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FORWARD 

The Committee on Nuclear and Radiochemistry existed as a standing committee under the Board on 
Chemical Sciences and Technology of the Commission on Physical Sciences, Mathematics, and 
Applications of the National Research Council from 1947 until 1993. The committee was charged with 
maintaining awareness of the chemical aspects ofbasic and applied nuclear science, stimulating scientific 
and technical progress, and identifying national problems and needs in nuclear and radiochemistry. Its 
members were drawn from academic, industrial, and government laboratories and represented the areas 
of nuclear chemistry, radiochemistry, and nuclear medicine. The committee concerned itself with those 
areas of nuclear science that involve the chemist, such as the collection and distribution of radiochemical 
procedures, specialized techniques and instrumentation, the place of nuclear and radiochemistry in 
college and university programs, the training of nuclear and radiochemists, radiochemistry in 
environmental science, and radionuclides in nuclear medicine. 

A major interest of the committee was the publication of the Nuclear Science Series monographs on 
Radiochemistry, Radiochemical Techniques, and Nuclear Medicine. The committee endeavored to 
present monographs of maximum use to the working scientist. Each monograph presented pertinent 
information required for radiochemical work with an individual element or with a specialized technique 
or with the use of radionuclides in nuclear medicine. Experts on the various subjects were recruited to 
write the monographs, and the U.S. Department of Energy sponsored the printing of the series. This 
monograph, the last of the series, is an up-to-date review of the radiochemical considerations of 
importance in nuclear power reactors. 

When the Committee on Nuclear and Radiochemistry was subsumed by the Board on Chemical Sciences 
and Technology in 1993, responsibility for the Nuclear Science Series of Monographs was transferred to 
the Division of Nuclear Chemistry and Technology of the American Chemical Society. Plans are for 
continuation of the Nuclear Science Series of monographs as review articles in the Journal of 
Radioanalytical and Nuclear Chemistry. 
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University of Kentucky 
Monograph Coordinator 
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PREFACE 

Radiochemical surveillance of a nuclear power plant is an important part of reactor operations. The plant 
operator is required to continuously monitor fuel performance, correctly account for release of 
radioactivity through gas and liquid effluents from the plant, and minimize the exposure of personnel to 
radiation. To satisfactorily accomplish these tasks, proper training must be given to the plant's chemists 
and technicians. A comprehensive textbook and/or manual is needed for their training, as well as for their 
use as a reference to develop good radiochemical procedures for routine analyses. Unlike a well­
developed procedure in a research laboratory, a good procedure for routine analytical work in a nuclear 
power plant should be simple and easy to follow, yet accuracy should not be compromised. Therefore, 
the first main objective of this monograph is to provide the plant's chemists not only with the 
fundamentals, but also with some major practical procedures collected from many years of reactor 
experience. However, it must be pointed out that the information contained in this monograph is provided 
for reference purposes only and is not meant to establish a standard procedure. The second main 
objective of this monograph is to provide enough fundamental materials for academic professionals to 
bridge the gap between industry and academia in the area of radiochemistry in nuclear power plants. It 
also serves as an introduction to professionals in other related fields, such as health physics and nuclear 
engineering. 

This monograph deals with two major types of light water reactors: the boiling water reactor (BWR) and 
the pressurized water reactor (PWR). The main body describes radiochemical technologies in six major 
areas: ( 1) radioactivity production and measurement, (2) fuel performance surveillance and fission 
product chemistry, (3) the chemistry and transport behavior of activation products, (4) ·radiation 
chemistry in the coolant, (5) assay of radioactive waste, and (6) special radiochemical studies and tests in 
the reactor system. Some selected procedures for sampling, radiochemical separation, and activity 
measurements are also included in the appendices. The subject matter presented in this monograph is the 
result of the author's gleanings from many sources, including lecture notes he used in 1980 at the 
Institute ofNuclear Science, National Tsing Hua University in Taiwan, and several reports published by 
the Electric Power Research Institute in Palo Alto, California. Some valuable materials provided by H.R. 
Helmholz ofNWT Corporation and R.C. Huang of Taiwan Power Company are also included. 

The author completed his education under the tutelage of nuclear chemistry pioneer Professor Arthur C. 
Wahl (retired) of Washington University and Professor Milton Kahn (retired) of the University of New 
Mexico, who were the first research team to report the anomalous chemical behavior of tracer-level 
iodine in aqueous solutions. After 40 years, the behavior of radioiodine in reactor systems continues to be 
one of the most elusive, but important, subjects in radiochemistry. 

The author was fortunate to have worked under the late R.S. Gilbert, who was a master in fission product 
source term evaluation. More recently, he has benefited from association with, and guidance from, 
J.M. Skarpelos, R.N. Osborne, J.H. Holloway, H.R. Helmholz, G.F. Palino, C.P. Ruiz, and R.L. Cowan. 
He is grateful to GE Nuclear Energy for permission to publish this monograph. He would also like to 
express his appreciation to H.R. Helmholz, C.P. Ruiz, and G.C. Martin for reviewing the manuscript, and 
to Diane Parkinson for preparing the manuscript. 

Finally, I must acknowledge a special debt to my wife, Jing, for her patience and encouragement during 
the writing of this monograph. 

November 1994 Chien C. Lin 
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1. BRIEF DESCRIPTION OF NUCLEAR POWER REACTOR SYSTEMS 
AND PRIMARY COOLANT CHEMISTRY 

1.1 BOD...ING WATER REACTOR (BWR) 

The direct cycle boiling water reactor nuclear system (Figure 1-1 ) is a steam generating 

system consisting of a nuclear core and an internal structure assembled within a pressure 

vessel, auxiliary systems to accommodate the operational and safeguard requirements of 

the nuclear reactor, and necessary controls and instrumentation. High-purity water is 

circulated through the reactor core, serving as moderator and coolant. Saturated steam 

is produced in the reactor core, separated from recirculation water, dried in the top of 

the vessel, and directed to the steam turbine generator. The turbine employs a 

conventional regenerative cycle with condenser deaeration and condensate 

demineralization. 

The reactor core, the source of nuclear heat, consists of fuel assemblies and control rods 

contained within the reactor vessel and cooled by the recirculating water system. A typical 

1220 MWe BWR/6 core consists of 748 fuel assemblies and 177 control rods, forming a 

core array about 5 meters in diameter and 4.3 meters high. The power level is maintained 

or adjusted by positioning control rods up and down within the core. The BWR core 

power level is further adjusted by changing the recirculation flow rate without changing 

the control rods positions. 

The boiling water reactor requires substantially lower primary coolant flow through the 

core than pressurized water reactors. The core flow of a BWR is the sum of the feedwater 

flow and the recirculation flow. 

The function of the reactor water recirculation system is to circulate the required coolant 

through the reactor core. The system consists of two or more loops external to the 

reactor vessel, each loop containing a pump with a directly coupled water-cooled (air­

water) motor, a flow control valve, and two shutoff valves. 

High-performance jet pumps located within the reactor vessel are used in the BWR 

recirculation system. The jet pumps, which have no moving parts, provide a continuous 

internal circulation path for the total core coolant flow. 
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The BWR operates at a constant pressure of 1050 psi (or 68 kg/cm2) and maintains a 

constant steam pressure, similar to most fossil boilers. The coolant temperature is main­

tained at approximately 280" C. A small portion of the recirculation water is removed 

from the reactor through the reactor recirculation pump suction line, passed through 

the heat exchangers and a reactor water cleanup (RWCU) system, and returned through 

the feedwater line. The purpose of the RWCU system is to maintain high reactor water 

quality by removing soluble and insoluble impurities, including corrosion products and 

radioactive species. In addition, the system provides a means for water removal from the 

primary system during periods of increasing water volume. 

A summary of BWR water quality specifications is presented in Table 1-1 . The main 

objectives for water quality control in a BWR system are to: 

( 1 )  Minimize the potential for stress corrosion cracking of structural materials. 

(2) Minimize corrosion and corrosion product release from the primary system 

surfaces. 

(3) Minimize fuel cladding failures due to zircaloy corrosion. 

( 4) Minimize corrosion product deposition and activation on the fuel cladding 

surfaces. 

(5) Minimize the radiation field buildup on the system component surfaces due 

to deposition of activated corrosion products. 

More detailed discussion on the BWR water chemistry quality control and guidelines can 

be found elsewhereO> . 

As a result of water radiolysis-gas stripping in the core and recirculation, the reactor 

recirculation water contains dissolved oxygen and hydrogen peroxide in the 

concentration range from -100 to -300 ppb and somewhat less than stoichiometric 

concentration of dissolved hydrogen. Under this highly oxidizing environment, the 

radioactive impurities are normally found in the higher oxidation states in the coolant. 

Recently, hydrogen water chemistry (HWC) was developed to mitigate the intergranular 

stress corrosion on structure materials. In this technology, hydrogen gas is injected into 

the coolant through the feedwater system to suppress the water radiolysis in the core 

region and to control the dissolved oxygen concentration in the coolant at a very low 

level. More discussion on HWC is presented in Chapter 6. 
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Table 1-1 

BWR WATER QUALITY SPECIFICATIONS 

Typical 
Warranty limits Operatiooal Practices 

Normal Operating Maximum Suggested • 
limits Operating limits Administrative Limits 

• Reactor Water 
• Power Operation 

- Conductivity (pS/cm) 1 .0 10.0 0.2 
- Chloride ( ppb) 200 500 20 
- pH 5.6-8.6 4J�9.6 6.1-8.1 
- Silica ( ppb) 200 - 100 
- Total Copper (ppb) 20 - 10 

• Startup & Hot Standby 
- Conductivity (pS/cm) 1 .0 2.0 0.2 
- Chloride ( ppb) 100 100 20 
- Total Copper (ppb) 20 - 10 

• Shutdown 
- Conductivity (ps/ em) 2.0 5.0 2.0 
- Chloride (ppb) 100 500 50 
- pH 5.�.6 4J�9.6 5.�.6 
- Silica ( ppb) 200 - 100 
- Total Copper 20 - 10 

• Feedwater 
• Power Operation 

- Metallic Impurities(ppb) 15 60 -

- Iron (ppb) 
• Insoluble 10 40 2.0 
• Soluble 1 .0 2.0 0.5 

- Total Copper (ppb) 0.5 2.0 0.1 
- Oxygen (ppb) 55±15 1 10±90 25±5 
- Conductivity (ps/cm) 0.005 0.1 0.06 

• Startup and Hot Standby 
- Conductivity (ps/cm) 0.1 0.15 0.08 
- Total Copper (ppb) 1 .0 - 0.2 

• Condensate Treatment System 
Effluent 
• Oxygen (ppb) 55±15 1 10±90 25±5 
• Conductivity (pS/cm) 0.065 0.1 0.06 
• Iron (ppb) 

- Insoluble 10. - 2.0 
- Soluble 1.0 - 0.5 

• Total Copper (ppb) 0.5 - 0.1 

• .J.M. Skarpelas, GE Nuclear Energy, Private Communication (1990) 
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1 .2 PRESSURIZED WATER REACfOR (PWR) 

The primary side of a PWR system consists of a series of interrelated systems which 
directly or indirectly interface with the reactor itself. Each of the associated systems has its 
own specific functions which contribute to the fundamental safe operation and control of 
the reactor. 

The major component of the primary side is the reactor vessel, which houses the reactor 
core. The reactor is operated at 2200 psi (or 142.5 kg/cm2) with the coolant temperature 
at 35o·c. Unlike the BWR system, there is no boiling in the core region. 

Associated with the reactor vessel is a piping system through which the reactor coolant is 
pumped. The energy is transferred by the coolant from the reactor core to the steam 
generators where secondary. steam is subsequently produced and routed to the unit 
turbine generator and main steam system. 

The primary coolant system also includes the reactor, an electrically heated pressurizer, a 
pressurizer quench tank and inter-connecting piping, and the chemical and volume 
control system (Figure 1-2). 

The pressurizer maintains primary coolant system operating pressure and compensates 
for changes in primary coolant volume during load changes. The quench tank is 
designed to receive and condense the normal discharges from the pressurizer relief 
valves and prevent the discharge from being released to containment. 

The chemical and volume control system is designed to allow the operators to control the 
volume of primary coolant as well as its chemical composition through a dual interface 
with the primary coolant system. The major use of this system is to control the primary 
coolant boron concentration as a function of power level and core life. It is also used to 
control the reactor coolant pH through the addition or removal of lithium hydroxide. 
Some fission and activation products can be removed by the system's purification 
demineralizers. The system is designed to allow the addition or removal of boron in the 
form of boric acid, lithium hydroxide and hydrogen during normal operation. Hydrogen 
gas is dissolved in the reactor coolant to scavenge any trace amounts of dissolved oxygen 
which may be present in the coolant. 
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The function of the primary coolant is to remove heat from the core, moderate the core, 

and transfer the heat to the steam generators. In order to perform these functions 

efficiently, chemistry controls are required. The purpose of these controls is to: 

( 1 )  Minimize the number of control rod movements by use of chemical shim 

(i.e., boron) for controlling core reactivity throughout the life of the core. 

(2) Minimize corrosion of primary system swfaces including the steam generator 

tubing. 

(g) Minimize Zircaloy corrosion and fuel cladding failures. 

( 4) Minimize corrosion product deposition and activation on the fuel cladding 

swfaces. 

(5) Minimize corrosion product buildup on the steam generator which could 

reduce heat transfer. 

(6) Minimize total activated corrosion product inventory and transport and plant 

radiation field buildup. 

The vendor reactor coolant chemistry specifications may vary slightly from each other as 

shown in Table 1-2. Current Westinghouse specifications for the reactor coolant system 

are given in Table 1-g. Under the highly reducing chemistry environment, most of the 

radioactive impurities are expected to be present in the reduced or insoluble forms in 

the PWR coolant. 

More detailed discussion on the principals of PWR coolant chemistry control and 

guidelines can be found in References g and 5. 

1.3 REFERENCES 

(1 )  BWR Owners Group, "BWR Water Chemistry Guidelines", EPRI NP-g589-SR­

LD, Special Report (April l985) . 

(2) A. Strasser et al, "Corrosion-Product Buildup on LWR Fuel Rods", EPRI NP­

g789 (April l985) . 

(g) PWR Primary Water Chemistry Guidelines Committee, "PWR Primary Water 

Chemistry Guidelines: Revision 2", EPRI NP-7070 Final Report (November 

1990).  

(4) S. Glasstone and A. Sesonske, "Nuclear Reactor Engineering," D. Van 

Nostrand Company, Inc., Princeton, New jersey (196g) . 

(5) P. Cohen, "Water Coolant Technology of Power Reactors", Gordon and 

Breach Science Publishers, New York (1969) . 
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Table 1-2 

VENDOR REACTOR COOLANT CHEMISTRY 
SPECIFICATIONS FOR POWER OPERATION 

(Reproduced with Permission, EPRI NP-3789, Ref. 2) 

7uoH Boron* 
Vendor (as ppm Li) (ppm) 

Westinghouse 0.7-2.2 0-800 

Hydrogen 
(cc!kg, STP) 

25-50 
(W) (formerly 0.2-2.2) (0-1 100 (normal operating 

first cycle) range 30-40) 

Combustion Engineering 1 .0-2.0** <4400 25-50 
(CE) (formerly 0.2-1 .0) (formerly 10-50) 

Babcock and Wilcox 0.2-2.0 0-2270 15-40 
(B&W) 

• Concentration varies from high levels early in cycle to low levels at end of cycle. 

•• Near end of life, when the deborating ion exchanger is placed in service (=SO ppm B) , the lithium 
range is 0.2-0.5 ppm. 
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Table 1-3 

CURRENT WESTINGHOUSE SPECMCATIONS 
FOR THE REACfOR COOlANT SYSTEM 

(Reproduced with Permission, EPRI NP-3789, Ref. 2) 

Chemistry Parameter 

Electrical Conductivity 

pH 

Dissolved Oxygen 

Chloride 

Fluoride 

Suspended Solids 

Hydrogen 

Boron 

Lithium 

Silica 

Calcium 

Magnesium 

Aluminum 

Permissible Range 

1-40 pmho/cm 

4.2-10.5 

s!) ppb 

�0.15 ppm 

�0.15 ppm 

�l .O ppm 

25-50 cc/kg 

0-4000 ppm 

0. 7 to 2.2 ppm (recommendation depending 
on boron concenttation) 

�0.2 ppm 

�0.05 ppm 

�0.05 ppm 

�0.05 ppm 

1-9/1-10 
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2. RADIOACTIVI'IY PRODUCDONS IN NUCLEAR REACfORS 

2.1 RADIOAcriVE SPECIES IN UGIIT WATER REACfORS 

There are approximately one hundred m�or radioactive nuclides which can be found in 
a reactor system (see Appendix. A, Table A-1) .  Each nuclide decays with emission from 
the nucleus of characteristic energetic elementary particles or energetic photons. In 
some cases, the change is accomplished by the capture by the nucleus of an extra-nuclear 
electron. 

The various decay processes and the particles and radiations emitted are: 

Typical 
Mass Electrical Energy 

Decay Process . Radiation Emiued (amu) Clarge (MeV) 

Alpha Emission Alpha particle (a) 4 +2 4-9 

Beta Emission Beta particle (8-) 0.0005 -1 �3 
Positron Emission Positron (8+) 0.0005 +1 �3 

Two gamma-rays(y) 0 0 0.51 

Electron Capture Characteristic x-ray 0 0 0-0.1 
Internal Transition Gamma-ray (y) 0 0 0.1-3 

Internal Conversion Converted electron( e-) 0.0005 -1 0.1-1 
Characteristic x-ray 0 0 0.�1 

Neutron Emission Neutron (n) 1 0 �14 
Spontaneous Fission Fission products and •200 
(e.g., Cf-252) other radiations 
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The decay of a radioactive species is a random process dependent only on the number of 

radioactive atoms present at a given time (i.e., the decay rate is a first-order reaction) :  

dN - - = A.N 
dt 

Upon integration, the result can be written as 

where N = number of atoms present at time t; 

N0 = number of atoms present at t = 0; 

A. = decay constant. 

(2-1 ) 

(2-2) 

The constant A. is the characteristic decay constant for the radioactive species. The 

characteristic rate of radioactive decay may conveniently be stated in terms of the half-life 

( tv2) , which is the time required for an initial number of atoms to be reduced to half 

that number by decay. 

A sample of any radioactive substance which is decaying at the rate of 3. 7 x 1010 
disintegration per second is traditionally said to contain one curie (Ci) of radioactivity. A 

millicurie (mCi) is 1Q-3 curies and a microcurie (pCi) is 10"6 curies. The microcurie is 

probably the most frequently used activity unit in the nuclear industry. The SI unit for 

the activity is Becquerel (Bq) . One Bq is equal to one disintegration per second of 

activity, thus one Ci equals 3.7 x 1010 Bq. 
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The concentrations of radioactive species in different types of samples may be expressed 
in different ways. For example: 

Sample Form Recommended Expression Recommended Unit 

Liquid Concentration pCi/L or Bq/mL 

Reactor water or Concentration pCi/kg or Bq/gm 
condensed steam 

Gas Concentration pCi/ cc or Bq/ cc 

Solid Solid concentration pCi/gm or Bq/gm of 
specified solid 
substance 

Surface Swface concentration pCi/ cm2 or Bq/ cm2 

Any fonn of Specific activity pCi/gm or Bq/gm of 
target substance target element 

It should be noted that the activity concentration in reactor water or condensed steam is 

commonly reported in pCi/kg or Bq/gm. Using the mass instead of volume avoids the 
confusion of water density differences at different temperatures. 

The radioactive species may be produced in a reactor by different nuclear reactions from 
various target materials in the system. 

2.2 NUCLEAR FISSION 

The fission process is usually accompanied by the emission of neutrons and much more 
rarely by the emission of a particles and possibly other light fragments. Tritium is also 
emitted in some fission processes. Fission has been produced in some nuclides (notably 
U-2g5, U-2gs, and Th-2g2) by neutrons, protons, deuterons, helium ions, and y and x-
rays of moderate energies. In a reactor by far the most important of these reactions is 

neutron-produced fission. The species U-2g2, U-2gg, U-2g5 , Pu-2g9, Am-241 , and Am-
242 undergo fission either with thennal or fast neutrons, whereas fission of U-2g8 
requires fast neutrons. 
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2.2.1 Mass Distribution and FISSion Product Chains 

The fission process may occur in many different modes, and a very large number of 
fission products, ranging from Z = 30 (zinc) to Z = 65 (terbium) and from A =  72 to 
A =  161 in the thermal neutron fission of U-235, are known. Fission into two equal 
fragments is by no means the most probable mode in thermal-neutron fission. 
Asymmetric modes are much more favored, the maximum fission product yields 
occurring at A =  95 and A =  138. The asymmetry appears to become less pronounced with 
increasing bombarding energy. When the total fission yield at each mass number is 
plotted against mass number, the cwve shown in Figure 2-1 results. The curve is 
essentially symmetrical about the minimum at A =  233.5/2 and has two rather broad 
maxima around mass numbers 95 and 138. The yields in each of the two peaks sum to 
approximately 100%. 

Sufficient information is available on the fission yields in the thermal- neutron fission of 
Pu-239 to draw a mass-yield cwve for this case. The general shape is similar to the U-235 
curve, but there are certain significant differences (see Figure 2-1 ) .  The yield at the 
minimum is not as low as for U-235; it is about 0.04 percent of the fission yield at A =  1 19. 
The heavy peak appears not to be appreciably displaced, compared to U-235 fission, but 
the light peak has its maximum at about A = 99. 

An enormous amount of radiochemical work was required to arrive at the present state of 
knowledge about fission products. It was necessary to develop chemical separation 
procedures, to analyze radioactive decay and growth patterns, to determine beta- and 
gamma-ray energies, to establish mass assignments of many previously unknown nuclides 
and to measure the fission yields. The fission yield of a nuclide is the fraction or the 
percentage of the total number. of fissions which lead directly or indirectly to that 
nuclide. 

As would be expected from the different neutron-proton ratios for U-235 and the stable 
elements in the fission product region, the primary products of fission are generally on 
the neutron-excess side of stability. Each such product decays by successive .B- processes 
to a stable isobar. Chains with as many as six 13- decays have been established, and 
undoubtedly some fission products still further removed from stability (higher on the 
parabolic slope of the stability valley) have escaped detection because of their very short 
half-lives. No neutron-deficient nuclides have been found among the products of 
thermal-neutron fission. 
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2.2.2 Charge Distribution 

Direct information on the distribution of yields along any given chain is confined to the 
relatively few good measurements of independent fission yields of individual chain 
members and of the shielded nuclides. An hypothesis which appears to account fairly well 
for most of the data is the postulate of "equal charge displacement." To state this, we 
make use of the quantity ZA, the value of Z corresponding to the highest binding energy 
for a given A. Furthermore, we define Zp as the most probable charge for a primary 
fission fragment of mass number A The postulate of equal charge displacement is that 
the two complementary fragments in a given fission event always have equal ZA - Zp 
values and, furthermore, that the probability distribution around Zp is the same for all 

values of A Remembering that on the average 2.5 neutrons are emitted per U-2g5 fission, 
we can write ZA - Zp = Z2g3.5-A - (92 - Zp) ,  or Zp = 46 + l/2(ZA - Z23g.5-A) .  From this 
formula and ZA, Zp can be calculated for any A The measured independent yields 
indicate a probability distribution such that 50% of the total chain yield occurs for 
Z = Zp. about 25% each for Z = Zp ± 1 ,  about 2% for Z = Zp ± 2, and much less for other 
Z values. The isobaric yield distribution around Zp appears to be Gaussian, and the 
postulate of a universal distribution in Z at all values of A is borne out by experiment, but 
not understood theoretically. As an example, the charge dispersion among products with 
A=93 from thermal-neutron fission of U-235 is shown in Table 2-1 and Figure 2-2. As can 

be seen in Figure 2-2, the. fractional independent yield or relative probability P(Z) of 
formation of a product with atomic number Z is well-represented by a Gaussian curve, (S) 

P(Z) = fo.e. (C7t)-l/2 exp [- (Z-Zp )2  /C] , 

in which P(Z) is the fractional independent yield of the fission product with atomic 
number Z, fo.e. is the odd-even effect factor, and C is nearly constant for all fission 
product mass chains. 

The fractional cumulative yield of a fission product with charge Z is given by: (4) 
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Table 2-1 

BETA DECAY CHAIN FOR MASS NUMBER 93 
(Yields are for thermal-neutron f"JSSion of U-235) 

Nuclide 

Br-93 (0.81s) 

Kr-93 (1 .3s) 

Rb-93 (5.8s) 

Sr-93 (7.5m) 

Y-93 (10.2h) 

Zr-93 (9.5x105y) 

Nb-93 (Stable) 

Fractional 
Independent Cumulative 
Yield Yield % 

4.9x104 0.003 

0.075 0.49 

0.48 3.54 

0.39 6.21 

0.19 6.37 

2x104 6.37 

27x1o-9 6.37 

EQUATION (1 ) WITH / C • 0.79 AND Z p  • 37.23 

0 • INDEPENDENT YIELD 

• • CUMULATIVE YIELD 

z 

Figure 2-2. Charge Dispersion for Products with A =  9S from 
Thermal-Neutron Filllion of U-255 
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The value of C is related to the Gaussian curve width parameter (a) which is nearly 
constant (a = 0.56) for all masses.* (S) Zp for each mass chain has been empirically 
determined based on many values of Zp found experimentally. 

Based on the charge distribution probability, Rider(6) has calculated by both the 
independent and cumulative fission yields for all fission products from various fission 
reactions. A summary of major fission product yields in thermal-neutron fission of U-2�5 
and Pu-239 is given in Table 2-2. 

2.3 TRANSURANIC NUCLIDES 

The transuranic elements are those produced by successive neutron capture of uranium 
and its products in a reactor. The chain of production and the radiation characteristic of 
each isotope are shown in Figure 2-3. In this production chain, the mcyor products are: 

Neptunium 
Plutonium 
Americium 
Curium 

-237, -239; 
-238, -239, -240, -241, -242; 
-241 ,  243; 
-242; -244. 

Except for Np-239 and Pu-241 ,  all the isotopes above are alpha emitters. Np-239 is a beta 
emitter and decays to Pu-239 with 2.36-day half-life. Pu-241 is also a beta emitter and 
decays to Am-241 with a 14.4-year half-life. A small fraction (0.0023%) of Pu-241 also 
decays to U-237 by emitting alpha particles. 

Experimental measurements, as well as theoretical calculations of each transuranic 
isotope buildup in the fuel element as a function of fuel bum up, have been reported by 
several investigators(8,9,10) for various fuel materials. Variations of transuranic isotope 
content with fuel bumup relative to total uranium are shown in Figure 2-4 for 2.5% 
enriched uo2 fuel. The transuranic activity buildup varies quite rapidly with the fuel 
bumup; however, the predominant alpha activity at the end of irradiation is Cm-242 (90 
to 95%) because of its shorter half-life. As the fuel exposure increases, the fissionable 
nuclides (Pu-239 and Pu-241 )  are created in the fuel, and a large fraction of fission may 
be attributed to plutonium isotopes near the end of fuel life (Figure 2-5) . 

• C •  (a2 + 1/12) 
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Table 2-2 

CUMULATIVE YIELDS OF MAJOR FISSION PRODUCI'S IN 
niERMAL NEUI'RON FISSION OF U-%35 AND Pu-%39 

Decay Fission yields(Y),% 
Half- CODitant (ll+Pu} 1:*1 

Nuclide life A, 1/s U-235 Pu-239 2 U-235 (U+Pu)/2 
Br-84 31 .80 m 3.63£-04 0.967 0.444 0.706 3.51£-06 2.56£-06 
Kr-85m 4.48 h 4.30£-05 1.300 0.565 0.933 5.59£-01 4.01£-07 
Kr-85 10.72 y 2.05£-09 0.285 0.128 0.207 5.86E-12 4.24E-12 
Kr-87 1.37 h 1.41£-04 2.520 0.990 1.155 3.54£-06 2.47£-06 
Kr-88 2.84 h 6.78£-05 3.550 1.320 2.435 2.41£-06 1.65£-06 
Kr-89 3:15 m 3.67£-03 4.600 1.440 3.020 1.69£-04 1.1 1£-04 
Kr-90 32.30 s 2.15£-02 4.860 1.400 3. 130 1.04£-03 6.72£-04 
Rb-88 17.70 m 6.53£-04 3.510 1.360 2.465 2.33£-05 1.61£-05 
Rb-89 15.40 m 1.50£-04 4.no 1.680 3.225 3.58£-05 2.42£-05 
Rb-90 2.60 m 4.44£-03 4.500 1.390 2.945 l.OOE-04 1.31£-04 
Rb-90m 4.30 m 2.69£-03 1.240 0.680 0.960 3.33£-05 2.58£-05 
Rb-91 58.00 s 1 .19£-02 5.610 2. 160 3.915 6.77£-04 4.67£-04 
Sr-89 50.50 d 1.59£-07 4.780 1.690 3.235 7.59£-09 5.14£-09 
Sr-90 29. 10 y 7.55£-10 5.910 2. 1 10 4.010 4.46£-1 1 3.03£-1 1 
Sr-91 9.5 1 h 1.93£-04 5.930 2.490 4.210 1. 14£-05 8.1 1E-06 
Sr-92 2.71 h 7. 10£-05 5.910 3.040 4.415 4.20£-06 3.18£-06 
Sr-93 7.40 m 1.56£-03 6.370 3.920 5.145 9.94£-05 8.03£-05 
Y-90 2.67 d 3.00£-06 5.920 2. 1 10 4.015 1.78£-07 1.21£-07 
Y-91 58.50 d 1.37£-07 5.930 2.490 4.210 8. 13£-09 5.17£-09 
Y-92 3.54 h 5.44£-05 5.980 3.060 4.520 3.25£-06 2.46£-06 
Y-93 10.20 h 1.89£-05 6.370 3.920 5. 145 1.20£-06 9.71£-07 
Zr-95 64.00 d 1.25£-07 6.490 4.890 5.690 8.14£-09 7.13£-09 
Zr-97 16.80 h 1 .15£-05 5.930 5.320 5.625 6.80£-07 6.45£-01 
Nb-95 34.97 d 2.29£-07 6.490 4.890 5.690 1.49£-08 1.31£-08 
Nb-97 1.23 h 1.51£-04 5.950 5.310 5.660 9.31£-06 8.86£-06 
M�99 2.79 d 2.88£-06 6.120 6. 160 6.140 1.76£-07 1.77£-07 
M�l01 14.60 m 7.91£-04 5.180 5.940 5.560 4.10£-05 4.40£-05 
Tc-98m 6.02 h 3.20£-05 5.380 5.420 5.400 1.72£-06 1.73£-06 
Tc-101 14.20 m 8.14£-04 ,. 180 5.950 5.565 4.21£-05 4.53£-05 
Tc-104 18.00 m 6.42£-04 1.920 5.960 3.940 1.23£-05 2.53£-05 
Ru-103 39.27 d 2.04£-07 3.040 6.950 4.995 6.21£-09 1 .02£-08 
Ru-105 4.44 h 4.34£-05 0.972 5.360 3.166 4.22£-07 1.37£-06 
Ru-106 1.02 y 2. 15£-08 0.403 4.280 2.342 8.68£-1 1 5.05£-10 
Rh-105 35.40 h 5.44£-06 0.972 5.360 3.166 5.29£-08 1.72£-07 
Sb-125 2.76 y 7.96£-09 0.029 0. 1 15 0.072 2.31E-12 5.73E-12 
To-129m 33.60 d 2.39£-07 0. 127 0.270 0. 199 3.03£-10 4.74£-10 
To-132 3.26 d 2.46£-06 4.280 5.230 4.155 1.05£-01 1 .17E-07 
1-131 8.04 d 9.98£-07 2.880 3.850 3.365 2.87£-08 3.36£-08 
1-132 2.28 h 8.44£-05 4.320 5.390 4.855 3.65£-06 4.10£-06 
1-133 20.80 h 9.26£-06 6.690 6.930 6.810 6. 19£-07 6.30£-07 
1-134 52.60 m 2.20£-04 7.710 7.270 7.490 1.69£-05 1.65£-05 
1-135 6.51 h 2.93£-05 6.300 6.450 6.315 1.85£-06 1.87£-06 
1-136 1.39 m 8.31£-03 2.970 1.740 2.355 2.47£-04 1.96£-04 
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Table 2-2 (Continued) 

Decay Fission yields(Y),% 
Half- constant W+Pul y•).. 

