part I of-this repért; and-which have K-rqy
energies above that of the sodium gamma-ray is negllglbly -small,

Results of the Study

The results of this set of calculations are presented in Table II, which
show the expected gamma radiation levels at the surface of the operating floor
at a reactor operating power level of 500 megawatts, ~

This survey shows that, for the most part, the radiation levels are
within the design limits. It 1s, of course, impossible to design so that
every point will be exactly at the design limit, Effort is made to keep the
point of highest radiation level at the design limit in each area of the floor,
This means that other nearby points will fall somewhat below the limit.,

The machine calculations indicated a few points that were slightly over
the design limit of 0.75 mrem/hr at the 500 megawatt shield design power of
the reactor, When correction is made to the correct reactor operating powers
of 300 mw and 430 my, respectively, most of the p01nts fallﬁbelow the design limit,

It may be concluded as a result of this study, the operatlng
floor shield will perform as designed and that the radiation levels will at
no point be more than 15% greater than the design limits,

Calculational Bases ‘and Methods
A, General Descriptian '

_ A1l the calculations weremade assuming line sources. The same line sources
were used as those for Part I of the survey., Each piece-of equipment, and horizontal
and vertical run of coolant plplng, was treated as a separate source (see Table I).
Pipe elbows were divided appropriately between the horizontal and the vertical runs.

(9) First full-power operation will be 300 megawatts, Later this will be raised
to 130 mw, Use of the 500-megawatt figure for design purposes allows a
safety factor of about 15%,
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TABLE I
v

RADIATION LEVELS ON THE SURfACE OF THE OPERATING FLOOR
ABOVE THE EQUIPMENT COMPARTMENT

Floor Thickness (inches)

Dose Rate, mr/hr .

Steel Concrete Serpentine at 500 Mw
0° 5,75 5h.25 » ‘ h.B6 (-1)x
D 3.50 80.50 2.66 (=3)

E 3.50 80.50 2.66 (-3)

G 3.50 80.50 5.10 (=3)

H 3.50 80.50 6.09 (-3)

10° a 5.75 5).25 2,96 (-1)
B 5.75 5h.25 3.92 (-1)

C 3.50 80.50 8.17 (-3)

D 3.50 80.50 8.6L (=3)

E 3.50  80.50 8.6k (~3)
a 3.50 ~ 80.50 8.6l (-3 -

H 3.50 80.50 8.6L (-3)

20° 4 3.50 80.50 2,20 (-3)
B 3.50 80.50 3.31 (=3)

c 3,50 80.50 L.L9 (-3)

D 3.50 80,50 5.67 (=3)

E 3.50 80.50 6,20 (=3)

G 3,50 80.50 6.2 (-3)

H 3.50 80.50 6.37 (=3)

30° A 3.50 80.50 1.01 (=3)
B 3,50 80.50 1.65 (-3)

C 3.50 80.50 2.43 (=3)

D 3.50 56.50 3.13 (-3)

G 3.50 80.50 2.97 (-3)

H - 3.50 80.50 3.15 (=3)

4o° 2 5.75 51,25 7.30 (-2)
B 5.25 54,75 1.53 (-1)

D 5.25 5L.75 2.92 (-1)

H 5.25 5L.75 1.25 (-1)

50° A 5,28 5,75 2.31 (-1)
; B. 5.25 5L.75 3.17 (-1)
c - 6.75 53.25 1.81 (-1)

G 6.75 53,25 2,06 (-1)

H 6.75 53.25 2.22 (-1)

' iii # The figures in parenthesis indicate the power of ten by which the
numbers to the left are to be multiplied.
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TABLE II (Continued)

Steel

5.25
5.25
10.00
10.00

6.75

~ 9~ -3 O O\
- [y 1 L} . L) L ) -

viri v

Concrete

54.25
54.25

53.25
53.25
53.25

5h075
54,75

53.25
53.25

5L.75
Sk.75

53.25
53.25

5h075

53.25
53.25

Sho 75
5L.75

52.75
52.75
52.75

54.75
54,75
53.25
53.25
52.75

52,75
52,75

Serpentine

10.00
40.00

58,00
58.00
140.00

L0.00
L40.00
L0.00
40.00

L0,00
51,50
51.50
40,00
40.00

40.00
40.00
40.00

-12 -

Dose Rate, mr/hr

at 500 Mw
L.08 (1)
3.10 (-1)
2.97 (=2)
hoBl (-2)
2.09 (-1)
2.6L (-1)
2,90 (-1)
- 5.97 (-1)
)4036 ("1)
L‘-?S ('1)
)4075 (-l)
3.0L (-1)
hobh (-1)
L.66 (-1)
8,01 (=1)
5.65 (-1)
2.18 (-1)
1,02 (-1)
,4612 ("1)
5.16 (-1)
6,42 (-1)
6.18 (-1)
5.12 (-1)
1095 ('1)
3.96 (-3)
3.96 (-3)
7.43 (-1)
7.06 (-1)
5.72 (-1)
50)-32 ("1)
L.63 (-1)
2.2L (-1)
1.33 (-1)
2.5 (-1)
6.92 (-1)
6.79 (-1)
3.03 (-1)
3.48 (-1)
6.37 (-1)
8.11 (-1)
4,01 (-1)
L.hh (<1)
5.05 (-1)

