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Appendix B 

Radiological Calculations and Calibrations 
 
REACTOR PRESSURE VESSEL EXTERNAL DOSE RATE 
 
A gamma dose rate measurement was taken at the Reactor Pressure Vessel (RPV) 
external wall near the core mid-height location. The reading was 7 mR/hour, as 
measured on inside wall of the Neutron Shield Tank. This dose is attributable to the 
residual Co-60, which was estimated from previous analytical analysis to be 1108 curies 
distributed throughout the internals and structural components of the RPV. Though 
other nuclides are known to reside in the RPV, only the gamma rays from Co-60 (1.17 
and 1.32 MeV) are sufficiently energetic to penetrate the thermal shields and RPV wall, 
resulting in measurable doses above background external to the vessel. 
 
Other isotopes within the RPV that contribute to the total curie content include Ni-59 and 
Ni-63 with trace amounts of Fe-55, C-14, and Nb-94. Ni-59 decays by electron capture 
and emits K-shell X-rays with a maximum energy of 8 keV. The large attenuation 
coefficients in stainless and carbon steel resulting from the photoelectric effect for these 
low energy photons would preclude their contribution to dose rates external to the 
vessel. Ni-63 decays by beta emission with an average beta energy of 17 keV. Even if it 
is conservatively assumed that all beta energies are converted to radiation by 
deceleration in the electric field of a nucleus (bremsstahlung), as with Ni-59, the emitted 
photons would not penetrate the vessel wall. 
 
In addition, the carbon steel RPV contains no natural nickel or cobalt that would have 
been activated during reactor operation. Previous calculations also showed that the thin 
stainless steel liner on the interior of the vessel contributes negligible activity to the 
current internal curie content. 
 
The distribution of Co-60 activation in the RPV is heterogeneous, being dependent on 
stainless steel location, geometry, and neutron thermal flux profiles in the reactor during 
operation. The core basket and upper and lower transition nozzles comprise over 80% 
of the total Co-60 curie content in the vessel. The core barrel and inner and outer shield 
are intended to reduce the total neutron fluence on the RPV wall, thereby limiting 
degradation of the vessel’s ability to endure abnormal transients. 
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An estimate of dose rate at the exterior of the RPV was made using a point source 
approximation located at the centerline of the vessel at the core mid-height. Though all 
internals and structural components provide some absorption and attenuation of Co-60 
gamma photons, primarily through Compton scattering, shielding credit was taken only 
for the inner and outer shield, core barrel, RPV wall and steel annulus external to the 
RPV where the dose measurement was taken. 
 
The following formula was used to estimate the exposure rate from a point that emits 
gamma rays: 
 

D (R/hour)  =  0.5 C E/r2  , 
 
where 
 
C = activity in curies = 1108 curies from previous analysis, 
E = gamma energy in MeV  =  1.17 MeV  +  1.32 MeV  =  2.49 MeV, 
  (Note: Co-60 emits two gamma rays in over 99% of its disintegrations) 
r = distance from point source in meters  =  1.12 m, 
Do = 1108 R/hour. 
 
Using this quantity for the gamma flux incident on the slab shield formed by the inner 
and outer shield, core barrel, RPV wall and steel annulus for insulation containment, the 
exposure dose external to the RPV was calculated using the formula for uncollided 
gamma flux multiplied by a suitable buildup factor: 
 

D (measurement point)/Do  =  B(E, μt) ℮-μt  , 
 
where 
 
μ = energy-dependent linear attenuation coefficient for steel  =  0.395 /cm, 
t = thickness of shield material between reference point and measurement point  =  

9.82 cm, 
B = buildup factor dependent on gamma energy (E) and relaxation lengths (μt)= 10. 
 
Substituting these values in the above equation and solving for D: 
 

D = 85 mR/hour  . 
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CRUD ANALYSIS 
 
Smears of the interior piping of the primary system were taken at the entrance to the 
port and starboard side steam generators by removing access covers. A total of five 
smear samples was obtained from inlet of each steam generator hot leg, including three 
in the vicinity of the access cover, one on the interior of the access cover, and one at 
the tube sheet entrance. The principal isotope in the crud was confirmed to be Co-60 
through use of gamma spectroscopy. 
 
All 10 smears were counted on the Ludlum 2929 counter (#2). The smear taken at the 
port side tube sheet had a count rate 2.3 higher than any of the other nine smears and 
was used for crud analysis. 
 
 Net count rate  =  78,764 counts per minute (cpm) 
 Counter efficiency  =  20.8% 
 
All smears were assumed to be 100 cm2, so the activity level in disintegrations per 
second (dps) is: 
 
 78,764/0.208  =  378,673 dpm/100cm2  x  60 sec/min  =  6311 dps/100 cm2  . 
 
 1 curie  =  3.7E10 dps  . 
 
 Activity  =  6311 dps/100 cm2  x  3.7E10  =  1.71E-9 C/cm2  . 
 
Assuming this crud concentration to be uniformly distributed over the interior surface of 
the reactor pressure vessel: 
 

Reactor Pressure Vessel dimensions  =  27 ft. H  x  8 ft. D  . 
Surface area  =  6.79E2 ft2  x  9.29E2 cm2/ft2  =  6.30E5 cm2  . 
 
Activity  =  (1.71E-9 C/cm2)  x  (6.30E5 cm2)  =  1.08E-3 C ~ 1 mC  . 