Nuclide life A, 1/s U-235 Pu-239 2 U-235 (U+Pu)/2 
Xe-133 5.24 d 1.53E-06 6.700 6.980 6.840 1.03E-07 1 .05E-07 
Xe-133m 2.23 d 3.60E-06 0. 189 0.232 0.211  6.80E-09 1.51E-09 
Xe-135m 15.30 m 7.55E-04 1.000 1 .680 1.340 1.55E-06 1.01E-05 
Xe-135 9.10 h 2. 12E-05 6.540 7.600 7.070 1.38E-06 1.50E-06 
Xe-137 3.82 m 3.02E-03 6.060 6.040 6.050 1.83E-04 1.83E-04 
Xe-138 14.20 m 8.14E-04 6.420 5. 120 5.170 5.22E-05 4.69E-05 
Xe-139 39.70 s 1.75E-02 5.040 3.050 4.045 8.80E-04 7.06E-04 
Xe-140 13.70 s 5.06E-02 3.620 1 .600 2.610 1.83E-03 1.32E-03 
Cs-137 30.17 y 7.29E-10 6.220 6.690 6.455 4.53E-11  4.70E-1 1  
Cs-138 32.20 m 3.59E-04 6.640 5.910 6.215 2.38E-05 2.2SE-05 
Cs-139 9.30 m 1.24E-03 6.280 5.350 5.815 7.80E-05 7.22E-05 
Ba-139 83.70 m 1 .38E-04 6.350 5.600 5.915 8.76E-06 8.2SE-06 
Ba-140 12.75 d 6.29E-07 6.270 5.540 5.905 3.95E-08 3.72E-08 
Ba-141 18.30 m 6.3 1E-04 5.190 5.230 5.510 3.66E-05 3.48E-05 
Ba-142 10.70 m 1.08E-03 5.130 4.600 5.165 6. 19E-05 5.58E-05 
La-140 40.27 h 4.78E-06 6.280 5.550 5.915 3.00E-07 2.83E-07 
La-141 3.90 h 4.94E-05 5.810 5.3 10 5.560 2.87E-06 2.74E-06 
La-142 92.50 m 1.25E-04 5.830 4.910 5.310 7.28E-06 6.71E-06 
Ce-141 32.50 d 2.47E-07 5.800 5.260 5.530 1 .43E-08 1.37E-08 
Ce-143 33.00 h 5.83E-06 5.940 4.430 5 .185 3.47E-07 3.03E-07 
Ce-144 284.60 d 2.82E-08 5.410 3.740 4.605 1.54E-09 1.30E-09 
Nd-147 10.99 d 7.30E-07 2.250 2.040 2.145 1.64E-08 1.57E-08 
Np-239 2.35 d 3.41E-06 60.000 60.000 60.000 2.05E-06 2.05E-06 
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2.4 ACTIVATION OF WATER AND IMPURITIES IN REA<:rOR COOLANT 

Water and impurities in water are activated only when the water flows through the core 
region; the residence time in the flux zone is only a few seconds for each path. The 
relevant nuclear data for major activation products in the BWR coolant are given in 
Table 2-3. Among these nuclides, N-16 (t1;2 = 7.1 s) is probably the most important 
nuclide because of its high-energy gamma ray (6.1 MeV) where the radiological effect is 
concerned. The chemistry and transport behavior of N-16 and other semi-volatile species 
in the BWR primary system will be discussed later (Subsection 5.4) . 

The production rates of radioactive species in water depend on the concentrations of 
their parent targets in water. The equilibrium concentration of a radioactive nuclide can 

be estimated as follows: 

dN 
- = �P4tcr - (A. + �c )N (2-3) 
dt 

where NO = number of parent target atoms 

N = number of activation product atoms 

n = parent target input rate, atom/s 

A. = decay constant, s-1 

�c = reactor water cleanup time constant, s-1 . 

= reactor water cleanup system flow rate (kg I s) 
reactor water mass (kg) 

p = reactor power and core geometric factor 

4t = effective neutron flux for target activation 

cr = effective activation cross section 
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Table 2-S 

MAJOR WATER AND IMPURITY ACTIVATION PRODUCfS 
IN REACI'OR COOLANT 

Natural 
Isotopic Average 

Abundance Activation 
Nuclide Half-life Reaction (%) Cross Section• 

3H 12.3 y 2H(n,a)3H 0.015 0.53 mb(T) 
6Li(n,a)3H 7.5 942 b (F) 
10B(n,2a)3H 5.6 mb (F) 
lOB(n,a) 7u 3838 b (F) 
235u(n,£)3H 0.01 % fy 

I4c 5730 y I3c(n,y) I4c 1 .1 1  0.9 mb (T)b 

14N(n,p) I4c 99.63 1 .8 b (F)b 
I7o(n,a) I4c 0.038 240 mb (F)b 

I5c 2.45 s I8o(n,a) I5c 0.204 1 .5 mb (F) 

13N 9.97 m 16o(p,a) 13N 99.76 50 mb (P)C 

16N 7.13 s 16o(n,p) l6N 99.76 19 mb (F) 

I9o 26.9 s I8o(n,y) I9o 0.204 160 mb (T) 

18F 1 .83 h I8o(p,n) 18F 0.204 300 mb (P) 

24Na 14.96 h 23Na(n,y)24N 100 528 mb (T) 

32p 14.28 d 31 P(n,y) 32p 100 190 mb (T) 
32s(n,p)32p 95 69 mb (F) 

38a 37.2 m 37CJ(n,y)38CJ 24.23 430 mb (T) 

(a) Data for 20"C; T, F, and P in the parentheses indicate thermal and fast neutron and proton reactions, 
respectively; the activation cross-section data are adopted from References 1 and 2. 

(b) P.J. Magno, et al, Proc. 1�th AECAir Oeaning Conf., P1047 (1972). 

(c) M. S. Singh and L. Ruby, Nucl. Tech., .17. 104 (197�) . 
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At equilibrium condition during normal operation, 

dN - = O, and 
dt 

Thus, by measuring Neq and N�q, P can be calculated. 

For the parent nuclide, 

d� 
- = n - � � 

dt c 

At equilibrium, 

d� = 0, 
dt 

o n Neq = -�c 

Thus, the total active impurity at equilibrium condition can be estimated by: 

(2-4) 

(2-5) 

(2-6) 

(2-7) 

The core average neutron flux in a light water reactor may be approximately related to 
the power density of the core. For a BWR with the core power density at 50 WI cm3, the 
average fluxes for thermal, epithermal and fast neutrons in the core region are estimated 
at 1 .35 x IQ14, 6 x IQ15 and 3.9 x IQ15 n/cm2js, respectively. 
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2.5 ACTIVATION OF CORROSION PRODUCI'S 

The metallic impurities are released into the coolant from the struc-tural materials in the 

feedwater and primary systems as a result of corrosion/ erosion. When they are deposited 

on the fuel swfaces, they become activated by the neutron flux in the core. Some 

activation products are also produced in the structural materials in the core. The 

pertinent nuclear data for the maJor activated corrosion products are given in Table 2-4. 

The activity (A) produced in the structural material in the core region at time to can be 

calculated by 

A =  A.N = +�cr(l- e-).t ) (2-8) 

All symbols have the meanings given previously. 

The calculated specific activities as a function of irradiation time at a constant neutron 

flux for the major activation products generally found in lightwater reactors are shown in 

Figure 2-6. 

The calculation of activity production in the fuel deposit is rather complex; it involves 

variations in corrosion product deposition rate, neutron flux, release of activities, etc. 

The details of model calculations are discussed and compared With the experimental data 

in Section 4. 
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Table 2-4 

MAJOR ACTIVATED CORROSION PRODUCI'S IN UGHT WATER REACTORS 

Nature 
Isotopic Actifttion Cross Section 

Half- Formation Abundance (Barns)• 
Nuclide life Reaction (%) Thermal Epithermal Fast 

51er 27.7 d 50er(n,y)51er 4.35 16.0 0.68 
54Mn 312.2 d 5�e (n,p)54Mn 5.8 0. 1 1  
56Mn 2.58 h  55Mn(n.,y)56Mn 100 13.3 1.13 
55Fe 2.73 y 5�e(n,y)5�e 5.8 2.5 0.1 
59Fe 44.51 d 58f-e(n,y)5%e 0.3 1.14 0. 1 
58 eo 70.88 d 58Ni(n,p)58eob 68.3 0.146 
60eo 5.27 y 59eo(n,y)60Co 100 37.5 6.05 
63Ni 100 y 62Ni(n,y)63Ni 3.6 14.6 0.77 
65Ni 2.52 h 64Ni(n,y)65Ni 0.9 1 .50 0.07 
64cu 12.7 h 63cu(n,y)64cu 69.2 4.4 0.40 
65zn 243.8 d 64zn(n,y)65zn 48.6 0.82 0.13 
76& 26.3 h 75&(n,y) 76& 100 4.4 5.08 
95zr 64.02 d 94zr(n,y) 95zr 17.4 0.075 0.031 
1 10mAg 249.8 d 109 Ag(n,y) 1 1  OmAg 48.17 4.7 
1 13sn 115. 1 d 1 12sn (n,y) 1 13sn 1 .01 0.71 2.2 
124sb 60.2 d 123sb(n,y) 124sb 42.7 4.0 9.7 
181m 42.4 d 180Hf(n,y) 181 Hf 35.2 12.6 2.26 
182Ta 114.43 d 181Ta(n,y) 182Ta 100 22.0 56.4 
187w 23.9 h 186w(n,y) 187w 28.6 37.2 33.9 

anata for 20"C. 
bsumuf cross section, �· for Co-58 is 1 .9xHr21 cm2. 
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S. FISSION PRODUCTS 

3.1 FISSION PRODUCf RELEASE CALCULATION - A  THEORETICAL MODEL 

The main purpose of measuring the fission product release from the reactor is to 
monitor the fuel integrity, as well as the activity release as part of radiological swveillance 
in the power plant. The fission products from the defective fuel are released into the 
primary coolant, and some volatile species are subsequently released through the offgas 
system. The magnitude and composition of the released fission products depend on the 
size of the defect and the number of defective fuel rods in the core. Some fission 
products are also released as a result of fission recoil from tramp uranium or natural 
uranium contaminate in the Zircaloy fuel cladding. 

In practice, empirical methods are used to characterize the fission product release 
behavior. However, it is worthwhile describing a theoretical model for comparison with 
the empirical models which will be discussed in the subsequent sections. 

3. 1.1 Release of FISSion Products into Fuel Gap 

It has been generally accepted that diffusion is the primary release mechanism for 
volatile fiSsion products from oxide fuel pellets. Based on the equivalent sphere model 
originally proposed by Booth, ( 1 ) solutions for the appropriate diffusion equations for a 
sphere in which production and decay of the fission product are taken into account have 
been obtained by Beck. (2) 

For reactor operating times that are long with respect to the half-life of a radioactive 
fission product, the fraction of non-decayed atoms outside the sphere (G) approaches 
the equilibrium value: 

where 

G = s[(1 I �)coth(�) - 1  I �] (3-1 ) 

G = 
A.N = the fraction of non-decayed atoms in the fuel gap at equilibrium 
B 

B = fission product production rate inside the sphere, atom/ s 

N = the accumulation of undecayed atoms in the fuel gap A. = decay constant, s-1 
3-1 
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p = A.a2;n = A./D' 

a = equivalent-sphere radius, em 

D = diffusion coefficient, cm2 I em 

D' = D0ja2 exp (-Q/RT) x [ IOo (MWd/t)/28000] 

D0 = limiting diffusion coefficient, cm2js 

Q = activation energy for diffusion, cal/ g-mole 

R = gas constant, (cal/deg) • (g-mole) 

T = absolute temperature, "K 

MWd/t = fuel burnup 

For a small G (�5%)* , i.e., p>IOO, 

or 

(D' )1/2 
G = 3 -

A. 

A.·N· (D' )1/2 
_1 _1 = 3 -
B· A.· I I 

(3-2) 

(3-2A) 

where the subscript i indicates nuclide i. At equilibrium, the release rate of nuclide i into 
the fuel gap is: (D' )1/2 

R� = A. ·N· = 3B· -I I I I A· I 
(3-3) 

*For iodine and noble gas isotopes, an average of <5% was adopted in the Rasmussen report, WASH-1400 
(NUREG-75/014) . A smaller value has been reported in the most recent experimental measuremenL (3,4) 
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For convenience, 

(3-4) 

where F(p)Yi = 3BiD'1/2, atom/s 

F(p) = fission rate as a function of power and diffusion coefficient, fission/s. 

Yi = fission yield of nuclide i. Normally, thermal neutron fission of U-235 
is used in calculation; however, in the case with high bumup fuel, 
contribution from Pu-239 should be considered. 

3.1 .2 Release of FISSion Product from Defective Fuel into Reactor Coolant 

The one compartment model of volatile fission product released into the reactor coolant 
from defective fuel cladding is schematically described in Figure 3-1, and the release rate 
is derived as follows: 

where N· 1 

Rj 
v· 1 

cl»ai 

dN· 0 -1 = R· - A.·N· - v·N· - "'a·N· 
dt I I I I I 'I' I I 

= inventory in fuel gap, atom 

= F(p)YiA.i (Eq. 3-4) 

= escape time constant, s-1 

= bumup rate, s-1 

3-3 

(3-5) 
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Upon integration 

when t -> oo ,  

GAP 

FUEL 

dN. 0 
-dt-1 • RI - '\ .N1 - tf>a.N. - v 1N. 1\ 1  I I I 

FJgUre �1. Schematic of One Compartment Model 

The release rate in atom/ s can be calculated by: 

(3-6) 

(�7) 
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and the activity release rate in Bq/s is 

v·A.--112 
A· = N·v·A.· = F(p)Y: -.£..1 ...£.1--

1 1 1 1 1 '1 + + ... 
Ai vi ,.a i 

(3-8) 

The bumup rate, +a, is generally very small except for Xe-135; the value of +a for Xe-135 
is 8.9 x 1o-5 s-1 , which is larger than the decay constant of Xe-135, 2.1 x 1o-5 s-1 . The 
value of the escape time constant, v, depends on the size of defect and communication in 
the fuel gap*; neither are very well defined. Thus, if 

or, if V«A, A· = F(p)Y· V· A.· -112 
1 1 1 1 

(3-9) 

(3-10) 

It must be noted that if there is more than one defective fuel rod, and the defect sizes are 
different, then this model prediction of fission product release may not be applicable. 

3.1 .3 Release of FISSion Products from Fuel Contaminant 

Even though the reactor core may contain no defective fuel, natural uranium 
contamination of core construction materials and Zircaloy cladding, as well as enriched 
uranium contamination of the external cladding swfaces, could be the source of fission 
products in the coolant during power operations. The recoil range of a fission product is 
approximately 10 microns; therefore, only the fissions that occur within �:�S10 microns of 
the outer swface of the Zircaloy cladding can introduce fission products into the coolant. 
It is safe to assume that half of the recoils from the fissioning nuclei will escape to the 
coolant and the other half will be embedded in the host material. Thus, the activity 
release into the coolant may be predicted by: 

(3-1 1 )  

* Typical values of v for volatile fission products are in the range of 1 o-9 to 1 cr 7 s·1. 
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where A· ' 1 = activity release rate from fuel contaminant, Bq/s. 

F(p)' = fission rate, as a function of power, of fissionable material ("tramp". fuel) 

in contaminants, fission/s. 

3.2 CHARACTERIZATION OF FISSION PRODUCT RELEASE PA'ITERNS IN BWR 

3.2.1 Empirical Methods 

In the GE source term document, (5) the release rate Ai is defined by the empirical 

relation 

or 

A· = KY:A.�-b 1 1 1 (3-12) 

(3-13) 

where Ai = release rate in Bq/sec (or pCi/s) 

Ri = release rate in fission/ s 

K = a dimensional constant establishing the level of rele�e. 

b = a dimensionless constant establishing the relative amount of each 

nuclide in a mixture of similar chemical group (i.e., noble gas or iodine 

isotopes) . 

Yi = fission yield of species i 

Ai = decay constant of species i, in s-1 . 

By plotting log (Rj) versus log (A.i) for noble gases or iodine isotopes, a theoretical 

straight line can be obtained with a characteristic slope of b. An example of such a plot is 

shown in Figure 3-2. 

It should be noted that: ( 1 )  the noble gas release rate is always equal to or greater than 

the iodine release rate for the isotopes of comparable half-life, (2) the "b" value for noble 

gas activities is always equal to or greater than the "b" value for iodine activities, and (3) 
when b :::::s 0, the noble gas and iodine activities fall into a same horizontal line. 
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It is convenient to characterize the release pattern or the composition of fission product 

mixture in three types as follows: 

Release 
Pattern 

Value 
of b 

Release rate, 
Ri 

Characteristics of fuel defect 
and activity release 

Recoil 0 K No defect; activity release from tramp fuel; 
proportional to reactor power. 

Equilibrium 1 .0 Io.::·l 1 Pin hole defect; no consistent correlation of 
release rate with reactor power. 

Diffusion 0.5 I0..:-0·5 1 Split cladding defect; activity release 
changes exponentially with power. 

The source term equations, Equation �12 or �13 can be directly related to the model 

calculations given in Section 3-1 . When b = 0, the "recoil" release is identified with 

Equation 3-1 1,  

Ri (recoil) = K.r. and 

Kr = 1/2 F(p) ' ,  

whereKr is the recoil release rate. 

When b -:�:  0, the source term equation is related to Equation 3-8, 

and 

A· = F(p)�A..l/2 ( Vj )= K�A.�-b 
1 1 1 '1 + + "" 1 1 

"'i Vj 'I'O'i 

(�14) 

(�15) 

(�16) 
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Since +ai is generally very small and negligible, and 

if 

if 

v>>l.., 

v<d, 

b = 0.5 and K<f = F(p) 

b = 1 .5 and Ke = F(p)vh 

where K<f and Ke are "diffusion" and "equilibrium" release rate constants, respectively. It 

should be noted that the equilibrium release pattern is characterized by b = 1 ,  but the 

theoretical maximum value of b is 1 .5. The value of b> 1 has been frequently obseiVed 

experimentally. It is also important to note that the release rate is proportional to the 

escape time constant, vh in the equilibrium case. 

3.2.2 Release of Noble Gas Activities 

The total activity in the offgas is a direct measure of the total noble gas fission product 

mixture released from the reactor core, and the analysis of radionuclide distribution of 

the noble gas fission product mixture is used to determine the specific mechanisms of 

the activity release. The release rate Ai for each isotope is calculated from the measured 

concentration Cj in the offgas and the radiolytic gas flow rate, Fgas, 

The release rates of the six major noble gases (Xe-138, Kr-87, Kr-88, Kr-85m, Xe-135, and 

Xe-133) have been commonly used to characterize the type and magnitude of fuel 

failures. The activity release rates can be approximately expressed by Equation �12 or � 

13. Since the actual distribution obseiVed may be composed of a mixture of releases 

characterized as "recoil" (b--Q) , "equilibrium" (b=1 ) ,  and "diffusion" (b--G.5) , Equation � 

1 3  can be written as 

R· = Ai Io.::·b = K + ll 1..71 + Kdl..:-(>.5 1 Y·l... 1 r ... "e 1 1 
1 1 

(�17) 

There may be no definite "equilibrium" or "diffusion" type release in the actual case, and 

for the practical purpose, the release mechanisms may be resolved into two components, 

"recoil" and a mixture of non-recoil release from failed fuel, so that 

�9 
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(3-18) 

where Kr is the recoil level of release, K.f is a constant establishing the level of release 

from failed fuel, and b' is a dimensionless constant establishing the relative amount of 

each nuclide in the mixture of noble gas activities released from failed fuel. 

Fuel performance, as defined in a narrow sense by fuel rod reliability, is typically 

monitored in a BWR by the measurement of the "sum of six" major noble gas activities at 

the steam jet air ejector (SJAE) .  The recoil fraction of the total offgas activity should be 

subtracted from the total release rate to determine the release rate from failed fuel. The 

recoil level of fission product release may be estimated by a number of techniques using 

the noble gas activity data or the soluble fission product activities measured in reactor 

water. These techniques are briefly described and compared below: 

Technique Comment 

(1 )  Extrapolation of 6 m�or noble 1:.-j data Very rough estimate. 
to the interception with A. =  1o- s-1 

vertical line (see Figure 3-2) . 

(2) Mathematically resolving Eq. (3-17) into Popular practice with 
3 components using 6 major noble gas data. computer programming; not 

accurate. 

(3) Determination from shorter-lived noble gas Difficulty in sampling and 
activities, Kr-89 (3.16 m) Kr-90 (32 s) , decay correction. 
Xe-137 (3.8 m) , Xe-139 (40 s) . 

(4) Determination from soluble cationic Easy to measure for some 
fission products, Rb-89, Sr-91, Sr-92, isotopes, reliable. 
Cs-138, Cs-139, Ba-139, Ba-140, NJr239 
(see Section 3.2.4) . 

(5) Determination from iodine activities, Easy to measure, reliable. 
recoil level == 1/2 ofl-134 release rate 
(see Section 3.2.3) . 

3-10 
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6 
By knowing the recoil level K.r. the L (Ai >recoil can be easily estimated from: 

i 

6 6 
L (Aj >recoil = Kr L (Yi"-i >recoil (3-19) 

If the fission yields from the thermal neutron fission of U-235 are used in calculation, 

more typical of new low exposure core, 

6 
L(Ai )recoil = 1 . 6 x 10-9Kr (in pCi/s)* 

If the fission yields are taken from 50% U-235 and 50% Pu-239, more typical of an 

equilibrium core, 

6 
L (Ai)recoil = 1.4 x 10-9Kr (in pCi/s)*  

The non-recoil fuel activity release rate can then be calculated by: 

6 6 6 
L(Ai)fuel = L(Ai )total -L(Ai )recoil (3-20) 

Alternatively, it is convenient to use the release rate Rj (in fission/s) to subtract the recoil 

fraction, since the value of Rj for recoil is identical for all fission products (Rj = K.r). The 

non-recoil fraction for each isotope is then converted to the activity release rate Ai (in 

pCi/s) , and the total non-recoil release rate can be calculated. 

Based on experience, the offgas activity release rate (sum of six) per one leaking fuel rod 

measured at SJAE ranges from a few hundred to a few thousand pCi/ s with the average at 

approximately 2000 pCi/s(6) . 

* 1 pCi/s = !. 7 x 104 Bq/s. 
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3.2.3 Release of Iodine Activities 

The release rate of iodine activity, Ai, can be calculated from the activity concentration in 

reactor water Ci by the following equations: 

where 

(3-21)  

A-1 = release rate to coolant from fuel, Bq/s or pCi/s. 

Af = return of the same activity species from the feedwater, Bq/s or pCi/s. 

(Except for the fo:rward pumping plants, Af is generally very small 

compared with Ai.) 

w = reactor water mass, kg. 

"-i = decay constant of species i, s-1. 

�c = reactor water cleanup (RWCU) system removal time constant, sec-1 , 

which is defined as �c = f/W, assuming _ 100% efficient. 

f = RWCU flow rate, kg/s 

�s = steam removal time constant, s-1, which is defined as �s = £ F/W 

£ = iodine carryover, defined as the ratio of 

the concentration of species i in condensate 

the concentration of species i in reactor water 

F = steam flow rate, kg/s 

Upon integration, 

(3-22) 
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when t -> co, and the equilibrium concentration is established by the release rate Aj if the 

activity returned from the feedwater is negligible, (i.e., Aj>>Af) :  

C. - Ai 
1 -

W(J .. i + �c + �s )  
(3-23) 

(3-24) 

The characteristics of the iodine activity release then can be evaluated by using Equations 

3-17 and 3-18 again. 

Similar to the noble gas activities, the mixture of iodine activities can be characterized by 

the b value and also can be separated into "recoil", and fuel release ("equilibrium" and 

"diffusion") components. It has been experimentally determined that the "recoil" level of 

release may be established from the iodine activities more easily than from the noble gas 
activities. The empirical method is such that when the measured fission/s value for I-134 

is greater or equal to that for I-132, the I-134 fission/s value is approximately equal to the 

true recoil level.* On the other hand, when I-134 < I-132,** the recoil level is 

approximately equal to one-half the I-134 fission/s value. This empirical method is more 

reliable when the reactor is operated at near 100% power. 

3.2.4 Calculation of Nonvolatile Soluble FISSion Product Release Rate 

The isotopes of rubidium, cesium, strontium, barium, technetium, and molybdenum are 

included in this group. It is believed that these nuclides occur in the coolant primarily as 

the result of fission fragment recoil or as a result of the decay of short-lived noble gas 
precursors in water. The release rate (J.1Ci/s) for the individual nuclides in this group can 

be calculated from the concentration of the activities in the reactor water by Equation 

3-25: 

(3-25) 

* The "true" recoil level is established from the cationic fission products in reactor water and the shorter­
lived noble gas activities. 

** The normal release rates (in fission/s) for iodine isotopes from non-recoil source are generally higher 
for the longer-lived isotopes. However, 1-lM>I-152 has been observed when the recoil contribution is 
relatively high. 
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The release rate can be related to the decay constant and the fission yield by the equation 

of a recoil mechanism 

A· = KYO •. · 1 1 1 (�26) 

where Y' is the fission yield modified to include the release produced by the decay of the 

noble gas precursor, 

A. Y 
Y' = Y· + g g 

md Ag + a 

where Yind = independent fission yield of ith nuclide 

Yg = cumulative yield of the precursor gas 

A.g = decay constant of the precursor gas, and 

(�27) 

a = the removal rate constant of the gas precursor from the reactor coolant, 

s-1 . The value of a is approximately 0.2 s-1 estimated from the ratio of 

steam flow (by volume) to the steam volume in the reactor pressure 

vessel. 

The measurement of activities in this group can be used to establish a recoil level of 

activity release. The value of Ri for each isotope should be independent of /..i and nearly 

constant. Among the activities in this group, Rb-89, Sr-91 ,  Sr-92, Cs-138, Cs-139, Ba-139, 

Ba-140 and Np-239 (activation product ofU-238) are easier to measure and generally give 

more consistent results. 

3.2.5 Estimation of the Exposure for Defective Fuel Rods 

In theory, the measurements of Cs-134 and Cs-137 activities in the reactor coolant may be 
used as an indicator of the exposure (bum up) of a failed fuel rod from which the fission 

products are released. Cs-137 (30 y) is produced directly from fission, and Cs-134 (2.1 y) 

is produced by neutron activation on Cs-133, a stable fission product. Since the Cs-134 

activity increases (proportionally to the square of the fuel exposure) faster than Cs-137 in 

the fuel as the fuel exposure increases, the ratio of Cs-134 to Cs-137 increases as the fuel 

exposure increases, as shown in Figure �3. It should be pointed out that if Cs-134 and 
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Cs-137 are released from different defective fuel rods with different exposures and 

different sizes of defects, it would be more difficult to accurately estimate the exposures 

of defective fuel. 