- 6.37 (~1)
5053 (-1)
s.h2 (1)




TABLE II (Continued)

Floor Thickness (inches) Dose Rate, mr/hr

@ Steel Concrete Serpentine at 500 Mw
120° A 5.25 54,75 6.1L (-1)
B 5.25 5L.75 7.96 (-1)

c 10,00 40.00 9.59 (-1)

D 10.00 L0.00 1.81 (-1)

E 10.00 40.00 L.88 (-1)

F 6.75 53.25 5.49 (-1)

¢ 6.75 53.25 5.58 (-1)

H 6.75 53.25 5.03 (-1)

1300 4 5.25 5L.75 L.L7 (1)
B 10,00 40.00 7.87 (-2)

c 10.00 10,00 9.59 (=2)

D 10,00 - $%0.00 1.81 (-1)

E 10.00 40.00 L.88 (-1)

F 10.00 L40.00 5.60 (-1)

G 6.75 53.25 1.7h (-1)

H . 6.75 53.25 1.85 (-1)

1h0° A 5.25 5. 75 ' 5.2L (-1)
B 10,00 40,00 1.84 (-1)

c . 19.50 51.50 3.96 (-3)

D 19,50 /51,50 3.96 (-3)

E 10.00 10,00 5.88 (-1)

F 10.00 14,0.00 5.83 (-1)

G 6.75 53.25 5.09 (-1)

150° A 6.75 53.25 119 (-1)
o 10,00 110,00 2,06 (-1)

D 10,00 ~ 40.00 9,63 (-2)

E 10.00 40.00 3.31 (-1)

F 6.75 53.25 ‘ 5.33 (-1)

G 6.75 53.25 5.12 (-1)

H 6.75 53.25 5.33 (-1)

160° A 6.75 53.25 2,92 (-1)
B 6.75 53.25 2.3 (-1)

c 10,00 40.00 . 2.62 (-1)

D 11.00 58,00 4.75 (-1)

E 10.00 . : Lo.oa 3.52 (-1)

H 6.75 53.25 L.59 (-1)

170° A 6.25 53.75 2.90 (-1)
B 6.25 53.75 2.41 (-1)

c 6.25 53.75 1.38 (-1)

D 6.25 53.75 1.3 (-1)

G 6.25 53.75 3.22 (-1)

N I 6.2 23.75 300 (1)

- 13 -




TABLE II (Continued)

Floor Thickness (inches)

Dose Rate, mr/hr
at 500 Mw
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TABLE IT (Continued)

Floor Thickness (inches)

) G Dose Rate, mr/hr
: Steel Concrete Serpentine at 500 Mw
21,0° 2 3.50 ' 56,50 3.40 (-1)#
B 3.50 56.50 : 5.72 (-1)
c L.75 56,00 1.59 (=2)
D L.75 56,00 h.21 (-2)
E Lh.75 56.00 7.87 (=2)
" F .25 55.75 9.35 (-1)
G L.25 55.75 8.80 (-1)
H L.25 55.75 8.54 (-1)
250° 4 5.25 5L.75 h.21 (-1)
B 5.25 54,75 5.05 (-1)
C 6.75 53.25 2.13 (-1)
D 6.75 53.25 2.08 (-1)
E 6.75 53.25 3.29 (-1)
F 6.75 53.25 3.78 (-1)
a 6.75 53.25 2.75 (-1)
H 6.75 53.25 2,90 (-1)
260° A 5.25 5L.75 3.87 (-1)
B 5.25 sh.75 8.18 (-2)
C 10.00 _ 40.00 3.L7 (-2)
D 10,00 L40.00 1.50 (-1)
E 10.00 . 40.00 5.12 (-1)
F 10.00 40.00 5.83 (-1)
G 6.75 53.25 < 1.19 (-1)
H 6.75 53.25 1.19 (-1)
270° A 5.25 sh.75 5,12 (-1)
B 10.00 40.00 1.83 (~1)
c 10,00 40,00 3.96 (-1)
D 19,50 51,50 3.96 (-3)
E 19.50 51.50 3.96 (=3)
F 10,00 140,00 06,30 (-1)
G 6.75 53.25 L.8L (-1)
H 6075 53025 h-l)-‘ ("1)
2800 - A 5.25 5L.75 8.82 (-1)
B 5.25 . 5L.75 6.32 (-1)
C 10,00 : L0.,00 2.20 (-1)
D 10,00 40,00 1.11 (-1)
E 10,00 . L0.00 3.43 (-1)
F 10.00 : 40.00 4.19 (-1)
G 6.75 53.25 5.09 (-1)
H 6.75 53,25 5.72 (-1)
290° A 5.25 5L.75 6.55 (~1)
C 11.00 58.00 9.9h (-2)
D 11,00 58,00 L.75 (-1)
G E 11.00 58.00 2.6 (-1)
G 6.75 . 53.25 3496 (-1)
H 6.75 53.25 3.87 (-1)