 
This is a negligible quantity compared to the total estimated activity level in the pressure 
vessel of 4066 curies. 
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Smear/Air Sample Counting 
LLD, MDA, and Activity Determinations 
 
Each counter’s average background count rate was determined and source efficiency 
tests performed. Background and source counts were based on a series of 20-minute 
counts. Results were as follows: 
 
Counter #1 

Alpha Beta 
Background Efficiency Background Efficiency 
0.325 cpm 33.6% 39.2 cpm 25.2% 

 
Counter #2 

Alpha Beta 
Background Efficiency Background Efficiency 
0.525 cpm 31.2% 42.15 cpm 20.8% 

 
Lower limit of detection (LLD) (also referred to as net minimum detectable count rate 
[MDCR]) and minimum detectable activity (MDA) calculations were performed for 
several counting times based on NUREG/CR-4007. 
 
LLD (net cpm) = 2.71+ (3.29)   Rb (tS) (tS + tB)  MDA (dpm) = LLD
                           tB           Eff. 
            tS              
 
where: 
 
Rb = background count rate (cpm), 
tB = background count time (min), 
tS = sample count time (min). 
 
 
Gross minimum detectable counts were determined for each count time by the following 
formula. 
 

MDC  =  tS [net MDCR (cpm)  +  background (cpm)] 
 
For air samples of 100 ft3 volume, MDA concentration in μCi/cc were calculated for 
appropriate counting times using the following formula: 
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MDA (μCi/cc)  =   MDA(dpm)       1 μCi      1 ft3          1 L 

(2.22E6 dpm)  (100 ft3) (28.32 L) 1000 cc 
 
Results for all the above calculations for each counter are tabulated in the following 
charts. 
 

Counter # 1 (Serial #102001) 
Alpha Beta 

Count time (minute) Net MDCR 
Count 
time 

(minutes) 

Net 
MDCR 
(cpm) 

Gross 
MDC 

MDA 
(dpm)

Air 
MDA** 
(µCi/cc)

Net 
MDCR 
(cpm) 

Gross 
MDC 

MDA 
(dpm) 

Air MDA**
(µCi/cc) 

60 0.529 51 1.57 2.5E-13 5.35 2673 21.2 3.4E-12

30 0.632 28 1.88 2.99E-13 6.03 1357 23.9 3.8E-12

10 0.997 13 2.97 4.7E-13 8.2 474 32.5 5.2E-12

1 4.63 5 13.78 - 23.8 63 94.4 1.5E-11

0.5 8.1 4 24.1 - 34.9 37 139 - 
** For 100-ft3 samples only. 
 

Counter #2 (Serial #160019) 
Alpha Beta 

Count time (minute) Net MDCR (cpm) 
Count 
time in 

(minutes) 

Net 
MDCR 
(cpm) 

Gross 
MDC 

MDA 
(dpm) 

Air 
MDA** 
(µCi/cc)

Net 
MDCR 
(cpm) 

Gross 
MDC 

MDA 
(dpm) 

Air MDA** 
µCi/cc 

60 0.66 71 2.12 3.36E-13 5.56 2862 26.7 4.25E-12

30 0.779 39 2.50 3.97E-13 6.26 1452 30.1 4.79E-12

10 1.19 17 3.81 6.07E-13 8.54 506 41.1 6.53E-12

1 5.15 6 16.52 - 24.6 66 118 1.88E-11

0.5 8.8 4 28.3 - 36 39 173 - 
** For 100-ft3 samples only. 
 

Smear Activity Determination 
 
When count rates exceed LLD values, smear activity is determined as follows. 
 

Activity (dpm) =  net cpm
             Eff 
 
Where net cpm  =  gross count  –  background cpm 
            count time 
 
Values for LLD and smear scanning trigger levels are tabulated below. 
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Counter #1 
Beta counts 

1-minute count 30-second count 

Gross count Activity 
(dpm) Gross count Activity 

(dpm) 
63 95 (MDA) 37 139 (MDA) 

165 500 82 500 
291 1000 145 1000 

Alpha counts 
1-minute count 30-second count 

Gross count Activity 
(dpm) Gross count Activity 

(dpm) 
5 14 (MDA) 4 24 (MDA) 
7 20 16 100 

33 100 - - 
 
Counter #2 
Beta counts 

1-minute count 30-second count 

Gross count Activity 
(dpm) Gross count Activity 

(dpm) 
66 118 (MDA) 39 173 (MDA) 

146 500 73 500 
250 1000 125 1000 

Alpha counts 
1-minute count 30-second count 

Gross count Activity 
(dpm) Gross count Activity 

(dpm) 
5 16 (MDA) 4 28 (MDA) 
6 20 15 100 

31 100 - - 
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Air Sample Activity Determinations 

 
When count rates exceed LLD values, air sample activity is determined as follows: 
 
Activity (μCi/cc)  =   net cpm              1 μCi 
      Eff           2.22E6 dpm    volume (cc) 
 
For 100-ft3 (2.832E6-cc) air samples, the net count rate can be inserted into the 
following instrument-specific equations as applicable. 
 
Counter #1 
Alpha airborne activity (μCi/cc)  =  (net cpm)  x  (4.73E-13). 
Beta airborne activity (μCi/cc)  =  (net cpm)  x  (6.31E-13). 
 
Counter #2 
Alpha airborne activity (μCi/cc)  =  (net cpm)  x  (5.1E-13). 
Beta airborne activity (μCi/cc)  =  (net cpm)  x  (7.65E-13). 
 
Instrument Calibration and Use Logs are attached to this appendix. 




































