3.2.6 BWR Radioactivity Source Terms* and FISSion Product Activities in the Primary 

Coolant 

Based on previous experience, the BWR activity release source term was established in 

1971 for design purposes. ( 5) The activity release rate is represented by the empirical 

relationship given in Equation 3-28, 

(3-28) 

where b=0.6 is adopted for the noble gas release. By setting the total noble gas activity 

release rate at 105 pCi/s measured at t=30 minutes (delay time) ,  the release rate for each 

noble gas isotope can be calculated from 

(3-29) 

Similarly, the 1971 source term for iodine activities defines b = 0.5 and 700 pCi/s 1-131 

leakage rate. The release rate for all halogen isotopes can be calculated by 

Ai (iodine) = 2.4 x 107 YiA.Y·5 e-Ait (3-30) 

The calculated release rates using U-235 fission yields for the major noble gas and 

halogen activities are given in Table 3-1 . 

The steady state concentrations of fission product activities in water and steam systems 

vary from reactor to reactor, sometimes by two to three orders of magnitude, depending 

on the size of the fuel defect, the number of defective fuel rods in the core, and the 

capacity of reactor water cleanup system. In the case of iodine activities, the 

concentration also depends on the level of steam carryover. Selected American Nuclear 

Society standard radionuclide concentrations in principal fluid streams of the light water 

reactors are given in Table 3-2. (7) 

* 
The source term is loosely defined as the most likely maximum release of radioactivity in a reactor. 
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Table S-1 

STANDARD PLANT DESIGN BASIS NOBLE GAS AND HALOGEN LEAKAGE RATES 

Leakage Rate Leakage Rate 
at t = O  at t = !O m  

Radioisotope Half-Life (pCi/s) (pCi/s) 

Kr-83m 1 .86 h 3.4 X 103 2.9 X 103 

Kr-85m 4.48 h 6.1 X 103 5.6 x 103 

Kr-85 10.73 y 10 to 20* 10 to 20* 
Kr-87 1 .37 h 2.0 X 104 1 .5 X 104 

Kr-88 2.84 h 2.0 x 104 1 .8 x 104 

Kr-89 3.15 m 1 .3 X 105 1 .8 X 102 

Kr-90 32.3 s 2.8 X 105 

Kr-91 8.6 s 3.3 x 105 

Xe-133m 2.19 d 2.9 x 102 2.8 x 102 

Xe-133 5.24 d 8.2 X 103 8.2 X 103 

Xe-135m 15.3 m 2.6 x 104 6.9 X 103 

Xe-135 9.1 h 2.2 X 104 2.2 X 104 

Xe-137 3.82 m 1 .5 X 105 6.7 x 102 

Xe-138 14.1 m 8.9 X 104 2.1 X 104 

Xe-139 39.7 s 2.8 X 105 

Xe-140 13.6 s 3.0 X 1o5 

Br-83 2.40 h 1 .1  X 103 

Br-84 31 .8 m 4.3 x 103 

1-131 8.04 d 7.0 X 102 

1-132 2.28 h 9/4 x 103 

1-133 20.8 h 2.8 x 103 

1-134 52.6 m 2.8 x 104 

1-135 6.57 h 7.9 x 103 

Total noble gases -1 .0 X 1o5 

*Estimated from experimental obsenrations. 
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Table 3-2 

SELECTED ANS STANDARD RADIONUCLIDE CONCENTRATIONS IN REAcrOR 
COOLANTS - FISSION PRODUCTS (pCi/kg) (Ref. 7) 

BWRa PWRb 
Nuclide Reactor Water Steam Reactor Water Secondary Coolant 

Kr-85m 1 .0 
Kr-85 0.004 
Kr-87 3.3 
Kr-88 3.3 
Kr-89 21 
Xe-133m 0.049 
Xe-133 1 .4 
Xe-135m 4.4 
Xe-135 3.8 
Xe-137 26. 
Xe-138 15 
1-131 2.2 0.033 45 0.0018 
1-132 22 0.33 210 0.0031 
1-133 15 0.23 140 0.0048 
1-134 43 0.65 340 0.0024 
1-135 22 0.33 260 0.0066 
Rb-89 5 0.005 190 
Cs-134 0.03 7.1 
Cs-136 0.02 0.87 
Cs(Ba)-137 0.08 9.4 
Cs-138 10 0.01 
Sr-89 0.1 0.14 
Sr(Y)-90 0.0007 0.012 
Sr-91 4 0.96 
Sr-92 10 
Y-91 0.04 0.0052 
Zr(Nb)-95 0.0008 0.39 
Mo(Tc)-99 2 6.4 
Ru(Rh)-103 0.02 7.5 
Ru(Rh)-106 0.003 90 
Te-132 0.01 1 .7 
Ba(La)-140 0.4 25 
Ce-141 0.03 0.15 
Ce-144 0.003 4 
Np-239 8 2.2 

aA reference BWR is a MOO MWt BWR/5. 
bA reference PWR is a MOO MWt PWR with U-tube steam generaton. 
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3.3 CHARACTERISTICS OF FISSION PRODUCf RELEASE PATI'ERNS IN PWR 

3.3.1 Activity Release Rate 

In PWRs, the fuel performance is usually characterized by analysis of iodine activities in 

the primary coolant. The level of 1-131 activity is measured for the purpose of estimating 

the number of fuel failures, and the ratio of I-131/1-133 is measured to characterize the 

type of defect. 

As shown in Section 3. 1 .2, the activity release from failed fuel may be characterized by 

Equation �. Depending on the magnitude of the escape time constant, v, Equation � 
can be simplified to Equations 3-9 and 3-10: 

Ai = F(p)YiA.Y·
5 for v >> A. (3-9) 

A· = F(p)Y:v·A.-:-0·5 for v >> A. 1 1 1 1 (3-10) 

For practical purposes, the value of v is assumed to be identical for all iodine isotopes. 

Thus, the ratio of i-131/I-133 release rate may be estimated by: 

or 

Aun - � � for v >> A. (3-31)  ( )(A. )0.5 

Auss Yiss A.Iss 

( )(A. )-o.5 
� - Yun ....lli for v << A. 
A1gg Y1ss A.1ss 

(3-32) 

It is safe to assume that the activity release rate ratio would be between these two extreme 

limits for the iodine activities released from a failed fuel. 

When the activities are released only from the tramp fuel, the activity release ratio can be 

estimated from Equation 3-11 .  

A1s1 = (Y1s1 )(A.1s1 ) (3-33) 
A1gg Y1ss A.1ss 
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3.3.2 FISSion Product Activities in the Primary Coolant and Characterization of Fuel 

Failure Pattern 

Similar to that described for the BWR (Section 3.2.4) , the steady-state activity release rate 

can be calculated from the measured activity concentration in the coolant by: 

where 

(3-34) 

A· 1 = activity release rate from fuel, pCi/ s or Bq/ s 

Ci = activity concentration in the coolant, pCi/kg or Bq/ s 

w = reactor coolant mass, kg (excluding the pressurizer mass) 

i.: 1 = decay constant, s-1 

J3 = letdown coefficient, s-1 , given by F&/W where F = letdown flow rate 

(kg/s) and & = letdown demineralizer efficiency 

The activity release rate ratio can be calculated from: 

Aun Cun(A.un + J3) 
A133 

= c}gg(A.}gg + J3) ' 

and the concentration ratio can be calculated from: 

C131 A131 (A.tgg + J3) 
C133 

= Atgg(A.I3I + J3) 

(3-35) 

(3-36) 

By substituting the A131/ A133 ratio from Equation 3-33 for the recoil release from the 

tramp fuel, the concentration ratio can be calculated by: 

(3-37) 
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By using a typical value of J3 = 2 x 10'"5 s-1 , the concentration ratio from the recoil source 

can be estimated: 

(Cun )recoil = 0.065 
Cuss 

Similarly, the concentration ratio from the failed fuel can be estimated by: 

(3-�8) 

for a large release, and 

(3-�9) 

for a small release. The ratio values are approximately 0.2 and 1 .85, respectively. It can be 

easily seen as the release source changing from tramp fuel to failed fuel, due to the faster 

decay of the shorter-lived isotope (1-1��) inside the fuel and fuel gap, the activity 

concentration ratio increases from R:l 0.065 for the recoil source to �t� 0.2 or greater, 

depending on the nature and size of fuel defect. By using the measured 1-1�1/1-1�� 

concentration ratio in the coolant, the nature of the fuel defect may be characterized as 

follows: 

1-131/1-133 
Concentration Ratio Defect Nature 

S0.1 Possibly no defect 

Comment 

Release from tramp fuel or fuel 
contaminate 

0.1-0.� Open hole or large crack Coolant in contact with fuel in 
cladding 

0.�.5 

�.5 

Small hole 

Pin hole or tight crack 
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Activity release in equilibrium with 
activity inside the fuel cladding 

Copyright © National Academy of Sciences. All rights reserved.

Radiochemistry in Nuclear Power Reactors
http://www.nap.edu/catalog.php?record_id=9263

http://www.nap.edu/catalog.php?record_id=9263


It should be mentioned that when the iodine activity concentrations in a reactor are 

compared with that in other reactors, there are usually "normalized" to a common value 

of letdown coefficient, � = 2 x 1 o-5 s-1 . 

From Equation 3-34, the iodine concentration measured in a reactor with letdown 

coefficient � may be normalized to a normalized concentration cr for comparison: 

or 

(3-40) 

Similarly, the concentration may also be normalized to a same reactor coolant mass, wn: 

(!HI) 

In addition to characterizing the nature of fuel failure, the measured activity ratio of 

Cs-137 /Cs-134 may be used to estimate the exposure of failed fuel as discussed previously 

for the BWR. 

3.3.3 Estimation of the Number of Failed Fuel Rods 

In spite of some suggested techniques to estimate the number of failed fuel rods, the 

most practical and accurate method is to compare the normalized I-131 concentration 

from failed fuel (total minus recoil) with the previously established empirical data. The 

I-131  activity concentrations per leaking fuel rod are: (6) 

Typical 

Range 

Tight Defect 
(1-131/1-133 >> 0.7) 

5 pCi/kg 

1-10 pCi/kg 
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Open Defect 
(1-131/1-133 111:1 0.2-0.5) 

SO pCi/kg 

10-100 pCi/kg 
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Similar to that discussed in Section 3.2, for the BWR, the correction of the measured 

activity concentration for the contribution due to tramp fuel must be calculated. It has 

been suggested(6) that I-1M, which has a 52.6 min. half-life, comes primarily from direct 

recoil sources. The measured I-I34 activity may be used to correct the recoil contribution 

for 1-131 . According to Equation �37, the recoil fraction ofl-13I may be calculated by: 

By using the typical value of � = 2 x I o-5 s-I , (Cun ) = 0.0194 
C154 recoil 

Thus, the I-13I concentration from leaking fuel is: 

(3-42) 

It must be cautioned that, by assuming the l-IM activity release is totally from recoil, a 

large error could be introduced in calculating I-13I for a small fuel leakage. It is 

suggested that the recoil level would be more accurately determined from other shorter­

lived isotopes, similar to that in the BWR. In many cases, only a fraction (I/4 to I/2) of 

l-IM comes from recoil sources. 

S.S.4 Steady-State Concentrations of FISSion Product Activities in the Primary Coolant 

The steady-state concentrations of fission product activities in the primary coolant vary 
from reactor to reactor, depending on the size of the fuel defect, the number of defective 

fuel rods in the core, and the capacity of letdown cleanup system. The American Nuclear 

Society Standards Committee has published a set of typical (or "standard") radio nuclide 

concentrations in principal fluid streams of the light water reactors. (7) The "standard" 

concentrations of fission products in the reference PWR are given in Table �2. For 

evaluating the long-term environmental impact, the recommended relationship for 

estimating the expected I-I31 concentration in the reactor coolant system of PWR is: 

I-I3I (pCi/g) = 0.003 (P /L) (8) 

where P = power rating (MWt) and L = letdown flow rate (GPM) 
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3.4 FISSION PRODUcr TRANSPORT IN TilE COOLANT SYSTEM 

3.4.1 FISSion Products in the Steam/Condensate System in BWR 

There are three mechanisms of steam transport ("c3l'l}'over") * in the BWR primary sys. 
terns: ( 1 )  mechanical entrainment, (2) vapor transport, and (3) grow-in with the de­

caying noble gas activities. 

( 1 )  Mechanical entrainment is very small compared to the other two 

mechanisms. The magnitude of mechanical entrainment can be determined 

by measuring the soluble activities (e.g., Na-24) in the steam condensate. The 

ratio of Na-24 in the condensate to that in the reactor water is normally on 

the order of 0.01 %.  

(2) Vapor transport is the partitioning of a volatile species between liquid and 

gas phases and is subject to equilibrium restraints. The magnitude of iodine 

C3l'l}'Over in BWRs has been found to vary from :::::: 0. 1 %  to :::::: 2.5%, depending 

on the coolant chemistry and the metallic impurity content. A correlation has 

been established between the iodine C3l'l}'Over and the copper ion concentra­

tion in the feedwater, as shown in Figure 3-4. Copper is believed to be a key 

impurity in water which will alter the radiation chemistry in reactor water. It 

has been postulated that the volatile species of iodine in steam transport are 
mo and/or H2Q-I. (9,10) The chemical forms of iodine in reactor water 

have been found to be iodide (I•) and iodate (I03-) .  More discussion on the 

radiochemistry of iodine will be presented in Section 8.3. A study on the ef­

fects of hydrogen water chemistry on the behavior of radioiodine has been 

performed and the results will be published elsewhere. (14) 

A detailed iodine-131 transport distribution in the steam/condensate and 

feedwater cycle measured at Brunswick-2, which has a forward-pumping sys­
tem design (the high-pressure turbine condensate and reheater drains are 
pumped back to the reactor via the feedwater train without going through 

the condensate demineralizer system) , are shown in Figure �5. 00) Both 
measured and calculated data are indicated in individual flowing streams. It 

* Carryover is traditionally defined as: 

concentration of species i in condensate (J.LCi I kg) % carryover = 100 x concentration of species i in reactor water (J.LCi 1 kg) 

�24 

Copyright © National Academy of Sciences. All rights reserved.

Radiochemistry in Nuclear Power Reactors
http://www.nap.edu/catalog.php?record_id=9263

http://www.nap.edu/catalog.php?record_id=9263


-� 
a: 
w 
> 
� 
a: 
a: 
< 
0 
w 
z 
0 
Q 

1 .0 

0.5 0 

0.2 

0 

0 
0 

0 ORIGINAL DATA, REF. 9 
e NEW DATA, REF. 1 4 

0. 1 �--_. __ ._�._���--_. __ ._����-----L--L-���� 
0.01 0.1 1 .0 1 0  

Cu ION CONCENTRATION IN FEEDWATER (ppb) 

F'apre S-4. IodiDe Caaryover As A FUDCtiOD of Copper Ion Conceatration iD Feedwater 

3-25 

Copyright © National Academy of Sciences. All rights reserved.

Radiochemistry in Nuclear Power Reactors
http://www.nap.edu/catalog.php?record_id=9263

http://www.nap.edu/catalog.php?record_id=9263


c • O.o1 +  
T • 10 

STEAM STEAM 
REHEATER REHEATER �----�--����+-� 

----- MOISTURE 
r- SEPARATOR 

r( 1--------1 TURBINE 

c .. 0.004• 
T • 0.06 

c .  0.01 t 
T w 0.013 

SJAE - � 
TO ! OFFGAS I T • 0.01 6  

c • 0.046• 
T • 4.1 

c • 0.02" 
T • 0.7 

C • 0.01 + 

T • 0.5 �v � = � :�
+ ' I ! 

HOTWELL � 
REACTOR -

c .  1.3• T • 9.6 
c • 1 .3" 
T • 7  <§) 

-_ _,__ I RWCU J 
Q C • 0.013• 

...... 1-�--..J T • 0.07 

� C • 0.007' 
� T • 7.6  

c - om+ 

T • 1  

C • CONCENTRATION IN IACI/Kg 

T • TRANSPORT RATE OR RELEASE RATE 

IN IACihec 

• • MEASURED DATA 

+ • ESTIMATED DATA 

C • 0.01 + 

T • 0.7 

-..;:::::J c • 0. �---- C • 0.007+ T • 0 
T .. 7.6 

t 

�� c .  0.0036 
T • 0.16  

r- � TO HOTWELL ......a-----"L-1.-. 
'------- 1+-{ DEAERATOR ... 

c • 0.02" 
T • 7,5 

Figure S-5. 1odlne-llll Transport Distribution In the Steam, Condensate and 
Feedwater S)'lltema of a BWR (Ref. I 0) 

CDC .. 0.003' <§) T = 2.5 

I FILTER I DEMINERALIZER 

c · o• 
T • O  r DEEPBED I DEMINERALIZER 

c · o· 
T • O  

c .  0.0046' 
T n 0.4 

Copyright © National Academy of Sciences. All rights reserved.

Radiochemistry in Nuclear Power Reactors
http://www.nap.edu/catalog.php?record_id=9263

http://www.nap.edu/catalog.php?record_id=9263


is important to note that greater than 99% of steam phase 1-131 is condensed 

with the steam, and only a small fraction of non<ondensable 1-131 activity is 

released in the offgas and eventually stopped in the offgas filter system. (3) Noble gas daughters grow into the steam/condensate system during the 

transient time. It normally takes approximately two minutes for steam 

carrying noble gas activities to pass through the steam/turbine system (see 

Section 8.1 ) . Some fundamental equations for the parent-daughter activity 

calculations have been shown in Section 2.4. 

3.4.2 FISSion Products in the Secondary Coolant System in PWR 

It is obvious that the radioactivities in the secondary system are the result of steam 

generator leakage. The "standard" concentrations of fission products in the reference 

PWR secondary coolant are given in Table 3-2. The steam generator leakage rate can be 

estimated from the measurement activity concentration in the secondary coolant and a 

material balance equation. 

where Si 

Cj 

Aj 

L 
v 

� 

dSi = Lq _ 
�Si _ A.·S· 

dt v v 1 1 

= secondary coolant activity of species i (pCi/kg) 

= primary coolant activity of species i (pCi/kg) 

= decay constant of species i (s-1 ) 

= primary to secondary leakage rate (kg/s) 

= mass of secondary coolant system (kg) 

= losses from secondary system (kg/s} 

Upon integration 

� = LG [1 - exp-(.!+A.·}] 
(� +A.V) V 1 
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For steady state equilibrium conditions, 

or 

S· - L� 
1 - <P + A.iV) 

L = si (p + A.i v) ci 

(s-45) 

(�) 

The value of p includes total blowdown rate and total system losses by leakage. H a noble 

gas activity (e.g., Xe-1 33) is monitored, the same equations can be used. In this case, P 
represents the air ejector flow rate and Si the gas-phase Xe-1 33 activity. 

Care must be exercised to determine the leakage rate because the time required to reach 
equilibrium conditions may vary, depending on the relative values of A. and P/V in the 

exponential term in the equation. A leakage rate on the order of 4 kg/s or 75 lb/day is 

commonly adopted in source term studies. (7) 

As discussed in the BWR, a small fraction of the fission products or other radioactive 

species leaking from the primary to secondary system is expected to be transported into 

the steam phase in the steam generator. With the exception of noble gas and tritium 

activities, most of fission products are transported by the mechanical entrainment 

mechanism. This is also true for iodine species because of the basic and reducing nature 

in the secondary coolant chemistry. The iodine carryover in the steam generator system is 

commonly found to be on the order of 0.1 %. 

3.5 FISSION PRODUCT RELEASE DURING POWER TRANSIENT 

Fission product releases from defective fuel during power transients occur similarly in 
BWRs and PWRs. During normal operation, the defective fuel gap is filled with steam 

and/ or water, equilibrating with the coolant pressure, and the fission product release 

rate depends on the size of defect. During power reduction or shutdown, the release 

mechanism is totally different, and the activity spike has been seen in most cases. One 

typical example of 1-131 spiking in a BWR is shown in Figure �. The following 

important features in fission product spiking have been observed: 

( 1 )  When a reactor is shut down in an orderly manner, at least two spiking peaks 

are generally seen: one at zero power and another immediately after total 

depressurization. 
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(2) Frequently there are some smaller spiking peaks between two major spiking 

peaks. 

( 3) Only a small spike occurs if the reactor is brought down to the hot standby 

state (without depressurization) . 

( 4) After the peak is reached during spiking, very little activity is released from 

the fuel, and the concentration of activity in water decreases, depending on 

the reactor water cleanup flow (BWR) or the letdown flow (PWR) . 

(5) Iodine is not the only fission product spike; Cs, Sr, and other soluble fission 

products behave similarly. 

(6) Iodine spike also occurs during startup, but the magnitude is much smaller 

than shutdown spiking. 

(7) Obviously, if the fission product is released only by recoil from cladding 

surface contamination during power operation, no fission product spike is 

expected. 

3.5.1 Release Mechanisms 

Based on these observations, the mechanisms of fission product release during power 

transients are proposed as follows: 

( 1 )  During power reduction, a portion of the fuel cools down, and the liquid � 

ter is forced into the defect fuel gap. The decay heat is still high enough to 

evaporate the water into steam, and some fission products leak out with the 

steam. The process reaches a peak when the reactor is shut down at zero 

power. 

(2) While the reactor is down, the pressure in the RPV is maintained at high 

pressure, the fission product release rate is slow, and the concentration of fis­
sion product in water decreases as the cleanup system removes the activities. 

( 3) When the pressure starts to drop, the higher pressure inside the fuel 

cladding begins to push the water- and steam-carrying fission products out of 

the cladding through the defect hole. The process reaches a peak when the 

pressure drops and the water temperature decreases to near ambient 

conditions. 

( 4) Because the fuel gap spaces and plenum in a fuel rod may not be in total 

communication, some smaller spiking peaks between two large peaks may be 

seen. 
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3.5.2 Magnitude of 1-131 Spike 

The magnitude of iodine spiking depends on the nature of the cladding defect. For a 

large split cladding defective fuel, the magnitude of spiking* is much smaller than that 

for a pin hole defective fuel. Basically, the inventory in the defective fuel available for 

release during shutdown will detennine either the magnitude of spiking or the total 

release during shutdown. (The total release of 1-131 can be easily estimated from the 1-

131 concentration in the coolant, the total mass of the coolant, and the coolant cleanup 

flow rate during reactor shutdown.) There is no direct relationship between the total 

release and the equilibrium release rate during normal operation (Figure 3-7) . However, 

Brutschy et al. ( 1 1 )  were able to correlate either the spiking magnitude or the total 

release with the relative inventory of 1-1 31 in the defective fuel in BWRs. The original 

data reported by Brutschy et al. and some additional new data are shown in Figure 3-8. 

The relative inventory is related to the ratio of the "fission gas" release rate (in fission/s) 

to the 1-1 31 release rate (in fission/s) during normal operation. The "fission gas" is 

assumed to be an imaginative noble gas nuclide with the 1-131 decay constant. This ratio 

represents the ratio of "total release" to "partial release" of 1-131 from a defective fuel 

during normal operation. Thus, a large ratio represents a smaller 1-131 release during 

normal operation, or a larger inventory available for release during shutdown. 

An example for predicting the magnitude of 1-1 31 spike is illustrated by using the data 

shown in Figure 3-2. The "fission gas" (FG) release rate (-5.2x1o14 fission/s) is taken 

from the noble gas line at the 1-1 31 decay constant. The 1-1 31 release rate is read directly 

from the data (3.4x1 o13 fission/s) . 

* The magnitude of spiking is defined as the ratio of (1-lSl concentration in reactor coolant at peak 
during shutdown) to (the steady I-lSI concentration in reactor coolant prior to shutdown.) 
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The ratio of FG/I-131 is estimated to be -16. The spike magnitude is therefore predicted 

to be -200 (Figure 3-8) . It should be noted that the correlation shown in Figure 3-8 may 

be qualitatively predicted by the measurement of six major noble gas release rates during 

normal operation. If the defect size is small and therefore the value of "b" in the source 

term equation (Equation 3-13) is large, the magnitude of 1-131 spiking would be large, 

and vice versa. If one assumes the equilibrium pattern of release during power operation, 

the 1-131 activity inventory (pCi) in the fuel gap may be estimated from the "FG" release 

rate (in pCi/s) : 

. . FG release rate 
I - 131 mventory m fuel gap = ------

A.(I-131) 

Based on spiking data, it is estimated that only a maximum of -10% release from the fuel 

gap inventory has ever been observed in BWRs. 

3.5.3 Iodine Release Rate in PWR 

The release rate of 1-131 from the fuel to the reactor coolant system in a PWR can be 

estimated by using the following equation( 15) : 

(3-48) 

where R = transient iodine release rate ( Ci/h) 

4 = total iodine removal rate (h-1 ) 

A = maximum transient RCS iodine inventory (Ci) 

Ao = steady-state RCS iodine inventory (Ci) 

t = time from iodine spike initiating event to maximum iodine 

concentration (h) , 

and (!H9) 
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where Ld = 131J decay COnstant = 3.59 X l(r3 h-1 

Lp = purification removal constant 

F(1 - 1 /DF) 
= 

M 

F = purification system flow rate (kg/h) 

M = RCS mass inventory (kg) 

DF = purification system decontamination factor. 

An example of calculation can be found in the literature ( 16) . 

3.5.4 Soluble FISSion Products Releases 

As mentioned earlier, Cs, Sr and other soluble fission products also spike during reactor 

shutdown. An example of Cs isotopes spiking in a PWR is shown in Figure 3-9. 
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4. ACTIVATED CORROSION PRODUCTS 

4.1 INTRODUCfiON 

Activated corrosion products are produced by neutron activation of either the corrosion 

product deposit on the fuel surface or the in-core structure materials. The activation 

cross sections and specific activities for some major corrosion products are given in Table 

2-5 and Figure 2-12, respectively. The activated corrosion products are released from fuel 

surface deposits by erosion and spalling caused by hydraulic shear forces in some cases 

and by dissolution in other cases. Some activated products are released from in-core 

materials by dissolution and wear. The activation products in the coolant can be soluble 

or insoluble, and they are transported by water to all parts of the primary system. This 
presents problems with regard to accessibility and safe maintenance of various 

components because of radiation fields. Among those activated corrosion products, the y­
emitting activities (Co-60, Co-58, Zn-65, Mn-65 and Fe-59) are more important in creating 

the radiation field problems. The longer-lived species (Fe-55, Ni-63 and Co-60) are of 

more concern with the problems in the radioactive waste handling and disposal. 

Radioactive waste production and handling will not be the major subject in this 

monograph, but some important aspects of radioassays of radioactive waste will be 

discussed separately in Section 7. 

Since the coolant chemistries in BWRs and PWRs are totally different, the behavior of 

corrosion product transport and radiation field buildup in the two reactor systems should 

be expected to be different, and they will be discussed separately in the following 

sections. 

4.% ACTIVATED CORROSION PRODUCTS IN BWRs 

4.%.1 Activation of Corrosion Products on Fuel Surfaces 

A great number of fuel deposit samples have been analyzed and the results can be found 

in the literature( l,2,S) . Some typical data of corrosion product and activity distribution 

along the 'length of the fuel rod are shown in Figures 4-1 and 4-2. The corrosion product 

deposits are generally found to be heaviest at -50-100 em from the bottom of the fuel 

rod, where the boiling starts. The specific activities are generally proportional to the 

expos�e along the fuel length. 
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The deposit samples are taken from the fuel cladding swface under water in the fuel 

pool using a special sampling device similar to that described by Uchida et al. ( 4) (Figure 

4-3) . An area of -2 cm2 is first "brushed" to remove the loosely-adherent deposit (outer 

layer) . The same area is then "scraped" with a scraping stone to remove the tenacious 

deposit (inner layer) . While the brushing or scraping process is in progress, the deposit 

removed from the fuel cladding surface is sucked in with water in the sampling device, 

transported through the sampling tube out of the fuel pool, and collected on a 

membrane filter. 

As shown in Figure 4-1, the activated corrosion products in the outer layer are only a 

small fraction of the total activities in the deposit. The specific activities in the inner layer 

are also generally higher, as expected, because of longer residence time on the cladding 

surface. 

The levels of fuel deposit and its chemical composition depend on the corrosion product 

input from the condensate and feedwater systems, and the levels of feedwater input vary 
significantly, depending on the materials used in the condensate system and the type of 

condensate treatment system. With the deepbed demineralizer system, the ionic species 

in the condensate are more effectively removed than the insoluble particulate species. 

On the other hand, the removal efficiencies for the ionic and insoluble species are just 

reversed in the filter-demineralizer system. Thus, the fuel deposit in the deepbed system 

contains a higher percentage of iron than that in the filter- demineralizer system. This 
fundamental difference may cause some differences in the activity concentration and 
chemical behavior of activated corrosion products in the coolant (Section 4.2.2) . 

The corrosion product (mainly represented by iron, customarily called "crud") 

deposition on a heating swface can be described by a simple equation: 

dW 
- = DC - kW 
dT 

= (P�)C - kW 

(4-1) 
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where: D = deposition rate constant, kg/ cm2 I day 

w = weight of crud deposit at time t, g/ cm2 

c = crud concentration in reactor water, g/kg 

Q = heat flux on fuel surface, kcal/cm2/day 

L = latent heat of water vaporization, kcal/kg 

p = probability of deposition, dimensionless 

k = release constant, dayl 

At steady state, Equation 4-1 can be integrated as: 

W = 
D 

• C • (l - e-kt ) 
k 

Initially when W is small, 

W = P • C •  Q • t  , 
L 

and the initial linear deposition rate 

w Q - = P • C •-
t L 

H k is large, and/ or t is long, W may reach an equilibrium value, 

4-6 
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In the boiling region with steam, the deposition rate constant has to be modified by a 

factor of ( 1 - V) , where V is the steam void fraction in the region. The release constant k 

may vary as a function of water flow velocity and the thickness and chemical composition 

of the crud deposit. 

A mathematical model has also been developed to describe the activation of corrosion 

products in the fuel deposits. The assumptions for model development, the derivation of 

the model and a comparison of experimental data with the results of model calculations 

are given below: 

Assumptions: 

( 1 )  The parent atoms in the deposit increase linearly with time, and no release of 

the parent nuclide from the deposit is assumed. (This is generally true for a 

BWR with low crud input) 
• 

(2) The active atoms carried in by feedwater are insignificant. 