(W)
a1

- 15 -




TABLE II (Continqed)

Dose Rate, mr/hr

Floor Thickness (inches)

at 500 Mw
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# The figurés_in parenthesis indicate the power of ten by which the

numbers to the left are to be multiplied,
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B.

lations

L%ne source calculations were used rather than volume source calcu-
for the reason that programming for the IBM-650 calculating

machine is simplified by the use of line sources.

Orientation of Source and Detection Points

The calculations break down into five different types according to the

orientation of the line source with respect to the shield and with respect
to the point on the upper surface:of the shield. Since the shield is the
operating floor, its orientation is always horizontal. The five orientations
of the source with respect to the point of detection are shown in Figure 3
through 7. In the first two, the line source is vertlcal and in the latter

three the line source is horlzontal

must be calculated by means of a separate formula., Equations for the dose at
any point on the operatlng floor for any given orlentatlon are developed in
Appendices D through H.

Case 1 - Vertical line source. Detection point P lies directly above
(or within 5° of being directly above) the line source.
(Figure 3)

Case 2 - Vertlcal 11ne source. Deteetion'p01nt P lies anywhere
except directly aboVe line source. (Figure L)

Case.ﬁ - Horlzontal line source. A perpendlcular 11ne drawn
: from the detectlon point P to the source “intersects
the source at some point between the ends. (Figure 5)

Case L - Horlzontal line source, A perpendlcular line drawn from
P 1ntersects the source only at. ‘one end. . (Figure 6)

Case 5 - Hor1zontal line source. A perpendlcular line drawn from
P does not intersect the source but intersects an
extension of it. (Figure 7)

Total Dese. at_Point P =

""The machine calculations are so set up that at every point the dose

rates due to each. separate source are added togethér t6 give the total dose
rate at the point, The results of the machined calculations shown in
Appendlx ‘A are essentially only seml-processed data, and mst be modified
according to the pattern of correct. steel and concrete thicknesses to obtain
the true total expected dose rates., These modifications were made by hand
calculations using the formulas given in Appendix B.

(10)

In. actual1ty, the volume source formula such'as given in Rockwell "Reactor
Shielding Design Manual," TID-700L, are line sources with a built—in
mechanism for taking 1nto accountﬁbulld-up and self-absorption in the
source material,

The dose at P for each of these orientations
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Appendix A
RAW DATA - THE MACHINE CALCUIATION RESULTS

The results of the machine calculations are shown in Table A-l, These
values are for a 5-ft shield floor which consists entirely of 6-3/L inches of steel
and 53-1/k inches of concrete. (This is the largest single thickness configuration
of concrete and steel used), Gorrectlons to these values which are reported in

Table II were obtained by application “of the formulas shown in Appendix B,
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190
200
210

220

230
240
250
260
270
280
290
300

310

320

330
340

30

TABLE A-1

Dose rates in mr/hr on the operating floor of
ponding to the grid points as shown in Fig, 2) from Na?®

A
*
6007(-1)
3.68(-1)

' loSh(-l)

7017(-2)
9.11(=-2)
2.27(-1)
L. 03(-1)
5.90(~1)
7.88(~1)
5406(~1)
hnS?(‘l)
6,26(-1)
6.06(~1)
hehl(‘l)
5017(-1)
80 2(‘1)
5.87('1)
hoéh(’l)

2096(-1)

1.30(-13

013(-2”

2063('23
l§88(52
5633(-2)
1.71(~1)

- L5(-1)

3.82(-1)

5006(;1)v
8»72(?1)-

6 l(=1)

5407(-1)

i, 90(~1)

6.12(~1)
N 078(-1)

3428(=1)

‘h.27(-1):2

Conditions: Concrete’ thlékness - 53-1/L inches
Steel thickness

B

Sohé(-l)
L.90(-1)
203&(-1)
1,16(-1)
1.51(-1)
3.13(-1)
3006(’1)
4o93(-1)
5.57(-1)
u935('1)
2,21(~1)
8,02(-1)
7082('1)
1,75(-13
4o09(=1

6012631);
4.86(=1)

3(86('1§
ho37('l
2,62(-1)
7076('2)

L.88(~2)
3060('2)

9063('2)

2,88(-1).