(3) The active atoms are uniformly distributed in the fuel deposit. 

( 4) The release of active atoms is a first-order reaction regardless of the true 

mechanism. 

From these assumptions, the rate of formation of active atoms in the deposit on a fuel 

unit surface is described by Equation 4-5: 

where: N = number of active atoms in the deposition unit surface area (atoms) 

(4-5) 

N° = number of parent atoms deposited on unit surface area at time t 

(atoms) ,  No = nt 

n = constant rate of deposition of parent atoms from water to unit surface 

area on the fuel (atoms/s) 

P = reactor power and geometric factor 

k = a pseudo net release rate constant of active atoms from deposit into 

water (s -1 ) 
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t = time of irradiation (s) 

A. = decay constant (s-1) 

cjl = effective neutron flux (n/cm2/s) , assumed constant 

cr = activation cross section ( cm2) 

Cfb = bum up cross section ( cm2) 

Replacing N° with nt, Equation 4-5 becomes: 

dN 
- = Pncjlcrt - A.N- kN- PcjlcrbN 
dt 

Equation 4-6 can be rearranged to become: 

dN = Pncjlcrt dt - C Ndt 

where 

Multiplying both sides of Equation 4-7 by eCt and rearranging the equation, 

one obtains 

Integrating Equation 4-8 gives 

where K is an integration constant. 

Pn+cr 
At t=O, N=O, therefore K = --2-

C 

4-8 

(4-6) 

(4-7) 

(4-8) 

(4-9) 

Copyright © National Academy of Sciences. All rights reserved.

Radiochemistry in Nuclear Power Reactors
http://www.nap.edu/catalog.php?record_id=9263

http://www.nap.edu/catalog.php?record_id=9263


Putting K back in Equation 4-9. 

or 

N = Pncpa ( Ct - 1 + e -Ct ) 
c2 

Since activity A = NA. and N° = nt, therefore, 

A PN>cpaA. {c 1 -ct) = 

tc'l 
t - + e  , 

and the specific activity can be calculated by Equation 4-9: 

� = PcpaA. ( Ct - 1 + e -Ct ) 
� tc'l 

(4-10) 

(4-1 1 )  

Based on some earlier reactor data (2) , the values of k and C are empirically determined 

for the activities in BWR fuel deposits (Table 4-1 ) .  Also given in Table 4-1 are estimated 

equilibrium specific activities for some common activated corrosion products. A 

comparison of the calculated specific activities with the experimental data* obtained in 

several reactors is shown in Figure 4-4. It is apparent that the specific activities of the 

shorter-lived isotopes become saturated (or reach equilibrium) much sooner than the 

longer-lived isotopes. As shown in Table 4-1, Co-60 has the highest specific activity, and it 

is also the dominate activity in the deposit in most cases. 

* Each data point represents the average of all samples taken from a fuel bundle. 
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4.2.2 Concentrations and Chemical Behavior of Activated Corrosion Products in 

Reactor Water 

The concentrations of activated corrosion products in reactor water vary from reactor to 

reactor, depending largely on the materials used in the entire reactor and condensate 

systems. Some activated corrosion products (mainly Ccr60 and Co-58) may be released 

from the in-core structure materials, but most of the other activities are released from the 

fuel deposit. Some selected American National Standard activation products 

concentrations in reactor coolants are given in Table 4-2. More recent data have shown 

much lower activity concentrations, as shown in Table 4-3, in which the activated 

corrosion products are determined as "soluble" and "insoluble" species separately. 

Table 4-l 

EMPIRICAL RELEASE CONSTANTS AND EQUll.IBRIUM SPECIFIC AcriVITIES 
FOR ACTIVATION PRODUCTS IN BWR FUEL DEPOSITS 

Nuclide k(day"l) 

Co-60 1 .26x1o-3 

Co-58 5.9 x1o-3 

Fe-55 8.56x1o-4 

Fe-59 7.09x1o-3 

Mn-54 2.28x1o-3 

Zn-65 2.42x1o-3 

Ni-63 1 .03x1o-3 

* C = k + A. + P+CJb 

A(clay"l) 

3.6 x1o-4 

9.8 x1o-3 

7.03x1o-4 

1 .55x1o-2 

2.2 x1o-3 

2.8 x1o-3 

19 x1o-5 

Equilibrium 

P+<Jb(dayl) c (clay"l)• 
Specific 

Adivi!f •• 

0 1 .62x1o-3 80 Ci/g 

4.8x1o-3 2.05x1o-2 0.65 Ci/gNi 

0 1 .56x1o-3 0.6 Ci/g 

0 2.26x1o-2 25. mCi/g 

0 4.48x1o-3 35. mCi/gFe 

0 5.22x1o-3 1 .8 Ci/g 

0 1 .05x1o-3 90 mCi/g 

** Based on average thermal neutron flux = 3.5x1ol3  n/cm2/s and fast neutron 
flux = 7x1o13  n/cm2/s 
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Table 4-2 

SELECfED ANS STANDARD RADIONUCLIDE CONCENTRATIONS IN REACTOR 
COOLANTS - ACTIVATION PRODUCI'S (pCi!kg) (Ref. 5) 

Nuclide PWRh 

H-3 10 1 ,000 

N-16 60,000 60,000 

F-18 1 .0 

Na-24 10 47 

P-32 0.2 

Cr-51 6.0 3.1 

Mn-54 0.07 1 .6 

Mn-56 50 

Fe-55 1 .0 1 .2 

Fe-59 0.03 0.3 

Co-58 0.2 4.6 

Co-60 0.4 0.53 

Ni-63 0.001 

Cu-64 30 

Zn-65 0.2 0.51 

Ag-1 10m 0.001 1 .3  

W-187 0.3 2.5 

a A reference BWR is a 3400 MWt BWR/5. 
b A reference PWR is a 3400 MWt PWR with U-tube steam generators. 
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Table 4-S 

TYPICAL CONCENTRATIONS OF MAJOR ACTIVATED CORROSION PRODUCI'S 
IN REACTOR WATER (x 0.01 pCi/kg) (Ref. 3) 

Co-60 <b58 MD-54 Fe-59 Cr-51 
Operation 

T"IIDe Filt- Fdt- Fdt- Fdt- Filt-
(days) Crud• rate• Crud rate Crud rate Crud rate Crud rate 

83 0.47 2.7 1.1 7.5 1 .5 8.1 1 .0 4.0 89 
210 2.0 4.5 3.6 7.9 7.2 8.0 7.5 0.65 4.3 110 

325 0.21 2.3 0.17 3.9 0.39 3.4 0.12 0.34 0.13 230 

475 1.1 5.7 0.55 14 3.4 6.3 1.7 1.0 180 

604 1 .2 13 1 .2 14 0.74 8.2 1 .3 200 

730 1 .3 8.2 5.7 23 0.68 4.5 0.35 1 .6 230 

830 0.52 7.6 2.4 24 0.24 4.2 0.17 1 .1 250 

896 0.1 1  5.7 0.51 23 0.07 4.1 0.03 0.61 120 

1020 0.45 6.6 1 .8 26 0.23 3.7 0.10 0.94 170 

1175 0.22 6.3 0.53 30 0.14 3.8 0.21 170 

1292 0.33 6.5 0.55 29 0.14 5.3 0.08 0.27 980 

1417 0.1 1  7.7 0.45 35 0.05 3.7 0.03 0.96 130 

• Crud = insoluble activities filtered by a 0.45 pm membrane filter . 
Flltrate = soluble activities filtered through a 0.45 pm membrane filter. 

Generally, the activities in reactor water can be separately sampled in three fractions: 

"insoluble", cationic and anionic (See Appendix B for details of sampling technique) .  

Under normal operating conditions, among common activated corrosion products, only 

Fe-55, and Fe-59 are found truly insoluble.* They are all the nuclear reaction products of 

iron. Cr-51 is normally found in soluble anionic fonns, most likely as HCr04- or Cr04-2. 

Cu� and Zn-65 are found mostly in s?luble cationic forms and as a trace insoluble. Co-

58, Co-60, Mn-54 and Mn-56 can be found in either soluble cationic or insoluble forms, 

depending on the iron crud concentration in reactor water. The Co-58 and Co-60 

activities may not exhibit the same chemical characteristics, particularly with regard to 

"solubility", since Co-58 is the product of an (n,p) reaction on Ni-58 and Co-60 is the 
result of an (n,y) reaction on Co-59. 

* The solubility of iron oxide ( a-Fe203) is extremely low in reactor water, <1 ppb at 280" C. 

4-13 

Copyright © National Academy of Sciences. All rights reserved.

Radiochemistry in Nuclear Power Reactors
http://www.nap.edu/catalog.php?record_id=9263

http://www.nap.edu/catalog.php?record_id=9263


In most cases, the concentrations of the activities which are found as "insolubles" are 

much lower than their true solubility limits.** Many transition metal ions are easily ad­

sorbed onto the insoluble iron oxides (a -Fe203) ,  and most of them are transformed 

into more stable mixed oxides in the ferrite forms (NiFe204 or CoFe204) .  It has been 

experimentally obseiVed that the ratio of Co-60 in "insoluble" to "soluble" forms depends 

on the iron oxide concentration in reactor water (see Figure 4-5) .  

4.2.3 Corrosion Product Spiking in Reactor Coolant During Power Transients 

Corrosion product spiking in the reactor coolant during the reactor shutdown has been 

obseiVed in practically all operating boiling water reactors (BWRs or PWRs) .  However, 

the spiking magnitude and the total released activities may vary from reactor to reactor, 

depending on the activity inventory and the characteristics of the deposit on the fuel 

cladding surfaces. The corrosion product deposit on the fuel cladding surfaces is known 

to have two distinguishable layers: the inner tenacious layer and the loosely attached 

outer layer. The characteristics of the deposit depend largely on the thickness of the de­

posit and the metallic elemental composition in the deposit (or metallic impurity level in 

reactor water) . There are at least three major causes for the release of the corrosion 

product deposit from the fuel cladding surfaces during power transients: 

( 1 )  Mechanical and/or hydraulic disturbance. 

(2) Coolant chemistry change caused by temperature and radiation field 

changes. 

(3) Decreasing temperature which increases the solubilities of some corrosion 

product oxides in the deposit. 

It is obvious that immediately after a reactor shutdown or scram, the crud burst occurs 

due to mechanical and/ or hydraulic disturbance in the core. A portion of the outer layer 

is believed to be easily shaken off by the mechanical disturbance. Smaller oud spikes can 

also continue for some time after the reactor shutdown. Such small spikes may be at­

tributed to continued water boiling at lower pressure and/or water chemistry upset at 

lower temperatures. Since the crud deposition on the cladding surfaces may be partially 

due to a weak interaction between the charged particles and the stationary surface, when 

** For example, the solubility of CoO in BWR coolant is 10-20 ppb. Typical CoO concentration in reactor 
water is on the order of 0.1 ppb. 4-14 

Copyright © National Academy of Sciences. All rights reserved.

Radiochemistry in Nuclear Power Reactors
http://www.nap.edu/catalog.php?record_id=9263

http://www.nap.edu/catalog.php?record_id=9263


:E a: 0 u.. w 
...J ID 
:::> 
...J 0 U) 
z 
U) w 
u w � U) 
0 co 0 u 
'#. 

1 00 

80 

60 

40 0 0 

• � 

• • 

20 % SOLUBLE Co-60 
• 1 00 EXP (-0.027 (Fe)) 

1 0  

8 

6 

4 

• 

2 

1 �------._ ______ ._ ______ ._ ______ ._ ______ �----��----� 
0 20 40 60 80 1 00 1 20 1 40 

TOTAL IRON CONCENTRATION
. 

IN REACTOR WATER (ppbl 

Fipft 4-5. Percent Soluble Co-60 as a Fuocdoo of Iroa Conc:eatratioo in Ractor Water 

4-15 

Copyright © National Academy of Sciences. Al l  r ights reserved.

Radiochemistry in Nuclear Power Reactors
http:/ /www.nap.edu/catalog.php?record_id=9263

http://www.nap.edu/catalog.php?record_id=9263


a slight change in water chemistry occurs, the weak attraction force may be broken and 

particles released from the surface. 

The corrosion product spiking is not limited to the release of insoluble crud. The spiking 

of soluble species can sometimes account for the mcyority of the released activities. The 

decrease in the reactor water temperature is probably responsible for the release of 

soluble species, which is normally observed long after the first crud spike and the 

temperature is about 200" C. Based on the known solubilities of many corrosion product 

oxides (or mixed oxides) in water, it is predictable that most of the activities in the fuel 

deposit should become more soluble at lower temperatures. However, there are two 

factors (thermodynamics and kinetics) that control the dissolution rate of the corrosion 

product oxide during the cooling down process. At lower temperatures, the solubility is 
high but the dissolution rate may be quite slow. On the other hand, at elevated 

temperatures the dissolution process may be fast enough but the equilibrium is in favor 

of the insoluble form. A typical example of activated corrosion product spiking release 

during reactor shutdown is shown in Figure 4-6. 

4.2.4 .Corrosion Product Transport and Radiation Field Buildup in the Primaty System 

The major radiation source in the BWR for personnel exposure during shutdown 

maintenance has been identified to be the activated corrosion products, mainly Co-60, 
deposited on the primary system walls. The average shutdown radiation levels on the 

recirculation lines in some mature BWRs are shown in Figure 4-7. The radioisotopic 

composition of the contamination on the inside of the primary system piping has been 

determined using a shielded and collimated IGe detection system. A summary of the 

surface activity concentration data obtained in several reactors is presented in Table 4-4. 
The approximate conversion factors for the surface activity concentration to dose rate are 

given in Table 4-5. Obviously, the data are widely scattered, and the activity transport 

process is a complex chemical reaction which can be affected by many water chemistry 

parameters. 

A semi-empirical phenomenological model has been developed(6) to describe and 
calculate the corrosion product transport in the BWR primary system. The basic transport 

phenomena are presented in a block diagram shown in Figure 4-8. Some major transport 

processes in the model are summarized below: 
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Table 4-4 

AVERAGE RADIOISOTOPE CONCENTRATIONS ON BWR RECIRCULATION 
LINES 

(Reproduced with Permission, EPRI NP-31 14, Ref.S) 

Concentration (pCi/cm2 ) 

B'WR EFPY Co-60 Co-58 Mn-54 Zn-65 Zr-95 Ru-103 

Brunsvick-2 0 . 3 2  0 . 3  0 . 9  0 . 2  0 . 2  0 . 05 N . O .  
1 

0 . 96 2 . 2  1 . 7  0 . 9  0 . 8  N . O .  N . O .  
2 . 19 5 . 1  2 . 1  1 . 1  0 . 9  N . O .  N . O .  

Quad Cit ies-1 2 . 7 9 25 . 5  1 . 7  1 . 4  N . O .  N . D .  
2 

0 . 3  
4 . 06 34 . 7  1 . 6  2 . 1  N . O .  3 . 3  4 . 5  
4 .  71 38 . 5  1 . 5  1 . 5  N . O .  0 . 9  3 . 9  
5 . 27 39 . 9  1 . 0  2 . 1  N . O .  N . O .  1 . 6  
6 . 05 38 . 3  1 . 6  1 . 6  N . O .  0 . 3  1 . 8  

Quad Cit ies-2 2 . 85 27 . 9  0 . 9  1 . 0  N . O .  N . O .  0 . 3  
4 . 13 34 . 8  1. 5 1 . 5  N . O .  2 . 1  2 . 8  
4 . 63 43 . 1  1 . 5  1 . 6  N . O .  3 . 4  4 . 9  
5 . 10 36 . 9  1 . 1  1 . 5  N . O .  N . O .  1 . 8  
5 . 80 39 . 3  1 . 3  2 . 3  N . O .  N . O .  1 . 2  

Hatch-2 0 . 61 0 . 5  1 . 8  0 . 1  1 . 8  0 . 06 N . O .  

Millstone-! 1 . 20 3 . 4 1 . 8  1 . 5  0 . 1  0 . 2  0 . 2  
1 . 28 3 . 3  0 . 7  1 . 0  0 . 1  0 . 04 0 . 1  
2 . 04 7 . 1  1 . 7  3 . 1  0 . 6  0 . 4  1 . 2  
2 .  72 5 . 8  1 . 1  1 . 6  0 . 1  0 . 9  2 . 2  
3 . 44 8 . 9  1 . 5  2 . 3  N . O .  0 . 8  3 . 2  

Monticello 1 . 31 0 . 5  0 . 4  0 . 1  1 . 0  0. 2 0 . 2  
1 . 88 

-
1 . 2 · 1 . 3  0 . 3  1 . 2  1 . 0  1 . 2  

2 . 35 4 . 0  1 . 0  1 . 0  3 . 5  12 . 4  12 . 5  
2 . 83 7 . 9  1 . 3  1 . 1  4 . 5  7 . 8  9 . 8  
4 . 41 8 . 5  0 . 6  0 . 5  1 . 3  0 . 7  2 . 0  

Nine Mile Point-1 1 . 80 12 . 6  1 . 5  1 . 5  0 . 3  0 . 6  0 . 7  
2 . 49 13 . 6  1 . 4  1 . 3  N . O .  0 . 8  0 . 9  
3 . 47 14 . 5  1 . 3  1 . 5  0 . 7  1 . 5 2 . 7  
4 . 44 19 . 5  1 . 5  1 . 2  N . O .  1 . 7  2 . 7  
5 . 82 21 . 0  1 . 5  1 . 4  N . O .  N . D .  N . D .  

TsuTuga 3 . 45 5 . 7  0 . 6  3 . 4  N . O .  0 . 8  1 . 5  

6 . 09 5 . 3  0 . 7  1 . 4  N . O .  0 . 02 0 . 7  

Shi.Diane 3 . 55 1 . 8  0 . 6  0 . 2 N . O .  N . O .  N . O .  

�.o. - No t  obsened 
N . D .  - Not determined 
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Table 4-5 

CALCUIA.TED DOSE RATE CONVERSION FACTORS FOR 20-28 IN O.D. PIPE* 
(mR/h per pCi/cm2) 

Wall thickness 
(inch) 

0.90 

0.95 

1 .00 

1 .05 

1 . 10 

1 .15 

1 .20 

1 .25 

1 .30 

1 .35 

1 .40 

1 .45 

1 .50 

Co-58 
(0.81 MeV) 

7.39 

7.05 

6.70 

6.36 

6.01 

5.67 

5.32 

4.98 

4.63 

4.29 

3.94 

3.60 

3.25 

Mn-54 
(0.834 MeV) 

7.71 

7.36 

7.00 

6.65 

6.29 

5.94 

5.58 

5.23 

4.87 

4.52 

4.16 

3.81 

3.45 

Zn-65 
(1.12 MeV) 

6.10 

5.85 

5.60 

5.35 

5.10 

4.85 

4.60 

4.35 

4.10 

3.85 

3.60 

3.35 

3.10 

• Data obtained from Reference 6, Nucl. Tech. M, 253 ( 1981 )  
Co-60 : Y = 48.0 - 23. X 
C0-58 : Y = 1 3.6 - 6.9 X 
Zn-65 : Y = 10.6 - 5.0 X 
Mn-54 : Y = 14.1 - 7.1 X 
Y = conversion factor, mR/h per pCi/cm2 at 15 em from pipe surface 
X = wall thickness, inch 
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Co-60 
(1 .25 MeV) 

27.30 

26.15 

25.00 

23.85 

22.70 

21 .55 

20.40 

19.25 

18.10 

16.95 

15.80 

14.65 

13.50 
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• Metallic impurities in ionic, colloidal, and insoluble oxide forms (called crud) 

are released to the condensate and feedwater from hardware and piping surfaces 

and subsequently appear in the reactor coolant. In some plants forward-pumped 

heater drains contribute corrosion products and in all plants there is leakage 

through the condensate treatment system. 

• Metal ions are also released to the coolant from the corroding surfaces in the 

primary system. Colloids and particles of oxide or hydroxide are formed in the 

coolant when the saturation limit is exceeded. 

• Some interactions between soluble ionic species and crud particles occur and 

result in adsorption (scavenging) of ionic species on the crud particles 

suspended in the water. 

• Both crud and soluble species deposit on the fuel surface with different 

mechanisms. The nature of the crud plays an important role in the rate of 

soluble species deposition. Some of the loosely attached deposit in the outer 

layer may be transformed into a tenacious layer on the fuel surface. 

• The deposits on the fuel surface and the in<ore structure materials are activated 

by neutrons. The radioactive species are released from in<ore materials by 

dissolution and wear, and the species are released from fuel surface deposits by 

erosion and spalling caused by hydraulic shear forces. Dissolution and ion 

exchange processes also are other possible release mechanisms. 

• The radioactive species redistribute themselves into "soluble" and "insoluble" 

species, depending on the solubility of the oxide and the concentration of iron 

crud which acts as a scavenger. Soluble and insoluble radioactive species deposit 

on the out-of<ore surfaces by different mechanisms. Material corrosion plays an 

important role in soluble species deposition, and slow ion-exchange reactions 

may also be involved (see below) . 

• Double layer formation on out-of<ore surfaces is caused by base metal corrosion 

and water-borne crud deposition. Transformation of the oxidation state on the 

material surface takes place and a small fraction of the corrosion products, both 

radioactive and nonradio-active, is released mostly from the outer oxidized layer 

into the coolant. 
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4.2.5 SnmmaiY of Major LaboratoJY Test Results for Co-60 Deposition on Stainless 

Steel Surfaces 

An extensive research program (7) has been completed to understand the fundamental 

mechanisms of the C<r60 deposition on stainless steel surfaces. The effects of key water 

chemistry parameters on the C<r60 deposition have been identified, and some major 

results are qualitatively summarized below: 

• The C<r60 activity buildup on as-received stainless steel samples under normal 

water chemistry conditions can be described by a simple logarithmic rate law. 

Prefilming the stainless steel surfaces under proper conditions has been shown 

to reduce the initial activity buildup (Figure 4-9) . 

• High water conductivity in water (....().5 pS/cm at 25" C) has shown obvious 

enhancement in C<r60 buildup on all samples tested. The:: enhancement effect is 

more significant in slightly basic solution (pH =e 8 at 25" C) (Figure 4-10) .  

• Maintaining a low concentration (5-15 ppb) of non-radioactive metallic ions in 

solution has been found to significantly suppress the Co-60 activity buildup on 

stainless steel samples. Zinc and nickel are obviously more effective than copper 

in reducing the activity buildup (Figure 4-1 1 ) .  The effect of metallic ions in 

water can be explained by assuming an ionic competition for the limited 

adsorption/reaction sites on the corroding surface. The number of C<r60 ions 

which can reach the reaction sites are apparently diluted by other competing 

non-radioactive ions. 

• Under hydrogen water chemistry (HWC) conditions, where the dissolved 02 was 
approximately 15 ppb compared to approximately 200 ppb under NWC 

conditions, the activity buildup rate was apparently larger than that predicated 

by a logarithmic corrosion rate law. It is of particular interest to note that when 

the samples, prefilmed or as-received, had previously been exposed to NWC and 

then changed to HWC, the activity level started to increase at a higher 

deposition rate (see Figure 4-12). Although it is not certain how the HWC affects 

the existing oxide film, it is apparent the oxide film has become more receptive 

to Co-60 deposition under HWC conditions. One possible explanation is that the 

oxide layer may have experienced a "chemistry shock" when the 02 level in 
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Fagure 4-9. Co-60 Deposition on As-Received (S04AR) and Prefilmed (504 PF) 504 SS Samples Under 
Normal Water Chemistry Conditions. The curves represent the best fit of the data to a loprithmic rate 111W: 

where: 

A = RC In (kt+l) ,  and 

A = RC [ln(kt+l) - ln(kto+l ) ] 

A = Co-60 activity on surface, pCi/ em 

R = deposition rate constant, kg/ em 

k = corrosion kinetic constant, hr-1 

c = Co-60 concentration in water, pCi/kg 

t = exposure time, hr 

to = the time in hours of prefilming period under the same water chemistry 

conditions 
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water has changed from -200 ppb to -20 ppb. The oxide morphology is 
expected to undergo some transformation to equilibrate with the new 02/H2 
environment in water. Consequently, some oxide particle surfaces may become 
more receptive to C<H>O during this transient period until a new equilibrium is 
established. More recently, Lin, et al. (20) have suggested that the formation of 
Cr-enriched oxides under HWC conditions could enhance the deposition of 
Co-60 on stainless steel surfaces. 

• The mechanisms of C<H>O deposition on stainless steel surfaces have been 
hypothesized, based on the known stainless steel corrosion process and the 
obseiVed test results. The proposed mechanisms, which are summarized in Table 
4-6, are able to explain most of the test results obtained in the present program. 
It is clear that the presence of metallic ions in water is the dominant controlling 
factor Co-60 deposition. However, the water chemistry also plays a key role when 
the oxide film thickness and characteristic are considered in the Co-60 
deposition process. 

More test results obtained under hydrogen water chemistry (HWC) conditions, detailed 
discussion on the reaction mechanisms, prefilming techniques, and the oxide film 
characterization have been reported elsewhere. (7) 

Table 4-6 

SUMMARY OF COBALT DEPOSmON MECHANISMS 

Reaction 

• Direct chemical 
reacton 

• Absorption/ 
recrystallization 

• Ion-Exchange 
reaction 

Location 

Basal film/ oxide 
interface 

Oxide layer 

Oxide layer 
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Relative Rate and 
Key Controlling Factor 

Very fast. Limited by corrosion rate; 
affected by metallic ions in water 

Slow. Increasing with water pH; 
increasing with Cr-enriched oxides 
under HWC condition; affected by 
metallic ions in water 

Slow. Increasing with excessive metallic 
ions in oxide layer; affected by water 
chemistry changes. 
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4.2.6 Radiation Fields and Personnel Exposure Reduction at BWRs 

The main objective of radiation control and reduction in a nuclear power plant is to 
minimize the collective personnel exposures in accordance with the spirit of Al.ARA. It is 
clear that the best run reactors with low radiation exposures are those having highest 
purity in reactor water containing extremely low levels of metallic impurities. ( 18) 

Reduction of radiation fields is a major step toward the reduction of occupational 
radiation exposure, but other approaches, such as improvement of maintenance 
equipment and procedures, and reduction of maintenance requirements, could also 
significantly reduce the total exposure. Increasing shielding on the hot-spot, control of 
contamination dispersion, and decontamination would be effective in reducing radiation 
fields. 

The radiation fields commonly measured in a BWR at the straight section of recirculation 
pipes are considered to be most representative for the purposes of radiation buildup 
trending and comparing with the similar fields in other plants. It is believed that 
radiation field buildup in many other locations in the primary system may not occur by 
similar mechanisms nor at the same rate. 

Furthermore, occupational exposures are generally accumulated at high radiation field 
locations where maintenance work is frequently needed. The recirculation line is not 
normally one of such locations. Therefore, occupational exposures are not always 
expected to be proportional to the contact dose rates measured on the recirculation 
pipes. A long-term solution to the problem is to reduce the activity production in the 
core and minimizing the activity concentrations in the reactor water. Some fundamental 
approaches to controlling radiation field buildup in BWRs are discussed 
e�ere. ( l8,19) 

4.S AcriVATED CORROSION PRODUCfS IN PWRs 

4.S.l Deposition of Corrosion Products on Fuel Surfaces 

Unlike BWRs, corrosion product deposition on fuel surfaces depends on the solubilities 
of crud which consists of mostly substituted nickel ferrite, NixFey04, where x+y=S and 
x/y 1=1$ 0.25. Mter careful examination of numerous core crud samples, it was 
concluded (2) that the corrosion product transport in the PWR primary system is a 
continuous process of crud transport from one swface to another via the primary 
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coolant. The crud can be quite mobile, and the major factors affecting crud transpon 
(deposition/ dissolution) are believed to be the coolant pH and the hydrogen 
concentration. Some qualitative observations which have been reponed 
elsewhere (8,9,10) are summarized below: 

• The axial thickness distribution of crud seems to be inversely proportional to the 
local power. A typical axial power and temperature distribution in a PWR core is 
shown in Figure 4-13. 

• The activity profile along the fuel assemblies shows little correlation with 
neutron flux (Figure 4-14) , since one would expect the highest activity at or 
below the middle of the assemblies. A typical set of radiochemical data is given in 
Table 4-7. 

• Radioactivity in a given core crud sample is noted to have very little correlation 
with the chemical composition of that sample. Despite a very wide variation in 
parent element ratios, the activated product ratios are noted to be nearly 
uniform. These data suggest that ( 1 )  there is a very high crud turnover rate in 
which there was no strong bond among the particles in the crud core deposits, 
and (2) activated isotopes were released into the coolant and circulating in the 
system and depositing on material surfaces, nearly independent of the target 
materials. 

Although it is known that the mcyor circulating and core-deposit crud are not magnetite 
(they are substituted nickel ferrites) ,  it is worthwhile to use the well-known chemical 
properties of magnetite to qualitatively explain the transport behavior of corrosion 
product on the fuel surfaces. The dependence of solubility of magnetite on pH and 
temperature has been published by Sweaton and Baes ( 1 1 ) and are partially reproduced 
in Figure 4-15. "Depending on the pH and the temperature, the temperature coefficient 
of the solubility of iron can be either negative or positive. Thus, iron may be dissolved 
from the fuel deposit or precipitate onto the fuel surface depending on the temperature 
difference (AT) between the fuel clad and bulk water. The driving force is related to AT, 
which, in tum, is a function of power level and axial and radial location in the core."(8) 

It is probably more appropriate to describe the transport of corrosion products as 

functions of the coolant system pH at average temperature (T av> . 
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Table 4-7 

AVERAGE RADIOCHEMICAL COMPOSmON OF DEPOSITS ON THE FUEL 
SURFACE IN A PWR AFI'ER  ONE CYCLE 

(Reproduced with Permission, EPRI NP-M63, Re£.8) 

Core 
Region 

A 

B 

c 

Average 

Average 

Average 

Core Avg. 

Span 

7 

6 

5 

7 

6 

5 

7 

6 

5 

7 

6 

5 

aND - Not determined. 

Specific Actiyities in pCilm& crud ± g 

Cr-51 Fe-59 

68±18 15±4 

NDa ND 

52±26 13±5 

50±6 12±1 

65±1 1 16±5 

71±9 13±2 

35±8 10±3 

25±1 6±1 

52±14 13±3 

65±10 16±7 

57±22 1 1±5 

66±37 13±7 

Mn-54 Co-58 

18±3 215±40 

30±8 916±858 

17±5 21 1±51 

18±3 226±24 

24±6 261±46 

20±2 301±19 

16±5 198±61 

10±1 136±15 

18±3 236±35 

27±5 613±668 

17±4 239±79 

20±4 337±387 

Error indicators are standard deviations 

4-33 

C«MiO 

15±4 

27±9 

14±8 

12±2 

15±2 

14±1 

8±1 

6±1 

12±3 

21±9 

12±4 

15±7 

Co-58 

C«MiO 

15±1 

37±35 

16±2 

19±3 

17±3 

21±2 

24±4 

25±6 

19±4 

28±26 

21±5 

22±14 
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4.3.% Radiochemical Composition in PWR Coolants 

The radiochemical composition of a typical PWR reactor coolant given by American 

National Standard Radioactive Source Term(5) is compared with the BWR data in Table 4-2. The average activity concentrations of selected nuclides measured in two reactors are 

compared in Table 4-8. 

H one can extrapolate the measurement at ambient to operating temperatures in the 

coolant, the data given in Table 4-8 suggest that Cr-51 tends to occur in reactor coolant 

predominately in solids, while others have been found in both soluble and insoluble 

forms. However, Mn-54 seems to be more soluble and Co-58, Co-60 and Fe-59 are more 

insoluble. 

At shutdown, the spiking activities are dominated by the solubles (Table 4-8) . Typical 

spiking data for Co-58 and Co-60 are shown in Figure 4-16. The cobalt activities increased 

dramatically when boration was essentially completed and the coolant temperature was 
reduced below soo·F. Another spike occurred after hydrogen peroxide had been added. 

One must be cautious when the reactor coolant corrosion product data are evaluated. 

Problems in withdrawing representative samples from a PWR primary coolant through 

long sample lines are well recognized. (10,12,1S) 
Unlike the high-purity water in the BWR coolant, the PWR coolant chemistry is rather 

complex, and it presents a special environment for some radiochemical species which 

may easily change their solubilities and undergo certain interactions with the oxide film 
on the sample line when the coolant is cooled down and water pH is changed. 

Experience at RinghaJs{lS) suggests that, in general, the measured concentrations of 

some activated corrosion products do not bear any useful relationship to the 

concentrations of corrosion products in the coolant at operating temperatures. The 

measured concentrations of some corrosion products (e.g., soluble Co-60 and Mn-54) are 
strongly dependent on sampling flow rate and the boron concentration. (See sampling 

procedures in Appendix B.) 
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Table 4-8 

AVERAGE ACTIVITITES OF SELECTED NUCLIDES IN REACTOR COOlANTS 
FROM THE BEAVER VALLEY AND TROJAN PLANTS (Activities in nCi!kg) 

(Reproduced with Permission, EPRI NP-3463, Ref. 8) 

Beaver Valley Trojan 

Operating Shutdown Operating Shutdown 

Nuclide Solids Solutes Solids Solutes Solids Solutes Solids Solutes 

Cr-51 159±209 3.2±1.2a 62 NDC 232±362 41b 466 1364 

Mn-54 8.9±15.8 69±41 6.3 2994 17±18 21±40 55 1 15 

Fe-59 12±17 6.8±5.3 281 ND 17±21 10±10 37 52 

Co-58 162±240 183±403 1135 1.7x1o5 437±657 210±249 680 4255 

Co-60 45±82 30±35 96 5823 22±27 9±11 86 384 
Co-58/Co-60 3.9±3.0 1 1±20 12 29 15±6 34±17 8 11 

Error indications are standard deviations. Entries without error indications are single measurements. 

a Average of four measurements; nine additional measurements were ND. 
b One real value, the remaining measurements were ND. 
c ND = Not detected. 
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4.3.3 Corrosion Product Deposition On Out-Of-Core Surfaces 

The corrosion product activity transport processes and radiation buildup on the main 
coolant piping and steam generator have been the main subject of a recent 
investigation. (8,9) Coolant chemistry in PWRs plays an important role in the radiation 
field buildup. The primary long-term source of radiation fields in either BWR or in PWR 
plants is Co-60, but in PWR Co-58 can also be a significant source, especially early in life. 
Cobalt-58 has a half-life of 71 days and hence reaches an equilibrium level in a few 
months. 

A review of the data obtained from the various out-of-core locations shows that the 
specific activity of the crud deposits varies, depending upon location and the base 
material. A comparison of the surface activity concentration on the piping, steam 
generator tubing, and fuel surfaces of a Westinghouse PWR plant is shown in Figure 4-17. 
The difference in activity deposition could be caused by the corrosion mechanism of 
Inconel tubing versus that of stainless steel piping, the effects of the smooth surface of 
the tubing versus that of the rougher piping surface, or the amount of activity and flow 
rates of the coolant passing through a tube compared with that in a section of piping. In 

terms of Co-60 activity, inventories on the various surfaces are approximately 1000 Ci on 
the core, 500 Ci on the steam generator tubing and 100 Ci on the piping after several 
years of operation. ( 10) 

In the primary coolant system, the corrosion product activities (mainly Co-60 and Co-58) 

can be transported throughout the system in either soluble forms or insoluble crud. 
Because of the complexity of the coolant chemistry, it is almost impossible to 

quantitatively identify which form of the activity is more important. A mathematical 
model (CORA) has been developed to describe the transport of corrosion products in 
the PWR system(IO) . The computer code nodal diagram is shown in Figure 4-18. Figure 
4-19 shows the widely spread dose rate data measured on the steam generator channel 
head and the range of CORA results. 

Recent studies on the role of coolant chemistry on PWR radiation field buildup(9,14,15) 

have concluded that control of pH is an important factor in reducing the radiation 
buildup. Lower radiation fields are generally observed at plants which were operated with 
constant, or higher, pH, and the fuel crud deposits were thinner. The effect of pH on the 
solubility and the mobility of the crud is obvious. The key in reducing the radiation field 
is to minimize the deposition of corrosion products on the fuel surfaces, where they are 
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being activated by the neutron flux and subsequently being released and transported to 
other parts of the primary system. Laboratory measurements 06) of the solubility of 

several nickel ferrite stoichiometries as a function of pH, temperature and dissolved 

hydrogen indicate that solubilities tend to increase at higher temperatures when the 

solution pH is higher. Most recently, initial results from the high pH tests at Ringhals-4 in 
Sweden ( 17) have shown that the radiation fields are significantly lower than the typical 
plants at the comparable operation time. Ringhals-4 has operated at a pH of 7.3 

(maximum LiOH concentration of 3.3 ppm) for much of its -2 years of operations. It 

must be cautioned that operating at higher LiOH concentrations (Li � 3.5 ppm) in the 

coolant may result in higher fuel surface oxidation. 
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5. WATER AND IMPURI1Y ACI1VATION PRODUcrs 

5.1 INTRODUCDON 

There are numerous water activation products and activated water impurities in the 
coolant (Table 2-4) . Among those nuclides, only a few nuclides are radiologically 
significant in reactor operation. The following activities have been studied in detail: H-3, 
N-13, N-16, F-18, Na-24 and Cl-38. The chemistry of nitrogen activities and their transport 
behavior in the steam/ condensate systems in a BWR has become an interesting and 
important subject of investigation under hydrogen water chemistry conditions ( 1 ) . 

5.2 TRITIUM IN PWRs 

The study of tritium in PWRs is important because tritium's long half-life ( 12.3 years) 
permits long-term buildup within the plant systems. Since reactor coolant is recycled, 
tritium is retained within the plant as tritiated water and release may occur as liquid, 
water vapor or gaseous tritium. The primary sources of tritium in the reactor coolant 
system in a PWR are: ( 1 )  diffusion of tritium from the fuel through the zircaloy cladding; 
(2) neutron activation of boron in the burnable poison rods and subsequent tritium 
diffusion through the stainless steel cladding; and (3) neutron activation of boron, 
duterium and 6u in the reactor coolant. The fission yield of tritium for U-238 is -o.Ol %. 

Two major neutron reactions with boron resulting in tritium production are: 

( 1 )  lOs (n,2a)3-r 
(2) lOs (n,a) 7u (n,na)3-r 

It has been estimated (2) that approximately 10% of the tritium produced in stainless­
clad burnable poison rods is released into the coolant, which contributes -2/3 of the 
observed tritium buildup. 

The production of tritium from the 6u (n,a)3-r reaction in the coolant is controlled by 

limiting the 6u impurity in the 7uoH used in the reactor coolant and in the lithium 
from demineralizers with 99.9% 7u. However, it has been experienced that an increase 
in ambient reactor coolant system tritium levels may be used as an indicator of 
inadequate 7u enrichment. The tritium produced by the neutron activation of 
deuterium in water (....().015%) is less than 5 Ci/year, a few percent of total production 
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5.3 Na-24 AND Cl-38 IN BWRs 

Na-24 and Cl-38 activities are two mcyor activated products from water impurities. The 
main source of NaCl is believed to be the inleakage of the secondary coolant in the con­
densate-feedwater system. However, a significant "leaching-out" of sodium from the deep 
bed demineralizer system may also be an important contributor during normal 
operation. 

It is rather difficult to calculate directly the activity production from the core average 
neutron flux and the average coolant residence time in the core region (Section 2. 7) . In­
stead, based on a number of measurements in operating BWRs, it has been estimated 
that the equilibrium production rates of Na-24 and Cl-38 in the coolant during normal 
operation are, respectively: 

RNa-24 = 1 .9 x Jo-3 pCi/s/MWt/ppb Na 

Rcl-38 = 5.9 X uo-3 pCi/s/MWt/ppb Cl 

The equilibrium activity concentration per unit target material in the coolant can be cal­
culated from: 

C = R e
q W(A. + Pc )  

where Ceq = equilibrium activity concentration per unit target material, pCi/Kg/ppb 

R = activity production rate, pCi/kg/ppb 

w = reactor coolant mass, kg 

A. = decay constant, s-1 

Pc = reactor cleanup time constant, see 1 

= 
(cleanup flow rate, kg I sec) 
(reactor coolant mass, kg) 

H the equilibrium activity concentration is measured, the equilibrium target material 
concentration ( C�) as well as the constant target source input rate (n) can be easily 

estimated. An example of calculation is shown in Table 5-2. A detailed model calculation 
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of activity buildup in the coolant during a no-cleanup test will be presented in 
Section 8.2. 

Table 5-2 

EQUILIBRIUM CONCENTRATIONS AND SOURCE INPUT RATES OF Na+ (Na-24) 
AND Cl· (Cl-38) DURING NORMAL OPERATION IN A BWR* 

Production rate, R, pCi/s/MWtlppb 

Equilibrium cone., pCi/kg/ppb 

C = R 
eq V(A. + �c ) 

Equilibrium cone., pCi/kg (Observed) 

Equilibrium cone., 

�q , ppb 

Constant source input rate, ppb/hr 

• Reactor power = 1820 MWt 
Reactor water mass, W = 2 x 1 o5kg 
Feedwater flow rate, F = 920 kg/s 
Oeanup flow rate, f = 24 kg/s 
Oeanup time constant, �c = 1 .2 x 1o-4s-1 

5.4 N-13 AND N-16 IN BWRS 

Na+ 

18.6 

8.04 

Na-24 C1- C1-38 

1 .9 X 1Q-3 5.9 X 1Q-3 

0.14 0.125 

2.6 2.9 

23.2 

10 

The N-16 activity is the primary source of radiation fields in the coolant and steam 
systems during power operation. In a BWR, the total nitrogen activity carried by the 
steam is only a few percent of the total nitrogen activity produced in the core under 
normal BWR water chemistry (NWC) conditions(3) . However, during recent tests in 
BWRs with hydrogen addition in the coolant, the radiation fields in the steam-turbine 

5-5 

Copyright © National Academy of Sciences. All rights reserved.

Radiochemistry in Nuclear Power Reactors
http://www.nap.edu/catalog.php?record_id=9263

http://www.nap.edu/catalog.php?record_id=9263


systems increased by a factor of !""5(1 ,4) , mainly due to the increase of the N-16 activity in 

the steam phase (Figure 5-2) . 

The gamma-ray spectrum of N-16 and other nuclides (0-19 and C15) obseiVed at an 

operating BWR is shown in Figure 5-3. The higher levels of radiation fields in the steam­
turbine systems are the major concern in reactor operation under hydrogen water 
chemistry (HWC) conditions. 

The N-13 (t1;2 = 10 min) and N-16 (t1;2 = 7.1 s) are two radioactive nuclides produced 
from oxygen by the 16o (p,a) 13N and 16o (n,p) 16N reactions, respectively, in the 
reactor coolant. The recoil energies for the nitrogen nuclides from nuclear 
transformations are estimated at -(}.4 MeV, which is several orders of magnitude larger 
than required to break a chemical bond (-3 eV) . Thus, these two activated nuclides are 

expected to behave similarly in chemical reactions after they become thermalized. 
Because of its short half-life, the chemical forms of N-16 have never been measured. 
However, the chemistry and steam transport behavior of N-13 have been extensively 
studied (3,5) . 

As a result of radiation effects, the nitrogen activities can exist in many chemical forms in 
water and steam (Section 6. 7) . In some early reactor measurements under normal 
operating conditions, most of the N-13 and N-16 activities were found in the anion forms 
in the reactor coolant, presumably N02- and N03-, while most of the activities in the 
steam condensate were found in the cationic form, most likely NJ4+. In recent 
radiochemical studies in four reactors during hydrogen chemistry tests ( 5) , the cationic 
form of nitrogen activity has been identified as N'Ri+ by ion chromatographic separation, 
and the anion fraction was found to contain two major species, N03- and N02-, in both 
reactor coolant and steam condensate. The test results are summarized in Table 5-3, and 
the typical results are shown in Figures 5-4 and 5-5, in which the N-13 concentrations in 
both cation and anion fractions in the reactor recirculation water and the steam 
condensate are shown as a function of dissolved H2 in reactor recirculation water. The 
dissolved 02 is also shown in each figure for comparison. 
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Table 5-3 

SUMMARY OF N-13 CHEMICAL FORMS MEASURED DURING HWC TFSrS (Ref. 5) 
(in % of chemical fraction) 

Reactor 

In Reactor Water: 
Pilgrim 
FitzPatrick 
Hatch-I 
NMP-1 
NMP-1 (Incore) 

In Steam Condensate: 
Pilgrim 
FitzPatrick 
Hatch-I 
NMP-1 

Cation 

0.6 
1 .2 
1 .8 
1 .2 
4.6 

55.6 
52.5 
58.7 
65.7 

NWC 

Anion Cation 

99.4 80.0 
98.8 97.7 
98.2 59.2 
98.8 81 .0 
95.4 56.4 

44.4 99.5 
47.5 98.7 
41 .3 100.0 
34.3 100.0 

* HWC conditions are: 13�140 ppb H2 and 1-2 ppb 02 in reactor recirculation water. 

HWC* 

Anion 

20.6 
2.� 

40.8 
19.0 
4�.6 

0.5 
1 .� 
0.0 
0.0 

System chemistry has been found to have a profound influence on the chemical forms 
and the distribution of nitrogen activities in the BWR primary coolant system. 
Apparently, the NO�- or anion fraction dominate the N-13 activity in reactor water under 
NWC condition. As the dissolved H2 increases and dissolved 02 decreases, the NOg· 
fraction decreases quickly and the cation fraction, or NJ4+ increases significantly. 
Similarly, the anion fraction (N02-) of N-13 in steam decreases and the cation fraction 
(NH4+) increases sharply and becomes dominant as the dissolved H2 in water increases. 

The average total N-13 production rate is experimentally determined to be 
-25 p.Ci/ s/MWt, which is in excellent agreement with the theoretically calculated value 
of 23 p.Ci/s/MWt(6) . The production rate of 16N is rather difficult to determine; 
however, based on the measured 16N concentration in steam lines, the core exit N-16 
concentrations have been estimated to be 54 ± 15 p.Ci!g under normal water chemistry 
conditions and 240 ± 65 p.Ci!g under hydrogen water chemistry conditions (Table 5-4) . 

· The activity presented in non-condensable chemical forms and released through the off­
gas system was only a few percent of the total production, and the release rate decreased 
by a factor of -2 under HWC conditions, in spite of the increase in steam activity. 
Apparently, the chemical form of N-13 in the offgas was dominated by the NO and/or 
N02 under NWC conditions. 
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Table 5-4. 
N-16 STEAM CONCENTRATION AT VARIOUS LOCATIONS IN THREE CLASSES OF 

Location 

Measurement Point 
NWC 
HWC 

Vessel 
Nozzle 

NWC 
HWC 

Core Exit 
NWC 
NWC Ave: 54 ± 13 
HWC 
HWC Ave: 240 ± 65 

5.5 F-18 IN BWR 

BWRs (pCi/g Steam) (Ref. 1) 

BWR/2 BWRL3 
NMP-1 Pilgrim Dresden-2 

34 25 24 
159 129 104 

38 28 27 
180 139 117 

64 46 49 

300 230 212 

BWR/4 
Hatcb-1 PB-S 

46 21 
201 78 

51 23 
221 87 

73 37 

319 137 

F-18 (ti/2=1 10 min) is formed in the reactor coolant by the 18o(p,n) l8F reaction. Its 
production rate has been theoretically estimated to be 0.67 pCi/s/MWt(6) , which is in 
good agreement with the experimentally measured values (-Q.6 pCi/s/MWt> · The F-18 
activity has been observed only in the fluoride (�) form in either the reactor coolant or 
the BWR steam condensate, which is the most stable and only form of fluorine in water. 
The typical concentrations of F-18 in the BWR coolant and the steam condensate are 1 .0 
and 2.0 pCi/kg, respectively, independent of water pH and conductivity in reactor water. 

Frequently, the F-18 activity has been found to be the major source of radiation fields in 
the BWR hotwell. More than 90% of the F-18 activity produced in the coolant is 

transported through the steam system and condenses in the condensate system. (3) The 
mechanism responsible for the formation of the volatile form of fluorine in steam is not 
clear. A complex of H20.F or its equivalent has been proposed to explain the 
appearance of F-18 in the steam phase. (3) In a water environment, the newly formed F-
18 may tend to be associated with H20 molecule as a complex H20.F when its recoil 
energy from the nuclear reaction is totally reduced by numerous collisions. H20.F may 
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be transported with the steam, and the F atom is reduced to � as the steam condenses in 
the water phase at lower temperatures. 

Since the � concentration in reactor water is believed to be very low (� 1 ppb) , the 
volatility ofF-18 as HF in steam transport may be very low. 
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6. RADIATION CHEMISTRY IN REACfOR COOLANT 

6.1 INTRODUCTION 

The radiation energy generated in the reactor core and absorbed in the coolant is mainly 

attributed to fast neutrons and gamma rays. Absorption of energy in the coolant results 

in water radiolysis, which occurs in both BWR and PWR. However, because of hydrogen 

gas over-pressure in the PWR system, there is no net water decomposition nor oxygen gas 
production in the PWR system (Section 6.4) . The addition of hydrogen in the BWR 

coolant has become an important technique to reduce the dissolved oxygen level in the 

coolant and minimize the susceptibility of intergranular stress corrosion cracking 

(IGSCC) 
·
of stainless steel in the BWR primary system. 

Because of its reducing nature in the PWR coolant, practically all radioactive and non­

radioactive impurities in the coolant are in the reduced chemical forms. On the other 

hand, the BWR coolant under normal operating conditions is under oxidizing condition 

and the chemistry of the BWR coolant system is rather complicated due to many 

oxidizing species (both radicals and stable species) . An attempt will be made to describe 

this complicated system in a limited scope. 

6.2 WATER RADIOLYSIS IN BWR COOLANT 

Boiling water reactors use high purity water as the neutron moderator and primary 

coolant in the production of steam. In an operating BWR, most of the radiolysis occurs 

in the high flux core region. Under normal operating conditions, the core contains an 

average steam void of -30% and the core radial average void fraction increases from 0 at 

core inlet to -70% at the top of the core. 

A brief overview of radiation chemistry in the BWR coolant has been reported by Lin. (1) 

The radiation energy generated in the reactor core and absorbed in the coolant is mainly 

attributed to fa:st neutrons and gamma rays; the contributions from thermal neutron and 

beta particles are relatively small. The core average total neutron dose rate is estimated 

at I .5 x I 09 R/hr and the total gamma dose rate is estimated at 3.1 x I ()8 R/hr for a 

50 WI emS power density standard plant. The total radiation dose rate in the core region 
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is nearly proportional to the core power density. As a result of water radiolysis, liquid­

vapor phase equilibrium and recirculation, the reactor recirculation water contains 

oxygen and hydrogen peroxide in the concentration range from 100 to 300 ppb, and 

about 10 ppb (less than stoichiometric ratio of 8 to 1 )  of dissolved hydrogen. 

It is known that the dose rates decrease as the distance from the core increases, and the 

fast neutron fluxes decrease faster than the gamma fluxes. At out-of-core regions, the 

total dose rate could be �0.1-1 % of the core dose rate. The production of radiolytic 

species is not important in the peripheral regions, but the levels of radiation are still high 

enough to initiate the "recombination" of dissolved 02 and excess H2 in the coolant (see 

Section 6.4) . 

The overall simplified general expression for the radiation-induced water decomposition 

can be written as: 

(6-1) 

which is not chemically balanced. 

Although the detailed mechanism of water radiolysis is complex, a simple scheme has 
been well established to explain the observed effects. (2,S) The primary process is to 

produce H and OH radicals, 

(6-2) 

Many of these radicals react with each other in regions of high local concentration to 

form molecular products, H2 and H202, or reform water according to the reactions: 

H + H  -+ H2 

H + OH -+ H20 

OH + OH -+ H202 

6-2 

(6-3) 

(6-4) 
(6-5) 
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The molecular products H2 and H202 may be destroyed and water is reformed by the 

following chain reaction: 

OH + H2 -+ H + H20 

H + H202 -+ OH + H20 

Production of molecular 02 is brought about by the following reactions: 

H202 + 0H -+ H02 + H20 

H02 + 0H -+ H20 + 02 

H02 + H02 -+ H202 + 02 

H202 + H02 -+ H20 + OH + 02 

The 02 is destroyed mainly by the reaction: 

(6-6) 
(6-7) 

(6-8) 
(6-9) 

(6-10) 

(6-1 1)  

(6-12) 

Within seconds of irradiation, steady-state concentrations of molecular and radical 

species can be reached in a static system which contains pure water. The examples of 

radiolysis model calculations(21) for the production of H2, 02, and H202 in air-free and 

air-saturated water at ambient temperature are shown in Figure 6-1 . In air-free water, all 

three radiolytic products reach steady state concentrations at -200 Gy of total dose 

(Figures 6-1 , A and B) . In the presence of excess oxygen in water, both H2 and H202 

increase and they may continue to increase until the oxygen is consumed to an 

equilibrium level (Figure 6-1 , C) . 

The chemical yield of the decomposition product is denoted by the symbol G. The G 

value is defined as 

G = 
Number of species produced or destroyed 

100 eV absorbed 
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The symbols GH ,  GH2 , GH2� , etc., refer to primary radical and molecular yields, while 

G(H), G(H2) , G(H202) ,  etc., refer to the observed yield under experimental conditions. 

When a species is decomposed by radiation, the negative yield is indicated by a minus 
sign, i.e., G-Hto· 

The chemical yield (G value) for a species in the radiolysis of water may vary as a function 

of several factors in an irradiation system. Variations of radical and molecular yields with 

water pH, temperature, LET*, and does rate have been well docwnented.(4) The 

variation of chemical yields with temperature is significant at reactor operating 

conditions, and the LET is probably the most important factor when one calculates the 

chemical yields from gamma rays (low LET) and fast neutron (high LET) in a reactor. 

The yields of some m�or species at ambient and higher temperatures are compared in 

Table 6-1.(5) 

Table 6-1 

G-VALUES OF PRIMARY RADIOLYI1C SPECIFS IN WATER. (Ref. 5) 

Temperaure Racliadon e(aq) 
. H+ H Bt OH BOt a2o2 

25°C Gamma 2.70 2.70 0.61 0.43 2.86 0.03 0.61 

Neutron 0.93 0.93 0.50 0.88 1 .09 0.04 0.99 

280°C Gamma 3.76 3.76 0.7 0.8 5.5 0.28 

(Tentative)** Neutron 1 .4 1 .4 0.75 1 .32 1.64 0.06 1 .49 

• The rate at which energy is lost (locally absorbed) per unit of length traveled by an 
ionizing particle, -dE/ dx, is called the linear energy transfer (LET) . 

••Best estimated values from current literatures. 
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6.3 RADIOLYTIC GAS PRODUCTION IN BWRS 

In an operating BWR, most of the radiolysis occurs in the high flux core region where 

boiling takes place. The net average production rate of radiolytic gases (containing 

approximately stoichiometric mixtures of H2 and 02) in BWRs has been determined to 

be 0.041 SCFM/MWt (19.35 cc/s/MWt) (Figure 6-2) .  The maJority of the data shown in 

Figure 6-2 were determined by measuring the radiolytic gas (H2 + 02) content in a gas 

sample vial and the offgas flow rate. As shown in Figure 6-2, considerable variation in the 

measured radiolytic gas production rate can be seen. The variation may be partly 

attributed to analytical error and the difficulty in accurately calibrating the gas flow rate 

in the off-gas line. However, the data measured in steam samples appear to be more 

consistent with the average production rate. It should be noted that the actual 

production rate in the BWR core may slightly vary due to differences in design and/or 

operating characteristics (e.g., core power density, steam void fraction, operating 

pressure, coolant flow rate, and impurity levels in the coolant) . 

For the average offgas production rate of 0.041 SCFM/MWt in BWRs, the "apparent" H2 

and 02 yields are G(H2)BWR = 0.0056 and G(02)BWR = 0.0028, respectively. These 

apparent yields are produced by a mixture of neutron and gamma radiation in the core 

region. It is entirely possible that most of the radiolytic gases are produced in the boiling 

region and quickly partition between the steam phase and the liquid phase. The steady­

state concentrations of dissolved gases in non-boiling water are expected to be relatively 

low. In the presence of excess H2 in water, the production of 02 may be effectively 

suppressed in non-boiling water. 

6.4 SUPPRESSION OF WATER RADIOLYSIS BY H2 ADDmON 

In the presence of excess H2 in water, the water decomposition and production of 02 can 

be suppressed through a chain reaction which rapidly reduces the concentration of OH 

and H202, in the reactions. 
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Figure �2. Radiolytic Gas Procluction Rates In BWRs (Ref. 6) 
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These two species are normally the precursors of 02 in the reactions 

--+ H02 + H20 

--+ 02 + H20. 

When H2 is in excess, the 02 concentration is reduced by the fast reaction 

(6-13) 

(6-14) 

(6-15) 

(6-16) 

(6-17) 

and the decrease in H202 concentration occurs finally because the overall rate of 

reactions which destroy H202 is faster than that of reactions which produce H202 

including its radiolytic formation. For the recombination of H2 and 02, a balanced set of 

reactions can be written as: 

H20 

2H2 + 20H 

02 + H  

H + H02 

H202 + H  

--+ H + OH 

--+ 2H20 + 2H 

--+ H02 

--+ H202 

--+ H20 + 0H 

An example of a radiolysis model calculation for the suppression of dissolved 02 by 

surplus H2 in water at ambient temperature is shown in Figure 6-3. A set of reactions and 
rate constants used in water radiolysis simulation is given in Table 6.2. 
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Table 6-2 

REAcriON AND RATE CONSTANTS USED IN WATER RADIOLYSIS 
SIMUIA.TION (Ref. 8) 

Rate Constant 
• 

- 1 - 1 Chemical Reactions at 25 C (1 mole s ) 

eaq + H
i

O 4 H + OH­

eaq + H 4 H 

e + OH 4 OH 4 OH-aq eaq- + H2o2 4 OH + OH-
H + H 4 H2 
e - + H02 4 H02 aq eaq- + o2 4 o2-
2e - 4 20H- + H2 aq 
20H 4 H2o2 
OH + H02 4 H20 + 02 
OH + o2- 4 OH- + o2 
OH- + H 4 e - + H2o aq eaq + H + H2o 4 OH- + H2 
e - + Ho2-:- + H2o 4 OH + 20H-
Jq -

H + OH 4 H2o 
+ -H20 4 H + OH 

H + OH 4 H20 

OH + H2 4 H + H2o 
OH + H2o2 4 H2o + H02 
H + H2o2 4 OH + H2o 
H + o2 4 H02 - + HO� 4 O

i 
+ H 

o2 + H 4 H02 
2H02 4 H2o2 + o2 
202- + 2H20 4 H2o2 + o2 + 20H­
H + H02 4 H2o2 
H + 0 - HO -2 4 2 
eag- + o2- 4 H02- + OH-

OH + s2o2 4 Ho2- + H2o 

28202 4 2H20 + 02 
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1 1 . 6  X 10 

2 .4 X 1010 

2 . 0 X 1010 

1 . 3  X 1010 

1 . 0 X 1010 

2 . 0  X 1010 

1 . 9  X 1010 

9 5 . 0  X 10 
9 4 . 5  X 10 

1 . 2  X 1010 

1 . 2  X 1010 

7 2 . 0 X 10 

2 . 5  X 1010 

9 3 . 5  X 10 

1 . 44  X 1011 

- 5 2 . 6  X 10 

2 . 0  X 1010 

7 4 . 0  X 10 

2 . 25 X 107 

7 9 . 0  X 10 

1 . 9  X 1010 

5 8 . 0  X 10 

5 . 0  X 1010 

6 2 .  7 X 10 

1 . 7  X 107 

2 . 0  X 1010 

2 . 0  X 1010 

8 1 . 3 X 10 
8 1 . 8  X 10 

0 . 3/1120
2 

Activation 
Energy 

. 1  K cal mole 

3 . 0 

3 . 0 

3 . 0 

3 . 0 

3 . 0 

3 . 0  

3 . 0  

3 . 0 

3 . 0  

3 . 0  

3 . 0  

4 . 5  

3 . 0  

3 . 0  

3 . 0  

3 . 0  

3 . 0  

4 . 6  

3 . 45 

4 . 5  

3 . 0  

3 . 0 

3 . 0  

4 . 5  

4 . 5  

3 . 0  

3 . 0  

4 . 5  

4 . 5  
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6.5 THE ROLE OF IMPURITIES 

Some ionic impurities, especially halide and metallic ions, are known as "radical 

scavengers" which have profound effects on water radiolysis as well as radiation induced 

chemical reactions. The examples of reactions involving Br and Cu++ ions are illustrated 

by: 

and 

CG 6 'o .... 
)( 

C? E , 
)( 
0 E 

OH + Br 

H + Br 

H + Cu++ 

OH + Cu+ 

---+ Br + OH-

---+ Br + H+ 

---+ Cu+ + H+ 

---+ Cu++ + OH-

FJgUre 6-S. Depletion of Oz in Water by Irradiation in the Presence of Smpt .. Hz. Dose Rate at 
1 Gy/s (Reproduc:ed with Permission, Radioc:bim. Ada, Ref. 21) 
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The scavengers compete with H2 and H202 in reactions (6-6) and (6-7) for OH and H 

radicals. The reaction rate constants for some reactions involving Cu+ /Cu++ and halide 

ions can be found in the literature. (7) As shown in Table 6-3, the reaction rates for the 

Cu+ /Cu++ ions are comparable to most of the free radical reactions involved in radiolysis 

(Table 6-2) . Thus, if the impurity levels are high enough (e.g., �10  ppb) , the scavenging 

effect would significantly interrupt the radiolytic chain reactions. 