L,97(-1)
8009(-2)
L,07(-1)
6020(‘1)

50&5(-1)
3.99(~1).
6090('1)_
 Te31(~1)
2,92(-1)
2.,03(-2)
7.36(~2) .

c
3.2h(~1)
5479(-1)
3.18(=1)
1472(=1)
2431(=1)
3.63(-1)

059(“2);

1.85(-1)

2097 (=1)
8.0L(~1)

8,68(-1)

2.13(-1)

14459(~1)
5484(=3)
2420(<1)
5;30(-1g
3015('1

1009(-13
7019('2

6.31(-2)
1053(-1)
4,08(=1)

h.zé(-lgi
7073(-2 

1,90(=1)

2.21(~1)
2071('1)
035(-1)
7+33(~1)
8.99(-2)

D

1088('1)
6011('1)
h.OZ(-l)

022(-1)
2988(-1)
3.60(01)
946L(-2)

2,26(-1)
5.L5(~1)

8,90(-1)
9457(=1)

-thh(-l)

2,14(-1)

2olh('l)
Lo9k(~1)
3.7h(-1)
150h(-1)

1.39(-1)

1,00(~1)
2.23(-1)

5429)-1)

b.17(-1)
3¢34(-1)

2,77(-1) 762
y 5485(
51(

2.86(~1)
9¢Oh(?1)
6.17(-1)

055('2)

2.85(?5) :

% The figures in parenthesis indicate
~ are to be multiplied,

-2 -

l
2.
1
2,
5
6
1
7
5

E

1.88(<1)
6e11(-1)
1236(-1)

he20(-1)
6477(~1)
9019(-1)
1.65( 0)
liSh( 0)
1.30( 0)
1.22( 0)
1.08( 0)
1.31(.0)
T637(~1)
7.83(-1)

(=1

o

=1

66(
27(
L8(-
92(.
77(
62(
o1h(

-1
-1
.-1,

L.

i.n('-s')

)
1)
1)
1)

)
1)
0)
)
)
)

- 6=3/L inches

G

3061(-1)
6.,11(-1)
4e55(=1)
2.11(-1)
2.98(-1)
uolh(-l>
5¢30(~1)
8091('1)
1.29( 0)
1.15( 0)
7061(‘1)
1.43( 0)
1.12( 0)
30h9(-1)
1,02( 0)
1.03( 0)
9035(-1)
5¢13(-1)
5.61(-1)
5,20(~1) 3
Le75(-1)
Lia6L(-1)

) 1.82(-1)

3451(-1)
SahS('l)

FEOSO('I)

803h('2)
9072('1)
1,02( 0)
7495(~1)
5.76(-1)
7469(~1)
6.,L0(=1)
1029(-2)
34 77(=k)
2.78( 2)

he reactor building (corres-
at equilibrium activity,
system full, with the reactor Operatlng at an assumed 500 Mw,

H

4e31(~1)
6010(f1)
haSl(-l)
2,22(-1)
1.23(=1)
Lok6(-1)
5083(~1)
9035('1)
1.24( 0)
1.09( 0)
9,02(=1)
1.50( 0)
1.01( 0)
3,70(~1)
9422(=1)
1.07( 0)
9423(-1)
Selili(=1)
hoeb(°l)

057(-1)
1003(-1)

5.40(-1)
1.10(-1)
1096(’1)
5030(=1)
5083(’1)
2039(-1)
8;30(‘1)
1.15( 0)

078(-1)
h.22(-1)
u068(‘1)
3.77(=1)
3,08(=-2)

085(‘3)
9 72(-2)

the power of ten by which the numbers to the left




AEEendix B
CORRECTIONS TO OTHER THICKNESSES

Once the dose at each point for a given thickness of each material is
known, it is a simple matter to correct these values for the proper (i.e. design)
thickness in each location, '

There are two (2) cases to consider. The first is where the correct amounts
of concrete and steel are simply different from the amounts used in the machine
calculations. The other case is where the concrete changes to serpentine concrete
or dry -packed aggregate in certain areas. ‘

Case 1 - Consider the dose rates Iy and Dy reépéétively. Let Dy be

the value of the dose rate resulting from the machine . calculations using the
fixed thicknesses tlg and tlc ; and let D2 be the dose rdte desired for
thicknessesitgg and Uhp o - ", The subscripts s and c¢ refer to
steel and concrete respectively. Let S be the source term, G be the geometric
attenuation factor from the source to the detection point, and B be the buildup
through the shield. (See Appendix C for symbols).,

Then H N . . Co
D, = SG [?(ustis, LI )] e"ustlsw+ uctlc:) ' B.1l

D, = 8¢ [Blugt, , u t, )]e-(Vst2st ¥ctec ) B.2

Dividing By by Dy we have:j

-(u t - :+‘u t;:~’.'.7. '.%) L

e-{u ts . + u th,. )
D 2‘ B(u$t2.$ > uct2 c)_ e 23 284.1 c(QCk v

SEN

Now, we assume the buildups can be expressed as products in each case, or:

B(ustés, gct2c ) i (ugthg) (ugtp,)