Table 6-3 

EXAMPLES OF IMPURI1Y REACTION RATE CONSTANTS(?) 

Reaction 

CL- + OH -+ Cl + OH-

Br + OH -+ Br + OH-

I- + OH -+ I + OH-

Cu+2 + H -+ Cu+ + H+ 

Cu+2 + eaq 
-+ Cu+ + (H20) 

Cu+ + H202 -+ Cu+2 + OH + OH-

6.6 HYDROGEN WATER CHEMISTRY IN BWR COOLANT 

k(L/mol/s) 

106 

109 

1 .5 X IOIO 
9.8 X lOS 

4.0 X IOIO 

2.3 X }09 

The first full-scale hydrogen water chemistry (HWC) test in the U.S. was performed at 

Dresden-2 in 1982. (9) Subsequently, similar tests have been carried out in several 

reactors. A typical example of the H2 and 02 concentrations in steam as a function of H2 

concentration in reactor water is shown in Figure 6-4. It can be shown (Section 6-4) that 

the excess H2 provides the initial H radicals for a chain reaction and there is no net 

consumption of H2 in the process. That is, for each H2 molecule that is added to the 

coolant and consumed to remove l/2 02, one H2 molecule is liberated by water 

radiolysis. The steam phase is dominated by the H2 added in the feedwater. The initial 

decrease of the H2 content in the steam may be due to some direct recombination of H2 

and 02 in the core region when the 02 concentration is sufficiently high. 
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The dissolved 02 concentration in the recirculation system also responds very quickly to 

hydrogen addition to the reactor water. When sufficient H2 is added, the 02 

concentration decreases with increasing H2 concentration according to the following 

equation: 

Experimental data obtained at three reactors are shown in Figure 6-5. It has been 

hypothesized that a radiation induced water decomposition-recombination equilibrium. 

is established in the downcomer region when sufficient H2 is added to the reactor water. 

The equilibrium constant Keq is a strong function of the radiation field in the 

downcomer region. (22) 

Measurements have not detected H202 in any of the plant measurements of the 

recirculation system chemistry. Ullberg and Rooth (10) have suggested that H202 may be 

present in the large diameter pipe, but decomposes heterogenously on high 

temperature, small diameter sample piping surfaces, to be measured as oxygen. 

Recently, a laboratory study01) has shown that indeed H202 decomposes quickly in a 

stainless steel tubing at higher temperatures. However, the same study also shows there is 

no evidence of reactions between H2 and 02 or H202 in high-purity water. Thus, it is 

certain that in high purity water the dissolved H2 measured in a BWR coolant sample line 

is representative of the concentration in the coolant from which the sample is taken. 
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Similarly, the measured dissolved 02 should be the combined concentrations of H202 

and 02 in the coolant. Nevertheless, with impurities in water, the same study indicates 

that copper ions at -30 ppb would catalyze the reaction between H2 and H202 to some 

extent at higher temperatures. 

6.7 CHEMICAL EFFECTS OF RADIATION IN BWR COOLANT 

Radiolytic oxidation of impurities including corrosion products (Cr04=) fission products 

(IO�f· Tc04=, Np02+) , and water activation products (NO�f) in the primary coolant under 

normal water chemistry conditions are well known,(12) but the actual reaction 

mechanisms may not be easily understood. 

The radiation effects on nitrogen species have been extensively investigated. (13-16) When 

dealing with N-13 and N-16, which are activated from the oxygen atoms in water (Section 

5.4) , the reactions of "hot atoms" also have to be considered. In an earlier study, 

Schlieffer and Adlogg07) reported that the chemical forms and distribution of N-16 

produced in pure water were: 

Chemical Form: 

Distribution (%)*:  

NO 

9 

NOf 

25 

NO�f 

10 

NH4+ 

30 

This result suggests that when a newly produced N-16 atom is broken away from an H20 

molecule, the thermalized nitrogen atom (N*) may react equally with various radicals, 
ions and molecules in the immediate surrounding area. Under a high radiation field, 

such as in the reactor core, the nitrogen atoms are expected to react with radiolytic 

species from water radiolysis. The initial reactions may include: 

N* + OH -+ NO + H 

N* + H -+ NH 

N* + H20 -+ NH + OH 

* The data do not total 100% as reported in Ref. ( 17) .  
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-+ NO + O  

N* + H202 -+ H20 + NO 

N* + H02 -+ HN02, 

and the following subsequent reactions may occur until stable compounds are 

formed: (13) 

NO + OH -+ HN02 

HNO + OH -+ N02 + H20 

2NO + 02 -+ 2N02 

NH + H2 -+ NH3 

N02 + H20 -+ HN03 + HN02 

N02 + OH -+ H+ + NOg 

It may be expected that under oxidizing conditions, more NOg and N02 will be 

formed. Even if ammonia is present in reactor water at low concentrations, ammonia will 
be converted to nitric acid in the reactor core under conditions of unsuppressed 
radiolysis of water, ( 14, 15,16) according to the following equations: 

NH3 

NH2 

H2N02 

H2N02 

+ 

+ 

+ 

+ 

OH 

02 

H02 

02 

-+ NH2 + H20 

-+ H2N02 

-+ HN03 + H202 or 

-+ N02- + N03· 

On the other hand, when H2 is added to suppress water radiolysis, more NH3 is expected 

to form as most of the oxidizing species are eliminated. Although N2 is 
thermodynamically stable, its formation from two nitrogen atoms at very low 

concentrations in reactor coolant is very unlikely. The results of measurements in reactor 

coolant and steam in several reactors have been described in Section 5.4. 
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The radiation chemistry of iodine is as complex as nitrogen chemistry. Iodine can exist 

in several stable and unstable chemical forms in aqueous solutions, particularly at very 

low concentrations similar to those normally obseiVed in reactor coolant. The effect of 

gamma-ray radiation on the 1-131 activity in aqueous solutions was investigated in a 

laboratory study at ambient temperature. (18) The 1-131 activity in the iodide (I-) form 

was found easily oxidized to iodate (lOg) as a result of high intensity (>105 R/h) gamma­

ray irradiation. The chemical yield of lOg was found to vary with water pH, dose rate 

and concentration. Thermodynamically the primary oxidizing species, OH and H02 

(oxidation potentials are 2.8 and 1 .35 V, respectively) < 19) are capable of oxidizing all 

iodine species to lOg , and, in the core region, the concentration of OH is expected to be 

higher than iodine species in the coolant. Thus, the mechanisms may consist of 

successive oxidation of iodine by OH, with I, 10, HIO, I02, and HI02 as possible 

intermediate species. The reactions may be represented by: 

OH OH OH OH 
r -+ 1(12 ) -+ HIO -+ -+ 103 

A number of studies on the chemical behavior of radioiodine in the BWR system have 

been reported. (20) The results of those studies are summarized in Section 8.3. 
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7. ASSAY OF RADIOACTIVE WASTE 

7.1 IN'I1l0DUCTION 

The determination of levels of radioactivity for the disposal of low-level radwaste has 

historically been done more on a semi-quantitative basis than a quantitative one. The use 

of gamma spectrometry and/ or direct radiation measurements on bulk containers of 

waste has been the general approach. General difficulty in quantitative sampling and 

analysis is a well-known fact, and the radiation exposure costs associated with such 

sampling and analysis is also a factor in determining the methodology of radioactivity 

assay of radwaste. Nevertheless, the methods which have been used in the management 

of these low-level wastes have produced satisfactory results and have not led to circum­

stances inimical to the public health and safety. 

In December 1983, the U.S. Nuclear Regulatory Commission (NRC) put into effect new 

standards and criteria (known as Regulation 10CFR61) governing the land disposal of 

radioactive wastes. The new rules defined three classes of low-level waste (designated 

classes A, B and C) based on the half-lives and quantities of radioactivity of specified 

radionuclides and assumed pathway models. The radionuclide concentration limits from 

1 0CFR61 are reproduced in Table 7-1 . < 1 >  Some major characteristics of the nuclides 

needed to be analyzed are listed in Table 7-2 Many of these nuclides do not emit 

measurable gamma rays in their decay and can be measured only through difficult and 

time-consuming radiochemical and nuclear counting processes, requiring techniques 

and equipment beyond the capability of most nuclear power plant on-site laboratories. 

Even in some reputable laboratories, significant differences in the results of some 

comparative analyses have been reported (2) .  

The NRC has accepted an indirect methodology for the difficult-t"measure nuclides 

(i.e. ,  nuclides which do not emit easily measured gamma rays) listed in 10CFR61.  One of 

these involves establishing ratios or scaling factors between the difficult-t"measure 

nuclides and those which are both easy to measure and possess similar chemical and 

physical properties. 
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Table 7-1 

10 CFR 61 WASTE CLASSIDCATION ACTIVITY LIMITS (Ref. 1) 
(From 10 CFR Part 61.55) 

Concenttadon, �Cdjan5 

Nuclide Class A Class B• Class c 

Long Lived 
Cl4 0.8 NA 8 
C 14 in activated metal 8.0 NA 80 
Ni-59 in activated metal 22.0 NA 220 
Nb-94 in activated metal 0.02 NA 0.2 
Tc-99 0.3 NA 3 
1-129 0.008 NA 0.08 
Alpha emitting transuranics with 
half-lives greater than 5 years lOb NA IOOb 
Pu-241 350b NA 3,500b 
Cm-242 2,000b NA 20,000b 

Short Lived 
Total of all nuclides with 
half-lives less than 5 years 700 (c) (c) 
H-3 40 (c) (c) 
Co-60 700 (c) (c) 
Ni-63 3.5 70 700 
Ni-63 in activated metal 35 700 7,000 
Sr-90 0.04 150 7,000 
Cs-137 1 44 4,600 

a. There is no Class B category for waste exceeding the Class A limit for long lived 
nuclides. Such wastes are automatically Class C or are unacceptable for shallow 
burial. For waste containing a mixture of nuclides, the sum of the fractions of limits 
must be less than one with each section (long or short lived) considered separately. 
The appropriate limits must all be taken from the same column in the table. 

b. Units are nanocuries per gram. 

c. There are no specific limits for these nuclides in these classes. Practical 
considerations such as heating effect, extemal package radiation on shipping, or 
maximum specific activity determine the maximum concentration for these 
nuclides. 
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Isotope 

H-3 

C-14 

Fe-55 

Ni-63 

Ni-59 

Sr-90 

Tc-99 

1-129 

TRU* 

Table 7-2 

NUCLEAR DATA FOR DIFFICULT-TO-MEASURE RADIONUCLIDES 

Half Life 
(years) 

12.3 

5730 

2.76 

99.5 

7.5 X 104 

28. 1  

2.12x105 

1 .57x107 

Variable 

Radiation 
Emitted 

Beta 

Beta 

x-ray 

Beta 

x-ray 

Beta 

Beta 

Beta, Gamma 

Mostly alpha 

Principal 
Means of Production 

Fission; U-7 (n,na) ; 
B-10 {n,2a) ; 
H-2 (n,y) 

N-14 (n, p) , 0-17 (n,a) 

Fe-54 (n,y) 

Ni-62 (n,y) 

Ni-58 (n,y) 

Fission 

Fission; Mo-98 (n,y) 
Mo-99 (beta) 

Fission 

Multiple n-capture 

Nuclides 
Origin 

Fuel & 
Coolant 

Fuel & 
Coolant 

In-core 
surfaces 

In-core 
surfaces 

In-core 
surfaces 

Fuel 

Fuel 

Fuel 

Fuel 

* TRU = Transuranic isotopes, excluding beta emitter Pu-241 and shoner-lived Cm-242 
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Some typical BWR and PWR nuclide concentrations in various waste streams are shown in 
Tables 7-3 and 7-4, respectively. Some reports dealing with the methodologies for the 

radionuclide assay and correlations in radwaste have been published (2-8) . A brief review 

and discussion of those methodologies are presented in the following sections. 

7.2 SAMPLING AND SAMPLE PREPARATION 

The primary objective of sampling is to obtain a small quantity of the waste material 

which is representative of the whole quantity of the waste. The nuclide concentrations 

measured in the sample are then extrapolated to the whole waste quantity. In practice, 

true homogeneity of the waste is rarely achieved in a system to be sampled. It can only be 

approached by the application of mixing and sampling techniques. Thus, the accuracy of 

radionuclide determination depends largely on the sampling technique, more than the 

techniques of radiochemical analysis. An excellent discussion of radwaste sampling 

methodology and sample size requirements can be found elsewhere (6) . 

The mixing and sampling techniques applied to a given system depend on the property 

of waste material being measured. Radwaste streams can best be characterized as 

complex mixtures containing various components, each with different properties and 

concentrations. Due to these variabilities, they should be considered as heterogeneous 

substances from a sampling standpoint, which may vary both in time and space 

depending on system conditions. In order to obtain a representative sample, one should: 

( 1 )  control process conditions to approximate a homogeneous solution, 

(2) utilize sampling equipment/techniques which do not bias samples, and 

(�) adopt sampling techniques which approximate random sampling. 

Controlling process conditions to approximate a homogenous solution cannot always be 

accomplished in a radwaste system. However, since the most practical application of 

automatic sampling equipment would be in pipe systems on holding tanks, the following 

guidelines should be observed(6) . 
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Table 7-3 

TYPICAL BWR NUCLIDE CONCENTRATION BY WASTE STREAM (pCi/an3) 
(Reproduced with Permission, EPRI NP-5983, Ref. 2) 

RWCU Condensate Radwaste Evaporator 
Nuclide Resins Resins Resins Bottoms DAWC 

Co-60 25.0 2.6 1 1 .2 3.4 4.0E-3 

Cs-137 14.1 1 . 1  6.1 1 .9 1 .6E-3 

Ni-63 3.6E-1 2.3E-1 1 . 1E-1 1 .2E-1 l .OE-4 

Fe-55 10.6 2.5 1 .3 2.2 4.6E-3 

C-14 3.7E-3 7.7E-3 4.6E-3 4.6E-4 2.6E-6 

1-129 3.6E-5 3.7E-5 3.0E-5a 3.0E-5a 1 .6E-7 

Tc-99 5.6E-4 2.3E-4 2.4E-¥ 7.6E-5a 1 .8E-7 

Sr-90 4.5E-2 4.9E-2 1 .8E-6 5.6E-2 3.2E-5 

Pu-241b 8.5 3.0 7.8E-1 6.7 8.8E-6 

Cm-242b 1 .2E-1 4.1E-2 1 .1E-2 9.3E-2 2.4E-7 

TRUb 1 .5E-1 5.2E-2 1 .4E-2 1 .2E-1 2.4E-7 

a. Values derived from Cs-137 concentrations multiplied by industty-wide scaling 
factors. 

b. Concentration units for these nuclides are nCi/ g. 

c. DAW = dry active waste; concentrations are based on contact dose rates of 1 OmR/h. 
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Table 7-4 

TYPICAL PWR NUCLIDE CONCENTRATIONS BY WASTE STREAM (pCi/an3) 
(Reproduced with Permission, EPRI NP-5983, Ref. 2) 

Primary Primary Non-Primary Non-Primary Evaporator 
Nuclide Resins Fdters Resins Fdters Bottoms DAWC 

Co-60 50 247 3.1 32.0 . 5.3E-2 2.6E-3 

Cs-137 51 .0 8.41 3.5E-2 2.0E-3 

Ni-63 16.1  76.2 1 .8 18.0 1 . 1E-1 1 . 14E-3 

Fe-55 5.5 250 3.6 26.5 5.2E-2 7.25E-3 

C-14 6.2E-2 1 .4 3.1E-2 5.5E-1 l .OE-3 3.25E-5 

1-129 1 .7E-4 6.1E-5 4.0E-7a 1 .3E-7 

Tc-99 6.6E-4 1 .8E-4 4.0E-& 9.0E-8 

Sr-90 1 .9E-1 1 .4E-1 1 .4E-2 1 .8E-2 7.7E-5 5.4E-6 

Pu-241h 1400 3822 94 289 9.4E-1 6.2E-5 

Cm-242h 19.4 53 1 .3 4.0 1 .3E-2 9.4E-7 

TRUh 25 68 1.7 5.1 1 .7E-2 1 .6E-6 

a. These values were derived by applying industry scaling factors to the cesium-137 
concentrations. 

b. The unit of concentration for these nuclides is nCi/g. 

c. DAW = dry active waste; concentrations are based on contact dose rates of 10 mR/h. 
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(1 ) Prior to transfer and/ or sampling, holding tanks should be thoroughly 

mixed with mixing systems which promote homogeneity. 

(2) The time inteiVal between mixing and sampling should be a minimum to 

prevent settling of particles. 

(3) The location of sampling points should be selected where stream stratifica­

tion is not expected. 

( 4) Pump speed for transferring the waste stream should provide sufficient 

velocity to prevent settling and stratification of particles in the line or pipe 

being sampled. 

It is important that the sampling equipment produces the required size and quantity of 

individual grabs required for compositing a representative sample which can be handled 

for laboratory analytical evaluations. The sampling process should be performed on the 

transfer line to the waste container during the period of transfer. The initiating factor 

for each grab may be time, flow, radiation level, or other variable depending on the 

objective of sampling. 

Sampling variations have been identified (2) as one of the major uncertainties in the 

1 0CFR61 compliance program. One way to reduce sampling error is to increase both the 

number and size of samples, but the sampling error is frequently compromised by 

personnel radiation exposure and operation costs associated with sampling. 

The composite sample is further properly mixed in a laboratory and prepared for 

radiochemical analysis. Figure 7-1 shows a flow diagram of the necessary sample 

preparation required to properly analyze the waste sample(5) . 

7.3 RADIOCHEMICAL ANALYSIS 

As pointed out earlier, due to difficulties of some analyses, most of the waste radioassay 

has been performed by outside contractor laboratories. However, the on-site laboratory 

can generally perform relatively easy-to-measure nuclides, including m3Jor gamma­
emitting nuclides, which can be measured directly by gamma spectrometry, and some of 
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After a sample is rece ived : o Monitor activity 
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Fipft 7-1. Dow Diagram of Sample Preparation (Reproducecl with Permission, EPRI NP-4057, Ref. 5) 

Note (a) Ge(Li) analysis is performed on the appropriate counting form for the sample type, such 
as Marinelli beaker or other container for water, counting dish for evaporated water, petri 
dish for dried or ashed solids, etc. 

(b) Water with reducing preservative for SH, 14c, 129J and 99-rc. Water with pulp for 
"prime". 
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the beta-emitting nuclides H-3, Sr-90/Y-90, Fe-55 and Ni-63 which have been frequently 

measured in liquid waste stream samples. The radiochemical procedures for these 

nuclides are given in Appendix E. In many cases, the major gamma-emitting nuclides 

can be measured directly in transfer lines or in waste drums. Discussion of direct assay 

techniques will be presented in the next section. 

Description of the analytical procedures used by outside contractor laboratories should 

be available in their literature. A schematic of the typical analysis program used by 

Science Applications International Corporation (SAIC) is shown in Figure 7-2. A brief 

summary of measurement methods developed by EAL Corporation has been described 

by Wassman and Leventhal(5) . 

There are two primary problems associated with the radiochemical analyses of the 

difficult-to-measure nuclides. These are analytical sensitivity and radiochemical purity. 

The former is mainly a function of sample size, length of counting times, and 

measurement equipment. These are variables which are well�efined and easily 

controlled. In the case of the long-lived, beta-emitting nuclides, the requirement of 

radiochemical purity is extremely severe and the degree of purity is difficult to measure 

or control, particularly as many of the potential impurities are also pure beta emitters. 

Thus it is not unusual to require chemical separation factors on the order of 1 06 to 107. 

Detailed evaluation of published radiochemical procedures for those difficult-to-measure 

nuclides is beyond the scope of this monograph. However, some of the major concerns 

in the analyses of those nuclides have been reponed by Vance et al. (2) .  

7.4 DIRECI' ASSAY TECHNIQUES 

Direct assay of waste radioactivity by gamma-ray spectrometry is a well-established 

technique. Generally, a high resolution germanium detector is installed in a heavily 

shielded collimator, which is positioned properly toward the target waste container or 

waste transfer line. The direct assay technique generally gives fast and accurate assays of 

bulk waste with no personnel radiation exposure from sampling. 
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Direct assay is of particular importance for heterogeneous wastes, since representative 

sampling of those wastes is nearly impossible. Similar to all other radioactivity counting 

systems, the direct gamma-ray assay system requires a quantitative calibration. Calibration 

of the system makes it possible to convert the measured gamma-ray intensities into 

concentrations of gamma-emitting nuclides contained in the radwaste. The conversion 

factors should include the correction factors for various collimators, detector configura­

tions and counting geometries, in addition to counting efficiencies as a function of 

gamma-ray energy. 

Unlike the laboratory counting system, it is rather difficult* to use a known "standard" for 

counting efficiency and geometry calibration in the counting system for the radwaste. 

Different calibration techniques have been reported by several investigators. (&9) One of 

those calibration procedure has been developed by SAIC(6,7) and used with the direct 

assay gamma scanner. The procedure incorporates a semi-empirical model for detector 

efficiency that treats the detector as a point on the axis whose location is a function of 

gamma-ray energy and whose response to volume elements located off the axis is a 

function of both energy and the off-axis distance. The calibration procedure for each 

collimator and detector configuration is to determine the model parameters by mapping 

the response to a calibrated gamma-ray source (standard) located anywhere in front of 

the detector-collimator system. The model calculates detection efficiencies for a source­

detector geometry through numerical integration of the detector response function over 

the volume of the source. Calculations include gamma-ray self-attenuation in the source 

material as well as the attenuation by the source container and any external absorber. 

There are at least three general rules of practice in application of the gamma-ray direct­

assay technique to the assay of radwaste: (1)  the background radiation fields in the area 

should be low, so that a clear gamma-ray spectrum can be obtained from the radwaste for 

analysis (the background spectrum is always needed for the net activity calculation) ; 

(2) establish the proper detection efficiency for the chosen geometry; and (3) choose 

*It is difficult, but not impossible, to prepare a simulated waste material, spiked with 
known quantity of radioactivity, contained in a waste container for direct calibration. 
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the geometry of scan optimal to the waste container. Choosing the optimal scan 

geometry is often a practical as well as an accUra.cy consideration. Since the waste is 

frequently inhomogeneously mixed in the container, it is desirable to scan the entire por­

tion of the container containing the waste. An ideal geometry is with the axis of the 

detector collimator aligned with the center of the waste, and there is a sufficient space 

between the detector and the waste container so that the entire container can be 

scanned. ( 10) 

A technique of direct assay of transuranics by passive neutron measurement has been 

developed by PNL (Battelle Pacific Northwest Laboratories) (6) . Neutrons can be 

produced in the radwaste containing transuranic isotopes, either by spontaneous fission 

or by the (a, n) reaction. Although the technique has been demonstrated to be a viable 

technique for assaying measurable levels of transuranics, the efficiency of the counting 

system is unlikely to achieve the required ll.D of 0.1 nCi/g. 

7.5 RADIONUCLIDE CORRELATIONS AND SCALING FACI'ORS 

As mentioned earlier, in order to report the content of radionuclide in the radwaste, the 

"difficult-to-measure" nuclides may be inferred by taking a ratio of their activity to the 

activity of nuclides that can be readily measured. These ratios are referred to as scaling 

or correlation factors and are expected to be developed on a plant and waste stream 

specific basis. 

Ideally, the nuclides used for scaling factors should meet the following criteria: 

( 1 )  There should be a constant ratio in the rate of formation and release of both 

nuclides. 

(2) Both nuclides should possess similar chemical and physical transport proper­

ties. 

(3) The nuclide on which the correlation is based should be readily measurable 

by gamma-ray spectrometry. 
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Studies have been undertaken (3-5,1 1 ) to determine or review the scaling factors for all 

the difficult-to-measure nuclides. A careful examination of the correlation pairs used by 

many operating reactors reveals that most of the correlations are based on either Co-60 
or Cs-137. There is a considerable disparity between the actual and ideal correlation 

pairs. As a result, the correlation ratios are considerably dispersive; differences of orders 

of magnitude have been reported. 

Variation in the correlation ratios is expected to arise from at least three major areas, 

which could be significantly different from plant to plant, and could change from time to 

time. The first area is a change in defective fuel conditions which would give rise to 

different release rates between nuclides. Detailed discussion on the variation of fission 

product release rate as a function of fuel failure condition has been presented previously 

in Section 3. The second area is a change in the primary system materials, from which 

most of the activated corrosion products originate. In recent years considerable effort 

has been made in many plants to remove the sources of cobalt (Co-60) as the major step 

taken to reduce personnel exposures. The Co-60 concentration in the BWR primary 

coolant has been seen decreasing from == 0.5 pO/kg in earlier years to < 0.1 pO/kg in 

some reactors. Reduction of iron crud input from feedwater is also an example of 

changing the source of activated corrosion products. The third area is a change in the 

source of inputs to the radwaste system. The compositions of nuclides in different waste 

streams are expected to be different. These areas and the difficulties of developing the 

reliable scaling factors for those difficult-to-measure nuclides are discussed below: 

Tritium <H-3> is produced in the coolant by neutron capture in the 2H(n, y)SH reaction. 

It is also produced by high energy neutron reactions with lithium isotopes, 6Li(n, a)SH, 

and 7Li(n, na)SH, and with boron isotopes 10B(n, 2a)5H, 10S(n, a)7Li (n, na)SH. The 

boron and lithium reactions are predominant sources of tritium in PWR. Tritium is also 
produced by ternary fission of U-235, but only a small fraction (== I%) of the total H-3 

produced in the fuel is believed to diffuse through the cladding into the coolant. 

H-3 does not relate to any other nuclide in the waste but can be estimated from the 

coolant content of the radwaste. The concentration of tritium in the coolant is used to 

calculate the tritium content. The coolant content of the specific stream of the radwaste 

is, in fact, predetermined by measuring the H-3 concentration in a series of representa­

tive samples. 
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Carbon-14 is produced by neutron capture from the 17Q(n,a) l4C and 14N(n,p) 14C 

reactions. Carbon-14 is released from PWRs in the gaseous radwaste system as organic 
species, predominantly methane. In BWRs, it is released in the condenser offgas system 

as C02. A small fraction of C-14 as C03= or HC03- is retained in the reactor water 

cleanup system. No suitable correlation nuclide can be found in the radwaste. 

Iron-55 and Ni-63 are produced by neutron activation of Fe-54 and Ni-62, 54fe(n,y)55fe 

and 62Ni(n,y)63Ni, respectively. These two nuclides and Co-60 result from the activation 

of reactor material corrosion and/ or wear products. All three species have similar 

chemical properties, although cobalt and nickel are probably more soluble than iron in 

the reactor coolant. The major activation process involves the deposition of corrosion 

products on the fuel surfaces followed by their activation and subsequent release and 

transport to the radwaste system. There are also some important sources of Co-60 and 

Ni-63 in the core construction materials. Because there are some differences in the mate­

rial sources, and the primary coolant chemistry conditions are entirely different between 

BWRs and PWRs, the ratios of Fe-55/Co-60 and Ni-63/Co-60 are expected to be different 

between BWRs and PWRs. 

Nickel-59 is produced by the 58Ni(n,y)59Ni reaction. Since the ratio of Ni-58 and Ni-62 in 
natural nickel is invariant, and the product of Ni-59 is quite similar to that of Ni-63, the 

ratio of the production rate of Ni-59 to Ni-63 should be a constant. This Ni-59 /Ni-63 

activity ratio has been calculated to be approximately 0.01 irrespective of the flux or core 

location. Since the Ni-63/Co-60 correlation factor can be measured and established for a 

specific waste stream, the Ni-59/Co-60 can also be estimated. 