= Eg_s_) 22\ B.L
Blugbygs uotye ) (ustis) (?CtQC) t1s t1c

Therefore, D2 can Be expressed in terms of D , thusly:
-1

| . . Lo o
) - i 2s :%2\ ~sus(tls - tog) + ug (tlc"'t2c) B3
2=D1 |1 I '

1s lc

» Case I1 - When concrete is replaced byserpentine, the correction
becomes slightly more complex, Lel the Subscript sp refer to the serpentine
area. In this case, D is the same as given in Eq. (B.1) but Dy becomes :

oy T25 -




- ~(ug fu_ ot
Dy = 56 [B(ugtys, vy sp)_’e (agbag +ug b )
Then the ratio D3/_Dl’is:

£ ) e—\ll l’) + u“p QP)

Dy B(uStBS, Ysnbsp

1 But ,u t )*"f"(ustls”+ v t'lc )
s 1s c le

The ratio of the buildups becomes for this case:

B (ugt3gs Ugpbep) (u st3s)  (ugptsp) tag ug b
B (ustls’ Ye 1":[_c) (ust1s) (ue tic) Y1s wctic

and therefore, the value of D can be found by:

Bs

s a0 g 5

U t1c

a 0B - 26 -
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Agggndix C

LIST OF SYMBOLS

The following list of symbols applies to all equations given either in

the text or in the appendices., ’

1.

Prime Symbols

A = Factor converting ¥ -ray flux to dose rate
= 4,00 x II.O'6 for 2,76 - Mev Na-2) ¥ -rays
b1 = Number of mean free paths through floor shield

B = Buildup factor

¢ = Effective position of line source within source material

D, = x-ray dose rate at point P

f = Self absorption factor in source material

L = Length of line souce

r = Radius of source container

p = Detection point

p' = Projection of detection point P onto plane containing
horizontal source, or onto horizonal plane containing lower
end of vertical source

S;, = Line source strength,vphotons/cm-sec

Sy = Volume source strength, photons/cm2sec

t1 = Steel thickness in shield floor

t, = Concrete thickness in shield floor

tg = Steel thickness of sodiuﬁfanks or pipes (sources)

te, = Thickness of serpentine concrete in operating floor

§ -ray linear absorption coefficient for concrete

- 27 =




2,

Wo =X'-rqy linear absorption coefficient for sodium

Ug

} -ray linear absorption coefficient for steel

Ugp =Y -ray linear absorption coefficient for serpentine concrete

Geometric Quantities

a) Horizontal line sources

a

b

B8

[}

0

Distance from p! ﬁo near end of egource

Dietance from p! @o far end of source

Perpeﬁdicular distance from p' to source (or to source extension)
Perpendicular distance from f:to:source (or to source extension)
Length of extension of source line from the near end of source to
line d. |

Distanqe,f?om P to near end q;_source

Distance.from P to far end of source

D;stance from P! to midpoint_ofﬁsource

Distance from P to midpoint of source

Pefpendiceiar distance from ﬁnderSide of floor shield to P!

Distance’ Between P and P' (See Seé&, C-3)

Angle formed by lines g and n; &y *4 e,

Angle formed by lines g and m; 67 » ©

Angle formed by lines PP' and.q-or g

b) Vertical line source

d

u

Ho?izoqtel»distance from P! eo lower end of line source
Disﬁanee>ffom midpoint of source to P

Distance from lower end of source to P

Disgence from upper end of source to P

Perpendicular distance from upper end of line

source to underside of floor shield

‘/1&.'8 - 28 -
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Angle formed by lines PP' and u

Angle formed by lines PP! and x

Angle formed by lines PP! and v

3. Derived Quantities

g
h

J

[}

(d2 + 52)% =[d2 + (
Sl (2 -2y B

12 L + 3

(a2 -d % #

° - &)

(a2 +

2
(o~ +

(h° +

(p2 +

[¢:]
n
o mop

S
o

1% 0
2 O QN N
o
i

)%

v+ i+t

1 2

1/l Syr@ A

y+tl+t2+l/2L

(upaC) esc yei

R I A

81

(us’o1 ) sec 8

t
Y2
(uct2 ) sec g

tl + t2 )2]% ,
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ugts

1/2 (81 + 6,)
1/2 (6 —6y)
1/6 (6, —8y)
1/6 (87 + 6,)

sec 91
sec © >
sec .1/2 (01 + 9, )

sec|1/? (6, - ©

sec _1/6 (91 -9 )J
2
(sec 9, sec 92)

sec 8
sec _g_l_-
]

ust1+ uct2

(ust1 ¥ uctz) sec 5

(ut +ut.)cschB
s s c 2

usts + uNac

(ustS + uNac) cse B

t t
us(l+ s)

- -30 -




u (t

sec8+ t cscB)

s 1 s
L

T2 + Th )2

TZTh
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Appendix D

DERIVATION OF THE DOSE AT POINT P DIRECTLY ABOVE A VERTICAL LINE SOURCE

1. Basic derivation

Referring to Figure D-1 the dose rate at P due to the radiation emitted from

an element dz on a line source of length L is:

‘ A
t2
-1
L ®
)
'y z
Figure D=1 —> L 4=
 ABSfda o-(ust1 * %cb2)
ab » (Dsl)
_P hwzz . ,

The meaning: of each of the symbols is given in appendix C., The total dose is
found by integration over z. : .

. .. The buildup B and the ‘self-absorption factor f may be handled either
in the integration directly, or separate from the main integration. It is found
convenient for the machine calculations to handle these factors separately, as
the direct integration leads to solutions involving exponential integrals.

Since a relatively few p01nts have this geometry, it was felt that the time and

expense -involved in developlng a program involving the E-functions was not worth

any increase in accuracy that is aftorded by their use, Trial hand calculations;
by both methods indicate a.difference: of: .only 10%.

-3 -




Treating f and B separately, the total dose at P is then given by

. -To “s+L g
- ABbLf € dz
Dp = —— =
s
=T
ABS;f e 11
= LM s s+L

Now the sé¢lfwabsorption for gamma-rays-emitted from the end of a~~

-~

line source can be derived as follows:

,Gegmetny for self-absorption from end of line source, ———>

Consider a line element emitting S1_X's/bm-sec. AIn any increment dz half of the
gamma-rays are assumed to be emitted in an upward direction and half in a

downward direction,

Therefore, the effective source at Q is:

St, -uz L 5L -uL
B e e = = l"e
oul o 2ulL

Therefore, the self-absorption factor is:

_ =ul,
S, .1l-e

t= oL. . Zul

If uL > 7, then
l.\-l 1
= o

The buildup factor can likewise be represented.
i r.»'i‘)’

-33 - -
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(D.2)

dz

(Do3)

(Baks)

(D.5)




The average buildup through the source may be represented by:

L
L B(uz)dz

]-3 = L 3 (D°6)
‘ dz
o .

where B(uz) =1 * uz

{DoT)

L
and §=%j (1 + uz)az

(o)

=%(L+i§é)

= (1 + 1/2uL) . (D.8)

The total buildup through the source and the shield is given by:

B = of BT,T), =eT,T)(1+1/2uL) (Ds9)

Therefore, the dose at P is given by:
=X A5y 1,7 e-To(1+1/2uL) ‘1 H%-‘-" =
Pp 5= T2k L] [

=qASj‘r TzTh e-TO

%‘f %”% -;‘1&’ | ~ (Da0)

Now, in actuality, the specific activity Sy will be known, Therefore,
the relationship between the line source Sy, and the specific activity S isi

Sy =Mrsy (D,11)
where r is the radius of the container of the line source. Therefore, finally:
| D= g T, A el g M1 2
P T Z ar 5 s+L
¥, .
=% KT T,e~"®l1 ,1 ‘;- 1
5 2k |Frm s s (D.12)
- 3)4*




Appendix E

DERIVATION - OF THE DOSE AT A POINT P AT A SKEW ANGLE ABOVE A VERTICAL LINE SOURCE

1. The basic equation

ct -

}

< o
NN
\
AR

Figure E-1

: . Referring to .Figure E~1, the dose at point P from the element of
line ~segment dl is simply:

ts s *]
BSfA dl § - 2ugty sec
oy, = 2 J
L p
where
/o = acsc 0O

and
- dp=-acscgcot9d0
also, ' |

/02 = (1+;y+t)2 + a2
and

pdp = (1+y+t)dl,

Solving for dl:

g1 =292 . -2 csc? @ cot 0 do
(1+y+t) gg? -a?)z

-a2 csc? © cot © d8 >
= = -3 ¢sc- @ de ,
a cot @
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E.3

‘E.b

E.5
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@)  After substituting in E.1 and letting by = Just; we have

BASLf (a csc20) e~P1 sec® do

de 2 -
yra? cscle
BAS(E é’“-bl sec® 4o
= , ‘ E.7
Lira

Again, we treat the buildup and self-absorption apart from. the
main integration. Thus:

© -by sece
de

BAStf| e
D = =~ L
®? Lwra jo;
- 00 .
) BAS;f [ (00 o b, sec® 40 - . by sec® s0 5.8
hra . g
01 | 92
Now 00 -b sece
F(e,b) ® e de | E.9
. e
Therefore, the dose at P is given by:
BAS_ £ [
sy [?(el,bl)-F(oz,bIZl .
Pouwa ’
Substituting for the volume source Sv (Appendix D, Eq., D.11)
and noting that the distance d shown in Figure 1 is the same as
distance a of Figure D-1, we have: i
_K Bf[F(O b, )-F(0 b')]
Dp 3 171 227171 E.11
@ The number of mean free paths by is given by
by =T, E.12
. - 36 -
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- G and the angles ©;, 6y,and/), are given in this geometry by:

% = tan~! d/s E.13
& = tanlafy E,1lL
Also Sec Ol, and Sec 92 are given directly by
Sec 97 = 71 = g/s E.15
2 1
d_ 2
Sec 8, = ]/2 = [1+(N') ] E.16
Sec 1/2(0) + 0, ) =¥3 ¥ Seck (See Fig. L, text) E.17
see 8 = [1+(%) 9] £.18
" .
Cse 8 = [1+(a.) 2]% ‘ : E.19

The latter value is needed to evaluate To.