Strontinm-90 is produced by fission. It decays by beta emission to Y-90 which is also a 

beta emitter. The Y-90 (tv2 = 64 hour) is practically in equilibrium with Sr-90, but unlike 

Sr-90, Y-90 is normally in insoluble forms. Since Sr-90 and Cs-137 are generally found in 

soluble cationic forms, the activity ratio may be easier to establish as long as the fuel 

conditions do not change significantly. 

Technitium-99 is mainly produced by fission. The valence states of technitium may vary 

from -1 to +7. In the BWR coolant, shorter-lived technitium activities (Tc-99m, -101 , -

104) are normally found in the anionic forms, most likely Tc04-, but they would behave 
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totally differently in the PWR coolant. It is very difficult to find a good correlation 

partner. Although Cs-137 has been suggested, there are not only differences in chemical 

properties, but the release mechanisms from fuel are also significantly different. Tc-99 is 

also produced by activation of Mo-98. 

lodine-129 is produced by fission as a decay product of Te-129. Iodine activities are 

always found in either the BWR or PWR coolant as anion species. In BWRs, iodine 

activities are also volatile and a large fraction of iodine activities released from the failed 

fuel can be transponed with steam into the condensate (Section 3,4) . Similar to Tc-99, a 

gamma-emitting correlation partner for 1-129 may not exist. 

Transuranic isotQPes are those produced by successive neutron activation of uranium and 

its products in a reactor. The chain of production and the radiation characteristic of 

each isotope are shown in Figure 2-9 in Section 2.6. As discussed earlier, the activity 

buildup varies quite rapidly with the fuel burnup (Figure 2-10) ; however, the 

predominant alpha activity is Cm-242 (90 to 95%) because of its shoner half-life. 

In the reactor coolant, most of the transuranic (TRU) alpha �tivities are found to be in 

insoluble forms, and can be correlated with insoluble fission products, Zr-95 and Ru-103 

(Section 8.5) and Ce-144(6) . The determination of the TRU content of low-level waste 

has long been a problem confronting utilities, and the determination of gamma-emitting 

nuclides Zr-95, Ru-103 or Ce-144 is also very difficult by direct spectrometry because of 

their low intensities and shon half-lives (relative to Cs-137, Co-60 and other major activi­

ties in the radwaste) . 

In summary, the correlation or scaling factors for those difficult-to-measure nuclides in 

the radwaste are very difficult to determine accurately and consistently. The plant and 

stream specific correlation factors can only be determined for a shon operating duration 

because the correlation may vary from time to time depending on many factors discussed 

previously. 
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8. SPECIAL RADIOCHEMICAL S1UDIES 

8.1 ESTIMATION OF NOBLE GAS TRANSIT TIME IN 'IHE BWR TURBINE 

SYSTEM 

The decay of the short-lived noble gases and buildup of their daughter product activities 

in the steam and condensate are unique features of the BWR system. The noble gas 

activities, which are exhausted from the Steam Jet Air Ejector (SJAE) , decay during the 

transit in the steam path, and they and their daughter activities follow many separate 

paths through the low pressure turbine and the heater drain system, while �1 % of the 

high-pressure steam is used to drive the SJAEs. The daughter activities will either be 

washed out by the condensed steam or deposited on the turbine and heater surfaces. In 

order to estimate the parent decay and daughter buildup in the steam paths in the 

turbine, the transit time as well as the activity release rate must be known. It is estimated 

that a major portion ( �60%) of the gaseous activities passes the turbine in a few seconds, 

but the "apparent" transit time, defined for the gaseous parents by the equation 

tj = ( 1/A;)ln (A0/ �) *, may vary from several seconds to a few minutes, depending on the 

half-life of the individual gaseous isotopes. 

The "apparent" transit time, T, can be calculated from the parent-daughter pair activities: 

where A2 = daughter activity transport rate (pCi/s) 

At = parent activity release rate (pCi/s) measured at the same SJAE sample 

point 

* e.g., in more familiar form, 

Ai = L FjA oie-A.iti 

j 

A Ao -A.·t· i = .e 1 1 .  
1 

In case of multiple pathes, 

where 11 is the fraction of A0i passing through the steam pathj. 
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A smooth curve of T vs. the half-life of the parent nuclide from the data obtained in an 

operating BWR is shown in Figure 8-1 . Qualitatively, the curve would be expected to 

flatten out for short half-lives as a limiting point is reached where only a single flow delay 

is significant, and all other delays are so long relative to the half-life that they do not 

contribute to the release. The apparent transit time for other gaseous activities can be 

obtained from this curve. If the transit time from the outlet of the reactor pressure vessel 

(RPV) to the SJAE is known, the gaseous activity release rate at the RPV can be estimated. 

Similarly, using the parent-daughter relationship, the delay time in the condensate (hot­

well) can be estimated from the noble gas daughter and granddaughter activities. In the 

reactor coolant, the delay time in the sample line or any specific system can also be 

estimated from the parent-daughter pair activities. Some major parent-daughter pairs 

and their decay constants have been summarized in Table 2-1 . 

! 
w :::E i= 1-en z < a: 1-

103�------------------------------------------------------------, 

1 02 

10 

Kr - 90  Xe - 1 39 Kr - 89 Xe - 138 

HALF-LIFE (sec) 

Kr - 88  

FJgUre �1. Appareot Tnmsit Time for Gaseous Actmties from RPV to SJAE 
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8.2 NO-CLEANUP TEST IN A BWR 

A no-cleanup test is generally referred to as a test of measuring the water chemistry and 

the distribution of fission products in the primary coolant system when the RWCU system 

is removed from seiVice. During a no-cleanup test, a number of practical operation 

parameters can be measured, such as the mass of reactor coolant, water cleanup half­

time, iodine carryover, impurity input rate, etc. A typical example of no-cleanup test data 

is shown in Figure 8-2. In this test, the water conductivity was allowed to increase to 

2.4 pS/ em before the cleanup system was returned to seiVice. By measuring the decrease 

in water conductivity after return to seiVice, the cleanup half-time can be estimated 

(Figure 8-3) . Also, by knowing the water cleanup flow rate and efficiency, the apparent 

reactor coolant mass may be calculated (it should not be a surprise that the measured 

reactor coolant mass during operation may not be consistent with that estimated from 

the design drawing) . 

The radioactivity buildup in the coolant may be easily calculated. Some examples of 

calculations are compared with the measured data below. 

8.2.1 Na-24 and Cl-SS.Activity Bulldup 

The total active impurity at equilibrium condition during normal operation has been 

shown in Section 2.7, Equation 2-17: 

(8-1 ) 

During the time of no-cleanup seiVice, the production of active nuclides Nne can be 

described by Equation 8-2: 

dN 
_..::n=-c = No +a _ i..N 

dt nc (8-2) 
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By replacing N�c = nt, Equation (8-2) can be integrated to become 

N _ ncjlcr ( '� 1 -A.t ) - -- 11.t - + e nc A.2 

Replacing ncjlcr = Neq 13c(A + 13c) from Equation (8-1 ) ,  

(8-3) 

(84) 

The total activity in the reactor water at time t after the cleanup service is turned off, can 

be calculated by the summation of Equation 8-4 and the following two items: 

N
" 

= N° cjlcr(1 - e -A.t ) 
nc eq 

active nuclide produced during 

normal operation 

activation of parent nuclide 

input to reactor water during 

normal operation. 

(8-5) 

Equation 8-5 predicts that the concentrations of Na-24 and C1-38 activities should 

increase with time after the RWCU system is out of service for a period of a few half-lives. 

The observed increases of Na-24 and C1-38 activity concentrations are shown in 
Figure 8-4. The data are also compared with the calculated concentrations from 

Equation 8-5. 
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8.2.2 Measurement of Iodine Steam Transport 

The magnitude of iodine carryover can be measured directly from the ratio of iodine 

concentration in the condensate to that in the reactor water. However, in a reactor with 

forward-pumped heater drains, the iodine carryover cannot be measured directly from 

the condensate because -75% of the iodine originally carried over by steam is condensed 

with steam in the high pressure turbine and forward-pumped back to the reactor (see 

Section 3.4, Figure 3-5) .  

Another technique for measuring the iodine carryover is to determine the steady-state 

concentration of iodine in reactor water during normal steady power operation with and 

without the RWCU system in service. When the RWCU system is removed from the 

service �c=O in Equation 3-23, the iodine concentration will increase and reach a higher 

steady state concentration, Cnc (Figure 8-5) ,  

(8-6) 

From the ratio of 

(8-7) 

�� and the iodine carryover E can be calculated, 

where all symbols have been defined in Section 3.2.3. 
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8.3 RADIOCHEMISTRY OF IODINE 

8.3.1 Chemical Forms of Radioiodine in PWR Coolant 

The PWR coolant chemistry is more complex than BWR chemistry, particularly during 

reactor shutdown. During normal operation, the coolant is maintained at pH-9 (25°C) 

and under reducing conditions with hydrogen. Boration of the coolant during shutdown 

brings the water pH to -6, and in some reactors, H202 is added to oxidize the corrosion 

film in order to remove the cobalt activities from the primary system surfaces 

(Section 4.3.2.) 

The behavior of iodine activities in the PWR coolant has been studied recently by 

VoillequeO> . Most of the iodine activities are found in the reduced form (iodide) ,  as 

expected, during normal operation, but immediately after shutdown, due to boration 

and H202 addition, volatile fonns of iodine (mainly l2) have been found to vary from a 

few percent to approximately 40%. A few percent of organic iodide are generally found 

after shutdown. A few percent of iodate (103 ) are also observed after shutdown, but in 

some cases, up to 70% of iodine activities have been reported when H202 is added to the 

coolant. 

8.3.2 Chemical Forms of Radioiodine in BWR Coolant* 

The chemical fonns of radioactive iodine in reactor water have been measured in a 

number of reactors during normal operation and during shutdown. (2) As shown in 

Table 8-1 , during reactor operation, 60-90% of the iodine in reactor water was found as 

iodide (1-) and perhaps HIO, and the remainder was essentially iodate (103 ) .  Only 

traces of 12 and organic iodine were detected and these traces were most likely cross 

contamination from the other fractions in analytical procedures (see Figure 8-6) . 

* More recently, the chemical behavior of radioiodine in BWR coolant under hydrogen 
water chemistry conditions has been studied by Lin and the results have been published 
elsewhere. (16) 
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Table 8-1 

CHEMICAL FORMS OF RADIOIODINE IN BWR PRIMARY COOlANT (%) 

Reactor (Date) I- IO-s I2 Organic 

During Normal Operation 

Millstone-I ( 7/1972) 80 20 <1 <1 
Humbolt (12/1972) 78 10 8 4 
Nine Mile Point-I (12/1972) 65 34 1 <1 
Nine Mile Point-I ( 4/1973) 52 48 <1 <1 
Nine Mile Point-1 ( 7/1974) 79 18 3 <1 
Monticello ( 7/1974) 77 23 <1 <1 
Monticello ( 9/1975) 84 12 4 <1 
Brunswick-2 ( 5/1977) 67 33 <1 <1 
FitzPatrick ( 8/1985) 90 10 <1 <1 
FitzPatrick (HWC) ( 8/1985) 99 1 <1 <1 
Hatch-I ( 7/1986) 83 17 <1 <1 
Hatch-1 (HWC) ( 7/1986) 90 10 <1 <1 
Nine Mile Point-I ( 5/1987) 40 60 <1 <1 
Nine Mile Point-1 (HWC) ( 5/1987) 95 5 <1 <1 

Dming Reactor Shutdown 

Nine Mile Point-I ( 4/1973) 2 98 <1 <1 
Nine Mile Point-I ( 3/1974) 4 96 <1 <1 
Monticello ( 9/1975) 63 30 3 <1 
Monticello ( 2/1976) 18 82 <1 <1 

Note: The distribution of I- and 105 was found to vary from plant to plant, most likely 

depending on the metallic ion concentration, particularly Cu ions, in reactor 

water. Similar results of I·/IOi measurements have been reported in the 

literature (5,6, 7) 
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L (I -+ HIO) 
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ORGANIC I 
(CH3 1 + ?) 

YJgUre 8-6. Separation of Iodine Chemical Forms by Exdumge,/Extraction Proc:e8ses (Ref. 2) 

Note 1.  

Note 2. 

Note !J. 

Note 4. 

Note 5. 

The sample size can be reduced for a high activity sample, and the 
volumes of all reagents are reduced accordingly. The sample is shaken 
in a separatory funnel for at least two minutes in each separation step. 

lOs· is reduced to I2 by r according to the Dushman reaction. Care is 
taken that a slight excess of r is added to complete the reaction. But to 
avoid the radioiodine back exchange between produced I2 and the 
excess r, the process can be carried out in two stages. With approx. 80 
mL CCI4o approx. 4.5 mL r solution in the first stage, after the Ir<:CI4 
is removed, 20 ml CCI4 and additional r is added drop by drop until no 
yellow-brown color appean in the aqueous phase. 

HIO and r are expected to behave similarly. It is recommended to 
reduce the I2 in organic phase to r for activity counting with 100 mL 
water containing sufficient Na�!J· 

Some residual iodine activities may be associated with insoluble 
impurities. 

& recommended in Note !J, the I2 in organic phase is reduced to r in 
aqueous phase for activity counting. 
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Although it is not certain what form of iodine is released from the fuel, if elemental 

iodine (12) is released at a "carrier free" concentration, 12 is totally hydrolyzed in neutral 

water to form I- and IDO: 

K =  5.4 x lOIS at 25°C 

and the reaction should go to completion in less than a second. 

Because of its low concentration and a second or third order reaction mechanism, the 

formation of lOs- from the disportionation of mo, 

is almost impossible. Instead, lOs- is believed to be produced from I- by radiation 

induced oxidation with HIO as a reaction intermediate, which is one of the major forms 

of iodine in steam transport (see later) . The radiation induced oxidation of I- to lOs- has 

been successfully confirmed in laboratory studies (see Section 6. 7) . During reactor 

shutdown, the steam transport stops and the iodine concentration spike occurs in the 

reactor water. The m�ority of iodine was found to be oxidized to the lOs- form. 

Recently, during the hydrogen water chemistry (HWC) tests in three reactors, the lOs­

fraction was found substantially decreased as expected when the reactor water chemistry 

was switched to more reducing HWC conditions by hydrogen gas addition to suppress the 

water radiolysis in the coolant. (16) 

Organic iodine, commonly represented by CHsJ may be formed (more likely in the gas 
phase) by the reaction between iodine and organic impurities under radiation fields, 

CHsl is also decomposed (hydrolyzed) rapidly in high temperature water: 
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The half-time of the frrst-order hydrolysis reaction has been reponed to be -20 minutes 

at I 00°C and estimated at <1 s at 250°C. (3,4) 

8.3.3 Chemical Forms of Radioiodine Activities in BWR Condensate and Offgas 

The iodine species found in the condensate was dominated by I-, -90% (Table 8-2) ,  and 

some traces of I2 and organic were found. Unlike the reactor water, the trace organic 

found in the condensate may be real because a large fraction of organic iodine activities 

has been found in the offgas samples. 

The chemical forms of airborne iodine actiVIties are analyzed by using a Science 

Application Inc. (SAl) type iodine species sampler. (8) The sampler consists of a series of 

cartridges containing different adsorbents for various iodine species. The particulates 

are first filtered, I2 is adsorbed in the frrst cartridge containing Cdi2 ( 10% W/W) on inen 

supporting material chromosorb-P, "hypoiodus acid" (HIO) is adsorbed in the second 

cartridge containing p-iodophenol (10% W /W) on AI203, the organic iodide is adsorbed 

in the third cartridge containing Ag-zeolite (100% exchanged) , and a backup cartridge 

containing activated charcoal or Ag-zeolite is used for total adsorption. The results of 

several measurements are given in Table 8-3. Organic species appear to dominate the 

airborne iodine activities. It must be pointed out that the species which is separated and 

collected as "HIO" by the SAl type sample cartridge has never been chemically identified 

by any other methods. The fraction collected as I2 could be In or other volatile 

inorganic compounds. 

It is also of interest to note that the offgas activities are generally much "older" than that 

measured in the reactor water and the condensate, by comparing the isotopic ratios 

(Table 8-4) . It can be postulated that some of the gaseous iodine activities are not in 
gaseous forms directly released from the reactor coolant. The apparent aging of the 

gaseous iodine species in the offgas is probably due to the delay incurred between the 

iodine deposition on the material swfaces in the steam/turbine system and the 

subsequent formation and release of organic species. The true mechanism of organic 

iodine formation in the steam/turbine system is probably related to the production of 
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Table 8-2 

CHEMICAL FORMS OF RADIOIODINE IN CONDENSATE (%) 

Reactor Date I- IO�j Iz Organic 

Millstone-I 7/1972 82 10 6 2 
Hum bolt 1 1/1972 85 9 2 4 
Nine Mile Pt-1 12/1972 88 3 8 1 
Monticello 7/1974 93 4 3 1 

Table 8-S 

CHEMICAL FORMS OF IODINE ACTIVITIES IN BWR OFFGAS (%) 

Reactor Date Iodine mo Organic Particulate 

Oyster Creek 1973* 1 .5 16.9 81 .6 
Millstone-I 1973* 30.2 34.6 35.0 
Monticello 1973* 52.3 18.3 29.4 
Dresden-2 1973* 4.5 20.2 75.3 
Dresden-3 1973* 6.7 22.6 70.7 
Millstone-I 7/1972 30 (70)** 

. Humbolt 1 1/1972 2 (98)** 
Nine Mile Pt 12/1972 12  (87)** 
Nine Mile Pt 4/1973 12 6 82 
Brunswick 5/1977 10  48 42 

* See Reference 1 1  
** In earlier measurements only 12 and organic were separated. The organic fraction 

might include the HIO fraction. 

Table 8-4 
COMPARISON OF IODINE ISOTOPIC RATIOS IN REACTOR WATER 

CONDENSATE AND OFFGAS 

Reactor Water Condensate Off gas 
Relative Relative Relative 

Isotope J1Ci/kg to I-lSI J1Ci/kg to I-lSI J1Ci/cmS to I-lSI 

1-131  (8.04 d) 3.35 1 .0 0.0358 1 .0 0.68E-5 1 .0 
1-133 (20.8 h) 9.55 2.8 0.105 2.7 1 .39E-5 2.0 
1-135 (6.6 h) 20.4 6.1 0.216 5.6 2.51E-5 3.7 
1-132 (2.29 h) 25.2 7.5 0.27 7.0 2.33E-5 3.4 
1-134 (52.6 m) 53.8 16.0 0.5 13.0 4.99E-5 7.3 
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CH4 as a result of steel corrosion and carbide-hydrogen interaction (9) in the high 

temperature steam environment. In a study on the surface effects in the transport of 

airborne radioiodine, PelletierOO) has reported up to 12% of the iodine originally 

released as 12 in 80% humidity air in contact with galvanized steel at ambient 

temperatures was converted to organic form in a few days. 
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8.4 TRANSURANIC NUCLIDES IN BWR COOLANTS 

Except for Np-239, which is a beta- and gamma-emitting nuclide with a 2.35 day half-life 

and beta emitting, 14.4-year Pu-241 ,  the transuranic nuclides observed in the reactor 
coolant are mostly a-emitting species with relatively long half-lives. Because of the low 

levels of activity and the difficulties in alpha activity analysis, little attention has been 

given to measuring these nuclides in the various BWR systems. Even fewer measurements 
have been made of the Jkmitting nuclide Pu-241 .  

The transuranic elements are produced by successive neutron capture in uranium and in 

its capture products (Figure 2-9) . The fuel inventory of these transuranic elements 

depends on the power of the reactor, the fuel bum up (or total exposure) ,  and spectral 

shape. As in the lanthanides, the common and dominant oxidation state for the 

transuranic (actinide) elements in solution is as a +3 species, and the behavior of 

actinides is very similar to that of the lanthanides when in this same oxidation state. In 
neutral solution the +3 state, actinide hydroxides are insoluble, or colloidal, while the +4 
oxidation state of Pu polymerizes to become a colloidal aggregate. This chemistry is 

consistent with the observation that all of the detectable a-emitting isotopes in the 

reactor water are found in the insoluble fraction, while Np-239 is found in the cationic 

form, probably as Np02+· 

Some results obtained from the analysis of a BWR's reactor water samples are shown in 

Table 8-5. Because of the unusually high uranium deposit on the reactor core surfaces in 

this reactor, the total alpha activity in this reactor was approximately two orders of 

magnitude higher than that nonnally found in other reactors. (12,1S) Curium-242, 

because of its shorter half-life (163 days) , has been the dominant (-90-95%) alpha activity 

in the samples measured at shorter cooling times. In spite of a difference in 

concentration, the relative concentration of each transuranic activity remained essentially 

unchanged in the samples. 

In an effort to establish a radiochemical model of BWR coolant, (IS) it is assumed that all 
of the "insoluble" transuranic elements appear in the coolant in the same proportion as 

they appear in the fuel and in amounts consistent with the insoluble fission products 

(Zr-95, Ru-106, Ce-141, and Ce-144) present in the coolant. Thus, a determination of any 
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one of these nuclides is sufficient to establish a fuel level (or an effective fuel level) and 

the others are evaluated on the basis of their predictable content in fuel depending .on 

bum up. The same data from Table 8-5 are shown in Table 8-6. Irrespective of variation 

in total alpha concentration, the ratio of a:x is multiplied by a factor of Yx(l-e-A.t) ,  a 

constant number can be obtained. A value of approximately IQ-3 is calculated for this set 

of data. 

The measured activity ratio of alpha to Zr-95 in the coolant from several reactors at 

various fuel bumups (average core bumup) is shown in Figure 8-7. This ratio, essentially 

that of Cm-242 to Zr-95, varies as roughly the cube of the burnup of the fuel present in 

the sample for nominally enriched U02. Experimental data seem to be consistently 

lower in bumup compared to the calculated ratio. This phenomenon can be explained 

by assuming that the average core bumup is always lower than the burnup of a particular 

fuel bundle from which the activity is released into the coolant. 

An important application of the relationship between the alpha activity and the insoluble 

fission products activities in the crud sample is that it is thus possible to estimate the 

alpha activity in the water sample or radwaste samples (Section 7) from the measurement 

of insoluble fission products. 
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Table 8-5 

TRANSURANIC ISOTOPES IN REACTOR WATER 

% of a Activity 

Sample Tot. a Pu-%41 Np-%!9 Pu-%!8+ Pu-%!9+ 
I.D. (pCi/kg) (pCi/kg) (J.LCi/kg) Cm-%4% Cm-%44 Am-%41 Pu-%40 

A 144 92.76 0.867 3.81 2.56 

B 140 93.32 0.788 3.09 2.80 c 160 93.98 0.674 2.66 2.69 

D 968 1946 157.5 93.92 1 .055 2.60 2.43 

E 579 842 186.0 94.77 1 . 1 12  2.13  1 .79 

Average 398 93.75 0.899 2.86 2.45 
±369 ±0.76 ±0.183 ±0.63 ±0.40 

*Not determined. 

Table S-6 

RATIOS OF TOTAL ALPHA ACTIVITY TO INSOLUBLE FISSION PRODUCTS 
IN REACTOR WATER 

• a (105 )(a / x) Yx (l - e-11 )• 
'S. 

Sample iD Zr-95 Ru-10! Ru-106 Zr-95 Ru-10! Ru-106 

A 0.0179 0.0262 1 .03 1 .18 

B 0.0195 0.0243 1 .12  1 .09 

c 0.0161 0.023 0.926 1 .04 

D 0.0195 0.0275 0.071 1 .12 1 .24 0.832 

E 0.0168 0.0357 0.086 0.967 1 .61 1 .01 

Average 0.018 0.0273 0.0785 1 .03 1 .23 0.92 

* x  = Activity concentration of insoluble fission product: Zr-95, Ru-103, Ru-106; 

Yx = Avg. fission yield of insoluble fission products; 

t = avg. time of fuel in core. 

8-19 

Copyright © National Academy of Sciences. All rights reserved.

Radiochemistry in Nuclear Power Reactors
http://www.nap.edu/catalog.php?record_id=9263

http://www.nap.edu/catalog.php?record_id=9263


FJgUre 8-7. Variation of Cm-!42 to Zr-95 Adirity Ratio in Coolant as a Function of A� Core B'lll'IIUp 
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8.5 APPUCATION OF Na-24 TRACER IN FLOW MEASUREMENTS 

The measurement of water flow by a radioisotope dilution technique is made by injecting 

a radioactive tracer solution into the flowing process stream and, after subsequent 

mixing, sampling the process stream to determine the concentration of tracer in the 

stream. By knowing the tracer injection rate and the concentrations in the reference 

solution and the process stream, the flow rate of the process stream can be easily 

determined by the following equation: 

where 

F = f X 
c 

c 

F = water flow rate being determined 

f = injection rate of reference solution 

c = tracer concentration in reference solution 

C = tracer concentration in process stream 

(8-8) 

Application of this technique has been widely accepted in the nuclear industry, 

particularly using the Na-24 tracer in feedwater flow measurements. It has been reported 

by Holloway and Gilbert(l4) that the accuracy of ±0.2% relative to a calibrated reference 

flow nozzle (by .ASME) can be obtained. The most obvious advantage of using the Na-24 

tracer is the accuracy and high sensitivity of the gamma-ray spectrometric measurement 

of the Na-24 activity. 

In order to achieve a high precision and accuracy of flow measurement, there are a 

number of parameters that should be carefully determined during a measuremenL 

These parameters are: 

( 1 )  Activity concentrations in the reference solution and water samples. 

(2) Activity counting time, decay correction and counting geometry correction. 

(3) Sample time and sample volume (mass) .  
( 4) Injection time and injection rate. 

The combined uncertainty of these parameters should be less than 0.2% in a single 

measurement. 
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The only drawback of using the Na-24 tracer is that a heavy shielding is often required to 

protect the technicians from radiation exposure, particularly during the preparation of 

highly concentrated tracer solution. A typical procedure of the flow measurement 

involves the following steps: 

( 1 )  Preparation of the Na-24 Reference Solution 

The reference solution is prepared by dissolving an irradiated N�COg or 

NaN03 containing - 200 mCi Na-24 in an appropriate container with dilute 

acid and demineralized water (total volume is about 2 liters) . Mter 

thoroughly mixing, the solution is transferred to two clean 1-L polyethylene 

bottles. 

(2) Determination of the Na-24 Concentration in Reference Solution 

The Na-24 concentration is accurately measured. In order to minimize the 

counting geometric correction error, the activity sample for counting is 

prepared identically to the sample collected from the feedwater. Multiple 

samples should be prepared to obtain the best result. The typical Na-24 

concentration in the reference solution is about 2 x 106 cpm/ g. 

(3) Injection of the Na-24 Reference Solution 

The Na-24 reference solution, contained in an 1-L polyethylene bottle, is 

placed on the platform of a top-loading analytical balance. The solution is 

injected at a constant rate (approximately 10 g/min) with a minipump into 

the feedwater upstream of the feedwater pump. The injection rate is 

determined by determining the weight loss of the solution bottle at 

predetermined time intervals, generally every 5 minutes. A typical sampling 

period is -30 minutes, and total duration of the injection is normally 2 hours 

for one test. 
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( 4) Sample Collection 

The sample is collected at the downstream of the feedwater pump, normally 

at the regular feedwater sampling station. The water containing the diluted 

Na-24 activity is passed through two sets of three cation exchange membranes 

to quantitatively collect the Na-24 in water. Approximately 10 kg of water is 

collected in a 30 minute period. The exact mass of sample processed 

through the filter poles is determined by collecting the filter effiuent in tared 

containers and reweighing. The filter holder is a Millipore high pressure 

filter holder similar to that used in the regular corrosion product sample 

solution. 

(5) Radioactivity Measurement 

The Na-24 activity collected on cation membranes is measured with a Ge (Li) 

detector interfaced to a multichannel gamma-ray spectrometer and a single­

channel analyzer. The single-channel analyzer is used to simultaneously 

measure the gross gamma counting rate detected above the energy of 

1 .7 MeV. The multichannel analyzer is used to measure the activity of the 

Na-24 at different photopeaks and other potential background activities in 

the feedwater. 

All samples collected from the feedwater are not counted until about 5 hours 

after sampling to allow the Cs-138 activity which may be present in the sample 

to decay away. Generally, the background is found to be less than 0.1 %  of 

the sample activity. The gross counting rate is generally used in the flow rate 

calculation because of its smaller uncertainty in counting statistic. 

(6) Calculation 

The feedwater flow rate is calculated by Equation 8-8. It is important to 

include all the possible uncertainties in each parameter, as described earlier, 

in the overall estimate of uncertainty. 
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8.6 IDENTIFICATION OF DEFECI'IVE FUEL* 

In light-water reactors, there are tens of thousands of fuel rods in a reactor. The 

individual fuel rods and the fuel assemblies are fabricated with exceptional care, to 

preclude the escape of fission products through even minor cladding defects. However, 

with such a large number of fuel rods it is possible for cladding failure to develop during 

an operating cycle. Failure of fuel cladding is indicated when fission-product activity in 

reactor cooling water rises above normal background levels. (Background radiation is 

due to uranium impurities previously deposited on reactor internals, or to uranium 

present in core components) . 

In operating BWRs, reactor-coolant iodine and fiSSion-gas concentrations in the off-gas 

system are measured during operation. An on-line, continuously reading off-gas monitor 

is also used to estimate fission-gas release from the fuel. For PWRs, iodine in the coolant 

is the basis for evaluating fuel integrity (Section 3.3) . The fission product concentrations 

are determined by analyzing grab samples of coolant or gaseous effiuent with gamma­
spectrometric techniques (see Appendix C) . 