2. Numerical evaluation 6f the F-Function for computer use.

The F-functions can be approximéted very nicely for machine
computation by the use of Simpson's 3<Point Rule:

- B,
£f(x) dx = 3 (fo+hfl+f2)-c. E.20
Xy -
In the above formula fj, , f, , and £, are évenly-spaced points evaluated by X, ,
Xl , and X5 on the curve  to be integrated, and the spacing h is given by:
h = 1/2 (x,-%5) , | E.21

The terms fn , f1 , and f2 ‘pecome for our case:

£, = o-by ool = b1 V) - B.22
- 81+ 6
._ .=bq. sec- = a=b V
fp =717 6™ 143 E.23
G f2 - e-blseco = e‘blg, E.2L
- 37 -




' The error term C is evaluated as:

W e
C = 5 o (<Y < ), .25

In our case

X2
f(x)dx =

x °1

- e
e bl sec 4o

-, by /3 . e'b172

=w3(0 + Le ). E.26

The error term C is ommited since the correction is less than 1%,

3. The Buildup Factor B

... The buildup factor is here assumed to beevaluated independently of the
main integration. In the geometry shown in Figure E-1, the buildup will vary with
the path from the source element to.point Pl, It is found that the average path
length from source to P is not significantly different from that drawn from the

center of the source to Pl' Accordimgly, the buildup factor is taken as:

B =°‘T1T57"6 ) ' E.27

L. The Self-Absorption Factor f

The self-absorption factor is taken over the average distance in the
source material from the effective line source to one outside of the real source.
This distance is given by"'rb, therefore, the self-absorption factor f is

f= e-’T)-l E.28
5. Final Equation for Computer Use
Collecting the above information, we héve, finally:
| X, Y] V., bV
D~ %K YT W e he ™71 e 3, 12y E.29
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Appendix F

DERIVATION OF THE DOSE AT A POINT P ABOVE A HORIZONTAL LINE

Case I

Perpendicular line drawn from P to line source intersects source some-

where between the ends,
AT T
% ///l\ t sec £
] yARRPWEE BN \'

/'/' A;Q._+kgiiy sec B
N
S el n
— >l
 Figure F-1 | L
1. Basic Derivation Figure F-2

The configuration of this case is given in Figure F-1, P' is a point in
the plane of the course directly below P. A perpendicular line g dropped from P
intersects line source L at Q. The easily-measured quantities are a, b, and d,
as well as s=t+y,

_ However, the integration over the line source takes place in the plane
defined by the line source and lines g, m, and n. This plane is inclined at an
angle B from the vertical. The quantities g, m, and n may be found by triangulation
from the 'measured quantities a, b, d, and s, as given in Appendix C, Section 3.

Referring to Figure F-2, the dose at P due to an element of line dx is
given by:

- ut sec3 sec ©

APp = ASBf dx o F.1
But x = g tan O F.2
R =g sec © F.3
dx = g sec® 0.d 6 F.k




Assuming that the evaluation of B and f for purposes of mechanical
computing can be treated separately from the basic integration, we have, as
before:

)
ASLBf dx e_‘ bl sec g
p L Py
' 61 /O

92 e ~

-by sec(iJ2 )

= KBf ge . . “seceds
. gdseclg R

Ll
e - : .
-h "Sece - zp.Sece . |

g 0 6

= KBf [F(Ol,b1)+F(92,b1)]‘

Here we have taken blas:
bl = ub secﬁl
where ut is shorthand notation for:

ut = ustl +-uct2 = '7’6_

Therefore:

as:
°1 = tan™ k/g
% = tan?! i/e
- 250 - Lo -
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F.7

F.8

F.9
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v

sec 87 = n/g F.11

sec 6, m/g F.12

sec 8 = g/s. | F.13

2. Numerical evaluation of the F-Functions,
The evaluation of the f}Fﬁnction for this case is:
g2
-b.sec® 434 W
. e "1 de = h(fo+hf1 + f2) _—
! 7.
where f, = e'bl 1 F.15
01- &
£ = e-blsec{ = e'biyb : F,16
b,secd 7
= 2 = 2
f2 e 1 | e 1 F.17
or
g .
2 01, bi¥, b7,
e"blsecg do =wh (ebl l *he bl h +e 1 2 .
e F.18
1.
Here wh =1/6 (91 + 0,) | F.10
3. The buildup factor B
L Here again, B varies with position, We have chosen to take the
build up as:
= + y-
B=1/2 Eu(ustl sec ) (u t, sec ) u b ] (sece) secoy) F.20
= 1/2 (157541 7 .
This equation is easily‘a?:ived at by considering the mean of the
average value of Sec® on each side of point 6.
4. Self-absorption factor f
The self-absorption factor for this case is given by=:
f = e'% (ugtg + UNa C) (secqy sec@, )?
1
ez T3% | F.21




"vﬁii 5. General Equation for Computer Use
Putting all of the above together, we have, finally:

. . 17
% = .I;_‘_‘_’h e« T3T5 + TéHVé 9-2757/6)" e 4 ) o P1Y, 4 o017k F.22
g .

- This equation is expressed in terms of the prime variables t1, 1o, a,b,
d, y, and L. (See Appendix C).




Appendix G

DERIVATION OF THE DOSE AT A POINT P ABOVE A HORIZONTAL LINE SQURCE - CASE II.
PERPENDICULAR LINE DRAWN FROM P TO LINE SOURCE.INTERSECTS ONE OF THE ENDS .
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1, Basic Derivation Figure G-~2

The configuration for this case is shown in Figure G-l. As in the case
of Appendix F, the integration over & takes place in the plane formed by the line
source L, and the lines g and n.

The treatment of the equation is thejéame as in Appendix F. The dose
rate at P from a given element dx on L is:
_ A Tt ééd@ ?seéﬁﬁi*;}, :
@, = ASLBL dx Ut secp secid

.1
L p? )

where p and x have the same meanings as .in Appendix F. The total dose rate at P is
then given by integrating over the line source:
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_ 1 -
=KBf ob1 sec & 44
0
KBf
_ KBf F (el,bl)
g

In this case, ut is a shorthand way of writing:

b ='Ti = (ust1 + ucts) seczs

1

and the angles are given by:

1
sec 8, = n/g
2n 1/2
sec L =(n+ g
2
sec£3= g/s

2., Evaluation of the F=-Function

Following the method outlined in Appendix E, the F-Function is
numerically evaluated to be:

G.3

G.h

G.5

G.6

G.7

1 -b, sec © -b -b 7/ -b 7/
F(Ol, bl) = e 1 wo=° (e 1, ) 178 ve 11

3, The Buildup B

The buildup B is taken over the mean path length, which in
this case turns out to be:

? = [6((ust1 secﬁ?)m(ﬁ;£;\sec£;) + ust;] (sec Ol )1/?

_ 1/2
=TT +'r:6)7/1 \

5
- Lh -

G.9




The Self-Attenuation Factor f
.1
£=e71273, G.10

Final Equation for Computer Use

Putting everything together, we have the final equation suitable for computer
use: ;

D

1 _ -V E. _
i 7,2 K&T3Te + Tg) 6 © I3 (e-bl + Le -5 Vg e-bﬂll)' G.11
p 6 |

g
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~ G Appendix H

DERIVATION OF THE DOSE AT A POINT P ABOVE A HORIZONTAL LINE SOURCE - CASE III,
PERPENDIUCLAR LINE DRAWN FROM P TO LINE SOURCE INTERSECTS AN EXTENSION OF THE

SOURCE
7T |
yVaRE t sec ///
/Z 4 X — 4
/n// 5.,1 // 0] f=-
3 |

|
/ m
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W4 = =N VAR S
Figure H=l l . = X ?'p
| Figure H-?

i. Basic Derivation

The derivation of the dose at P for this case follows quite closely those
of appendices F and G, The geometry is slightly different because the perpendicular
line PO does not intersect L, but its extension.

The dose at P from the line source I in this case is:

- e
D i ASy Bf j2 e-ut secd sec 8 dx

P :
lipy /61 P2
- KBf 02 e " bi sec © KBf‘ (0 b
e o e [ 7oy, v - F(gz’bl)]‘H'l

‘Here , as in Appendix F, bl is taken as:

bl =‘l’1 ’ H,2

Faint 5}. = hé =
A 4

™
——
[
&
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¢

For this case the angles are given as:

6] = tan™t k/g
0, = tan"l  j/g

sec 81 = n/g
sec 8 = m/g

sec B

2. Evaluation of the F-Function

q/s

The F-Function in this geometry has the value:

H
' ~by sec © A

e 1 40 = 003 (e-b17/1 + Le 1Y 3 . e 0V, )
e

3. The Buildup Factor B
‘ The buildup factor is expressed exactly the same as in Appendix F

B = 1/2(xI3Tg *+ Tg). Vg |

4. The Self-Absorption Factor f

Likewise, the self-absorption factor is expressed the same as in
Appendix F, i,.e, '

f=e '1/?‘1-3745'

5. The Final Equation for Computer Use

The final equation for computer use may now be expressed as:

o

_Rw (1305 4 1) ATV bV
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