Identification of defective fuel is usually accomplished during scheduled refueling 

outages by a procedure known as "fuel sipping". Three methods are used: wet sipping, 

dry sipping, and vacuum sipping. All three feature the use of radiation detectors and 

associated electronics to measure radionuclide releases from defective fuel rods in an 

isolated sipping container. A comparison of various parameters for three sipping 

methods is shown in Table 8-7. 

It is desirable to identify and remove all defective fuel from the reactor core to prevent 

the release of fission products into the coolant, and consequently release to the 

environment. At the same time, however, it is important not to discard expensive sound 

fuel prematurely. Obviously, precise detection of fuel integrity is particularly desirable. 

* Information obtained from Reference 17. 
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Table 8-7 
COMPARISON OF FUEL-SIPPING METHODS 

(Reproduced with Permission, Power Magazine, Ref. 17) 

FISSion-Product Typical Analysis Holding Overall Water 
Method Driving Force Nuclides Method Point Sipping Rate• Requirements 

Wet Temperature 1-131 Gamma spectro- 30-60 min 3-5 bundles/hr out- Demin, 100-200 
1-132 metry of sample of-core, 4-6 in-core gal/bundle out-of-
Cs-134 core, none in-core 

Dry Temperature Xe-133 Gamma spectro- 10-60 min 3-5 bundles/hr None 
Kr-85 metry of sample 

Vacuum Pressure Xe-133 On-line beta 10 min 3-5 bundles/hr out- Demineralized or 

� Kr-85 scintillation (no of-core, 6-8 near- condensate, 65 
U1 samples) core gal/bundle 

• Limited by grapple operator, assuming fuel must be moved from core location. 
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The method most commonly used for locating malfunctioning fuel elements is wet 

sipping. Key to monitoring here is the leaching of fission products - primarily iodine-131 

and cesium isotopes - from fuel rods into an isolated volume coolant. In a BWR, the 

primary advantage of wet sipping is that it can sometimes be done without removing fuel 

from the core. 

Most light-water reactors use out-of-core wet sipping. (For PWRs, in fact, in-core wet 

sipping is not possible.) This requires lifting the fuel assemblies up and out of the core 

and placing them in sealed containers filled with water. To reduce radionuclide 

background levels, the pool water is replaced with demineralized water. After a 30-60 

minute holding period, the water is sampled and analyzed for the presence of specific 

radioactive fission products. Injection of hot water into the sipping container to 

accelerate the activity release has been reported ( 18) . 

Dry sipping, as described, depends on forcing the expulsion of fission gas through fuel­

cladding defects. This is accomplished by allowing the decay heat from fission to increase 

fuel bundle temperature. The bundle is removed from the core, placed in a sealed 

sipping container, and the coolant is displaced with air to expose the fuel rods. When 

the required temperature is reached, the stagnant air is sampled and analyzed for 

gaseous fission product activity. 

Since fission-gas atoms migrate much more readily than iodine and cesium nuclides, 

better sensitivity is achieved than in the wet method. The main drawback to dry sipping 

is potential overheating of the cladding surrounding the fuel rods. This results from the 

absence of water that would otherwise remove heat generated in the decay of fission 

products. Due to this safety concern, little development effort has been expended on 

optimization of this technique. 

Vacuum sipping was developed for use with BWRs. It takes the advantage of high 

sensitivity of measuring the gaseous fission product activity released from cladding 

defects under partial vacuum in the sipping container. The vacuum�ipper containers are 

designed so that they can be installed in the control-rod-blade storage rack in the fuel 

pool, or on the guide rod inside the BWR reactor cavity. This minimizes the time 

required to transport fuel to and from the sipping containers. 
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A schematic diagram of a vacuum-sipper system is shown in Figure 8-8. A typical vacuum­

sipping cycle starts when a fuel assembly is inserted into the container through the top, 

which is then closed and sealed by a pneumatically actuated system. Pool water is flushed 

out of the container with an air-water purge. A gas space is established in the lid above 

the bundle by aspirating the water out of the lid bottom; at the same time, air is supplied 

to the top port at a pressure slightly less than the pool pressure outside the lid. The 

trapped air is then isolated and the space evacuated through a scintillation detector. The 

remaining low-pressure gas volume is then recirculated through the monitor and back to 

the can for a predetermined time (�5 min). Mter sampling, the container is purged, 

flooded, and opened for bundle removal. More detailed description of this system has 

been reported by Green(I7) . 
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F".gure 8-8. Sc::bematic Diagram of a Vacuum-Sipper System 
(Reproducecl with Permission, Power Magazine, Ref. 17) 
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Table A-1. SUMMARY OF MAJOR NUCLIDES AND RADIA110N PROPERTIES 

Haif-
Nuclide life 
Ag-110m 249.80 d 
Ar-41 1.82 h 
As-76 26.30 h 
Ba-139 83.76 m 
Ba-140 12.79 d 
Ba-141 18.27 m 
Ba-142 10.70 m 
Br-84 31.80 m 
Cl-38 37.20 m 
Ce-141 32.SO d 
Ce-144 284.60 d 
�57 271.80 d 
ro-ss 70.88 d 
C0-60 5.27 y 
Cr-51 27.70 d 
Cs-134 2.06 y 
Cs-136 13. 16 d 
Cs-Ba137 30. 17 y 
Cs-138 32.20 m 
Cs-139 9.30 m 
Cu-64 12.70 h 
F-18 1.83 h 
Fe-55 2.73 y 
Fe-59 44.51 d 
Hf-181 42.40 d 
1-131 8.04 d 
1-132 2.28 h 
1-133 20.80 h 
1-134 52.60 m 
1-135 6.57 h 
1-136 1.39 m 
Kr-85 10.73 y 
Kr-85m 4.48 h 
Kr-87 1.37 h 
Kr-88 2.84 h 
Kr-89 3.15 m 
Kr-90 32.30 s 

La-140 40.27 h 
La-141 3.90 h 
La-142 1.54 h 
Mn-54 3 12.20 d 
Mn-56 2.58 h 
Mo-99 2.79 d 
N-13 9.97 m 
Na-24 14.96 h 
Nb-95 34.97 d 
Nb-97 1.23 h 

D&Jor G&Fiil! ana Intensities 
teV • keV � 
657.8 94.6 884.7 72.7 

1293.6 99.2 
559.1 45.0 657.0 6. 1 
165.9 22.0 
537.2 24.4 162.6 6.7 
190.2 49.0 304.2 26.6 
255. 1 18.0 1204.1 14.0 
881.5 42.0 1897.3 14.9 

2167.5 44.0 1642.4 32.5 
145.4 48.2 
133.5 11 .1  80.1 1.6 
122.1 85.9 136.5 10.7 
810.8 99.4 51 1.0 30.0 

1 173.2 100.0 1332.5 100.0 
320.1 10. 1 
604.7 97.6 795.9 85.4 
818.5 99.7 1048. 1 79.8 
661.7 85.2 

1435.9 76.3 462.8 30.7 
1283.2 7.0 627.2 1 .6 
511 .0 35.7 1345.9 0.49 
51 1.0 193.5 

1099.2 S6.S 1291.6 43.2 
482.0 82.8 133.0 41.7 
364.5 81.2 637.0 7.3 
667.7 98.7 772.6 76.2 
529.9 86.3 875.3 4.5 
847.0 95.4 884.1 65.3 

1260.4 28.9 1 13 1.5 22.5 
1313.0 69.4 1321 .1 25.8 
514.0 0.44 
151.2 75.1 304.9 13.7 
402.6 49.6 2554.8 13.2 
196.3 26.0 834.8 13.0 
220.9 20.0 585.8 16.6 

1 118.7 37.0 121.8 32.0 
1596.5 95.4 487.0 45.5 
1354.5 2.6 
641.2 52.5 2397.7 16.3 
934.8 100.0 
846.8 98.9 1810.7 27.2 
739.6 12.1 181.1 6.2 
51 1.0 199.6 

1368.5 100.0 2754.1 99.9 
765.8 99.8 
657.9 98.1 

Rihitci BetaE GaDilli8E 
at l m  MeV MeV 

1.654 0.068 2.734 
0.696 0.464 1.284 
0.274 1.065 0.430 
0.029 1.654 0.306 
0. 165 0.304 0. 191 
0.577 0.858 0.891 
0.570 0.470 0.905 
0.884 1.249 1.787 
0.718 1.529 1.488 
0.073 0. 170 0.077 
0.023 0.093 0.019 
O.U1 0.018 0.125 
0.614 0.034 0.976 
1.369 0.096 2.506 
0.023 0.004 0.033 
0.070 0. 162 1.555 
1.343 0. 133 2.168 
0.381 0.171 0.598 
1 .265 1.223 2.361 
O.U8 1.654 0.306 
0.132 0.123 0.191 
0.696 0.242 0.989 

0.004 
0.662 0.1 18 1.189 
0.392 0.194 0.544 
0.283 0. 190 0.381 
1.421 0.490 2.291 
0.411 0.410 0.607 
1.573 0.608 2.625 
0.862 0.369 1.575 
1.265 2.022 2.533 
0.002 0.251 0.002 
0. 160 0.255 O.U8 
0.433 1.324 0.793 
1.025 0.365 1 .955 
0.973 1.362 1.834 
0.766 1.3 1S 1.272 
1.273 2.022 0.232 
0.022 0.948 0.043 
1.354 0.847 2.719 
0.511 0.004 0.836 
0.925 0.829 1.692 
0.1 13 0.396 O.ISS 
0.718 0.491 1.020 
1.939 0.554 4.121 
0.481 0.044 0.764 
0.437 0.467 0.665 
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Table A-I.  (continued) 

Half- Major Gamma-Rays and Intensities Rlhr/Ci Beta E GalliiD8E 
Nuclide life keV % keV % at 1 m  MeV MeV 
Nd-147 10.98 d 91.1 27.9 53 1.0 13. 1 0. 139 0.268 0.141 
Ni-63 100.00 y 0.017 
Ni-65 2.52 h 1481.8 23.5 1 1 15.5 14.8 0.297 0.632 0.549 
Np-239 2.36 d 277.6 14.1 228.2 10.7 0.514 0.243 0.172 
Rb-88 17.70 m 1836.0 21.4 898.0 14.0 0.322 2.071 0.636 
Rb-89 15.40 m 1031.9 58.0 1248.1 43.0 1.095 1.020 2.068 
Rb-90 2.60 m 831.7 33.3 1060.7 7.8 0.944 1.960 2.164 
Rb-90m 4.30 m 831.7 93.4 1375.4 17.4 1.639 1.388 3.273 
Rh-105 35.40 h 318.9 19.2 306.1 15. 1 0.059 0.153 0.078 
Ru-103 39.27 d 497.1 90.9 610.3 5.6 0.332 0.070 0.484 
Ru-105 4.44 h 724.5 47.3 469.0 17.5 0.733 0.404 0.784 
Ru-Rh106 1.02 y 51 1.9 20.4 621.8 10.7 0. 138 1.412 0.207 
Sb-122 2.70 d 563.9 69.3 692.8 3.7 0.304 0.563 0.444 
Sb-124 60.20 d 602.7 97.8 1691.0 49.0 1.066 0.380 1 .869 
Sb-125 2.76 y 427.9 29.4 600.6 17.8 0.381 0.098 0.433 
Sn-ln113 1 15.10 d 391.7 64.9 255. 1 1.9 0.243 0. 131 0.260 
Sr-89 50.52 d 0.585 
Sr-90 29.10 y 0. 196 
Sr-91 9.50 h 1024.3 33.4 749.8 23.0 0.414 0.653 0.687 
Sr-92 2.71 h 1383.9 90.0 953.3 3.6 0.722 0.200 1.339 
Sr-93 7.40 m 590.3 67.2 875.7 24.2 1.358 0.920 2.237 
Ta-182 1 14.43 d 1121.3 34.9 1221.4 27. 1 0.773 0.200 1.297 
Tc-99m 6.01 h 140.5 89. 1 0.123 0.016 0.127 
Tc-101 14.20 m 306.8 88.0 545.1 6.0 0.256 0.474 0.343 
Tc-104 18.00 m 358.0 84.4 530.0 14.7 1.051 1.193 1.466 
Te-129m 33.60 d 695.7 3.1 729.6 0.7 0.068 0.269 0.039 
Te-131m 1.35 d 773.7 38.2 852.2 20.7 0.940 0.190 1.426 
Te-132 3.26 d 228.2 88.2 49.7 13.1 0.279 0.098 0.231 
W-187 23.90 h 685.8 26.4 479.5 21.1 0.329 0.290 0.476 
Xe-133 5.24 d 81.0 38.3 0.103 0.136 0.045 
Xe-133m 2.19 d 233.2 10.3 0.1 12 0.190 0.042 
Xe-135 9.10 h 249.8 90.2 608.2 2.9 0.189 0.318 0.248 
Xe-135m 15.30 m 526.7 80.5 0.320 0.096 0.431 
Xe-137 3.82 m 455.5 31.0 0. 124 1.769 0.188 
Xe-138 14.10 m 258.3 31.5 434.5 20.3 0.622 0.632 1.126 
Xe-139 39.70 s 219.0 45.0 297.0 18.0 0.286 1.787 0.928 
Y-90 2.67 d 0.931 
Y-91 58.50 d 1204.9 0.3 0.002 0.602 0.004 
Y-92 3.54 h 934.5 13.9 1405.4 4.8 0. 147 1.445 0.252 
Y-93 10.20 h 266.9 6.8 947.1 2.0 0.052 1.173 0.089 
Zn-65 243.80 d 1115.5 50.7 51 1.0 2.8 0.330 0.007 0.584 
Zn-69m 13.76 h 438.6 94.8 0.295 0.022 0.416 
Zr-95 64.02 d 756.7 54.5 724.2 44.1 0.047 0.116 0.735 
Zr-97 16.80 h 743.4 94.8 507.6 5.3 0. 108 0.697 0.181 
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Table A-2. MAJOR GAMMA-RAY ENERGIES AND INTENSITIES 

EDeliY H8lf- y/d Associated Major Gamma-ray and Intensity 
(keV) Nuclide life % keV % keV o/o keV � 

49.72 Te132 3.26 b 13. 1 228.2 88.2 49.7 13. 1 
S7.36 Ce143 1.38 d 1 1.8 293.3 42.0 664.6 5.2 722.0 5. 1 
66.91 Cs136 13. 16 d 12.5 818.5 99.7 1048. 1 79.6 340.6 48.5 
72.06 W-187 23.90 b 1 1.9 685.8 26.4 479.5 21.1  134.2 9.5 
77.60 Ba142 10.70 m 9.6 255.2 18.0 1204. 1 14.0 894.9 1 1.0 
80.10 Ce144 284.60 d 1.6 133.5 1 1. 1  80.1 1.6 
80.18 1-13 1 8.04 d 2.6 364.5 81.2 637.0 7.3 284.3 6.1 
81.00 Xe133 5.24 d 38.3 81.0 38.3 
86.29 Cs136 13. 16 d 6.3 818.5 99.7 1048. 1 79.6 340.6 48.5 
91. 1 1  Nd147 10.98 d 27.9 91. 1 27.9 531.0 13. 1 319.4 2.0 
93.00 Rb-91 58.50 s 38.0 93.0 38.0 2564.0 20.0 346.0 12.0 
99.55 Np239 2.36 d 14.7 103.8 23.7 277.6 14. 1 106.1 22.7 
102.1 Tel31m 1.35 d 7.9 773.7 38.2 852.2 20.7 793.7 13.9 
103.8 Np239 2.36 d 23.7 103.8 23.7 277.6 14. 1 106.1 22.7 
106.1 Np239 2.36 d 22.7 103.8 23.7 277.6 14. 1 106.1 22.7 
1 12.0 0-19 26.90 s 2.7 197.0 97.0 1356.0 59.0 1 12.0 2.7 
1 17.0 Np239 2.36 d 22.7 103.8 23.7 277.6 14. 1 106.1 22.7 
120.9 Kr-90 32.30 s 2.7 1 1 18.7 37.0 121.8 32.0 539.5 29.0 
121.8 Kr-90 32.30 s 32.0 1 1 18.7 37.0 121.8 32.0 539.5 29.0 
122.1 Co-S7 271.80 d 85.9 122. 1 85.9 136.5 10.6 
127.2 Tc101 14.20 m 2.8 306.8 88.0 545. 1 6.0 127.4 2.8 
133.0 Hfl81 42.40 d 41.7 482.0 82.8 133.0 4 1.7 345.9 17.2 
133.5 Ce144 284.60 d 1 1.1 133.5 1 1. 1  80.1 1.6 
134.2 W-187 23.90 b 9.5 685.8 26.4 479.5 21 .1  134.2 9.5 
135.4 1-134 52.60 m 3.8 847.0 95.4 884.1 65.3 1072.6 U.3 
136.3 Hfl81 42.40 d 5.2 482.0 92.8 133.0 41.7 345.9 17.2 
136.5 Co-S7 271.80 d 10.6 122. 1 85.9 136.5 10.6 
138. 1 Cs138 32.20 m 1.5 1435.9 76.3 462.8 30.7 1009.8 29.8 
140.5 No-99 2.79 d 3.8 739.6 12.8 181.1 6.2 778.0 4.5 
140.5 Tc-99m 6.01 b 89. 1 140.5 99.1 
142.7 Fe-59 44.63 d 1.0 1099.2 56.5 1291.6 43.2 192.3 3 .1  
145.4 Ce141 32.50 d 48.2 145.4 48.2 
U1.2 Kr-85m 4.48 b 7S. 1 U1.2 7S. 1 304.9 13.7 
U3.2 Cs136 13. 16 d 7.5 818.5 99.7 1048.1 79.8 340.6 48.5 
U3.8 Xe138 14. 10 m 6.0 258.3 3 1.5 434.5 20.3 1768.3 16.7 
162.6 Ba140 12.7S d 6.7 537.3 24.4 162.6 6.7 304.8

. 4.5 
164.0 Cs136 13.16 d 4.6 818.5 99.7 1048. 1 79.8 340.6 48.5 
165.9 Ba139 83.76 m 22.0 165.9 22.0 
166.0 Kr-88 2.84 b 3.1 196.3 26.0 834.8 13.0 U29.8 10.9 
168.7 Sr-93 7.40 m 18.2 590.3 67.2 87S.7 24.2 888. 1 21.9 
17S.O Xe139 39.70 s 16.0 219.0 45.0 297.0 18.0 17S.O 16.0 
176.3 Sb125 2.76 y 6.9 427.9 29.4 600.6 17.8 635.9 1 1 .3 
176.6 CS136 13. 16 d 13.6 818.5 99.7 1048. 1 79.8 340.6 48.5 
181. 1 Mo-99 2.79 d 6.2 739.6 12. 1 181. 1 6.2 778.0 4.5 
194.1 Tc101 14.20 m 1.6 306.9 88.0 S45. 1 6.0 127.4 2.8 
190.2 Ba141 18.30 m 49.0 190.2 49.0 304.2 26.6 277.0 24.6 
192.3 Fe-59 44.51 d 3.1 1099.2 56.5 1291.6 43.2 192.3 3.1 
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Table A-2 (continued) 

Energy Half- y/d Associated Major Gamma-ray and Intensity 
(keV) Nuclide life % keV o/o keV % keV % 

196.3 Kr-88 2.84 b 26.0 196.3 26.0 934.8 13.0 1529.8 10.9 
197.0 0-19 26.90 s 97.0 197.0 97.0 1356.0 59.0 1 12.0 2.7 
200.6 Tel 31m 1.35 d 7.6 773.7 38.2 852.2 20.7 793.7 13.9 
219.0 Xe139 39.70 s 45.0 219.0 45.0 297.0 18.0 175.0 16.0 
220.5 1-135 6.57 b 1.8 1260.4 28.9 1 131 .5 22.5 1678.0 9.5 
220.9 Kr-89 3.15 m 20.0 220.9 20.0 585.8 16.6 904.3 7.2 
227.8 Cs138 32.20 m 1.5 1435.9 76.3 462.8 30.7 1009.8 29.8 
228.2 Tel32 3.26 d 88.0 228.2 88.2 49.7 13. 1 
228.2 Np239 2.36 d 10.7 103.8 23.7 277.6 14. 1 106.1 22.7 
231.5 Ba142 10.70 m 10.1 255.1  18.0 1204. 1 14.0 894.9 1 1.0 
233.2 Xe133m 2. 19 d 10.3 233.2 10.3 
234.4 Kr-90 32.30 s 2.5 1 1 18.7 37.0 121.8 32.0 539.5 29.0 
240.9 Tel 31m 1.35 d 7.6 773.7 38.2 852.2 20.7 793.7 13.9 
241.5 Sr-92 2.71 b 3.3 1383.9 90.0 953.3 3.6 430.6 3.3 
242.2 Kr-90 32.30 s 9.6 1 1 18.7 37.0 121.8 32.0 539.5 29.0 
242.6 Xe138 14. 10 m 3.5 258.3 31.5 434.5 20.3 1768.3 16.7 
249.8 Xe135 9. 10 b 90.2 249.8 90.2 608.2 2.9 
254.2 Zr-97 16.90 b 1.3 743.4 92.8 507.6 5.3 602.5 1.4 
255. 1 Ba142 10.70 m 18.0 255.1 18.0 1204.1 14.0 894.9 1 1.0 
255.1 Sn113 1 15.10 d 1.9 391.7 64.9 255.1 1.9 
258.3 Xe138 14. 10 m 31.5 258.3 31.5 434.5 20.3 1768.3 16.7 
260. 1 Sr-93 7.30 m 7.3 590.3 67.2 875.7 24.2 888.1 21.8 
262.9 Ru105 4.44 b 7.2 724.5 47.3 469.0 17.5 676.4 16.7 
266.9 Y-93 10.20 b 6.8 266.9 6.8 947. 1 2.0 1917.0 1.4 
272.5 Rb-89 15.40 m 1.4 1031.9 58.0 1248. 1 42.0 2196.0 13.3 
273.7 Cs136 13.16 d 12.7 818.5 99.7 1048. 1 79.8 340.6 48.5 
274.7 Sr-91 9.50 b 1.0 1024.3 33.4 749.8 23.0 652.9 7.8 
277.0 Ba141 18.30 m 24.6 190.2 49.0 304.2 26.6 277.0 24.6 
277.6 Np239 2.36 d 14.1 103.8 23.7 277.6 14. 1 106.1 22.7 
284.3 1-131  8.04 d 6. 1 364.5 81.2 637.0 7.3 284.3 6.1 
288.5 1-135 6.57 b 3.1 1260.4 28.9 1 131.5 22.5 1678.0 9.5 
293.3 Ce143 1.38 d 42.0 293.3 42.0 664.6 5.2 722.0 5.1 
297.0 Xe139 39.70 s 18.0 219.0 45.0 297.0 18.0 175.0 16.0 
304.2 Ba141 18.30 m 26.6 190.2 49.0 304.2 26.6 277.0 24.6 
304.8 Ba140 12.75 d 4.5 537.2 24.4 162.6 6.7 304.8 4.5 
304.9 Kr-85m 4.48 h 13.7 151.2 75. 1 304.9 13.7 
306.1 Rb105 35.40 h 5.1 318.9 19.2 306.1 5.1 
306.8 Tc101 14.20 m 88.0 306.8 88.0 545.1 6.0 127.4 2.8 
315.9 Np239 2.35 d 1.6 103.8 23.7 106.1 22.7 277.6 14.1 
316.5 Ru105 4.44 h 1 1.7 724.5 47.3 469.0 17.5 676.4 16.7 
318.9 Rbl05 35.40 b 19.2 318.9 19.2 306.1 5. 1 
319.4 Nd147 10.98 d 2.0 91 .1  27.9 531.0 13.1 319.4 2.0 
320. 1 Cr-51 27.70 d 10. 1 320. 1 10.1 
328.8 La140 40.27 b 20.5 1596.5 95.4 487.0 45.5 815.9 23.5 
334.3 Np239 2.35 d 2.0 103.8 23.7 277.6 14.1 106.1 22.7 
334.3 Te131m 1.35 b 9.6 773.7 38.2 852.2 20.7 793.7 13.9 
340.6 Cs136 13. 16 d 48.5 818.5 99.7 1048. 1 79.8 340.6 48.5 
343.7 Ba141 18.27 m 15.0 190.2 49.0 304.2 26.6 277.0 24.6 
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Table A-2 (continued) 

&r&Y H81f- y/d Associated lJijor Gamma-ray and intensity 
()eV) Nuclide life % keV % keV % teV � 

344.7 1-136 83.00 I 2.5 1313.0 69.4 1321.1 25.8 2289.6 10.8 
345.9 Hf181 42.40 d 17.2 482.0 82.8 133.0 41.7 345.9 17.2 
346.0 Rb-91 58 . .50 s 12.0 93.0 38.0 2564.0 20.0 346.0 12.0 
346.5 Sr-93 7.30 m 3.2 590.3 67.2 875.7 24.2 888. 1 21.8 
3.50.6 Ce143 33.00 h 3.4 293.3 42.0 664.6 5.2 722.0 5.1 
355.4 Zr-97 16.80 h 2.3 743.4 94.8 501.6 5.3 355.4 2.3 
355.5 Nb-98 51.10 m 10.0 787.2 95.0 722.3 77.0 1169.0 18.0 
356.1 Kr-89 3.15 m 4.1 220.9 20.0 585.8 16.6 904.3 7.2 
358.0 Tc104 18.00 m 84.4 358.0 84.4 530.0 14.7 ' 883.0 12.2 
362.2 Kr-88 2.84 h 2.2 196.3 26.0 834.8 13.0 1529.8 10.9 
363.8 Ba142 10.70 m 3.9 255. 1 18.0 1204. 1 14.0 894.9 1 1.0 
364.5 I-131 8.04 d 81.2 364.5 81.2 637.0 7.3 284.3 6. 1 
366.3 Ni�5 2.52 h 4.6 1481.8 23.5 1 1 15.5 14.8 366.3 4.6 
366.4 Mo-99 2.79 d 1.37 739.6 12.8 181.1 6.2 778.0 4.5 
380.4 Sb125 2.76 y 1.5 427.9 29.4 600.6 17.8 635.9 11.3 
391.7 Snl13 1 15. 10 d 64.9 391.7 64.9 255.1 1.9 
393.4 Ru105 4.44 h 4.2 724.5 49.0 469.0 17.5 676.4 16.7 
394.0 Xe139 39.70 s 5.4 219.0 45.0 297.0 18.0 175.0 16.0 
396.4 Xe138 14.10 m 6.3 258.3 31 .5 434.5 20.3 1768.3 16.7 
401.4 Xe138 14.10 m 2.2 258.3 31.5 434.5 20.3 1768.3 16.7 
402.6 Kr-87 1.37 m 49.6 402.6 49.6 2554.8 13.2 845.4 7.3 
405.5 I-134 52.60 m 7.3 847.0 95.4 884. 1 65.3 1072.6 15.3 
409.0 Cs138 32.20 m 4.7 1435.9 76.3 462.8 30.7 1009.8 29.8 
417.6 1-135 6.51 h 3.5 1260.4 28.9 1131.5 22.5 1678.0 9.5 
423.7 Ba140 12.75 d 3.2 537.3 24.4 162.6 6.7 304.8 4.5 
425.0 Ba142 10.70 m 5.0 255.1 18.0 1204. 1 14.0 894.9 11.0 
427.7 Sb125 2.76 y 29.4 427.9 29.4 600.6 17.8 635.9 11.3 
430.6 Sr-92 2.71 h 3.3 1383.9 90.0 953.3 3.6 430.6 3.3 
432.5 La140 40.27 h 2.9 1596.5 95.4 487.0 45.5 815.9 23.5 
433.4 1-134 52.60 m 4.2 847.0 95.4 884.1 65.3 1072.6 15.3 
434.5 Xe138 14.10 m 20.3 258.3 31.5 434.5 20.3 1768.3 16.7 
437.6 Bal40 12.75 d 2.0 537.3 24.4 162.6 6.7 304.8 4.5 
438.6 Zn�9m 13.76 h 94.8 438.6 94.8 
439.9 Nd147 10.98 d 1.2 91.1 28.0 531.0 13.1 319.4 2.0 
446.8 Ag110m 249.80 d 3.6 657.8 94.4 884.7 72.6 937.5 34.2 
448.5 Y-92 3.54 h 2.3 934.5 13.9 1405.4 4.8 561 . 1  2.4 
455.5 Xe137 3.82 m 31.0 455.5 31.0 
457.4 Cs134 2.06 y 1.5 604.7 97.6 195.9 85.4 569.3 15.4 
457.6 Ba141 18.27 m 5. 1 190.2 49.0 304.2 26.6 277.0 24.6 
462.8 Cs138 32.20 m 30.7 1435.9 76.3 462.8 30.7 1009.8 29.8 
463.4 Sb125 2.76 y 10.4 427.9 29.4 600.6 17.8 635.9 11.3 
467.3 Ba141 18.27 m 5.1 190.2 49.0 304.2 26.6 277.0 24.6 
469.0 Ru105 4.44 h 17.5 724.5 47.3 469.0 17.5 676.4 16.7 
479.5 W-187 23.90 h 23.4 685.8 26.4 479.5 21.1 134.2 9.5 
482.0 Hf181 42.40 d 82.8 48.2 82.8 133.0 41.7 345.9 17.2 
487.0 La140 40.27 h 45.5 1596.5 95.4 487.0 45.5 815.9 23.5 
490.4 Ce143 33.00 h 2.0 293.3 42.0 664.6 5.2 722.0 5. 1 
497. 1 Ru103 39.27 d 90.9 497. 1 90.9 610.3 5.6 
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Table A-2 (continued) 

Energy Half- y/d Associated Major Gamma-ray and Intensity 
(keV) Nuclide life % keY % keY % �CCV � 
497.3 Kl'-89 3.13 m 6.6 220.9 20.0 585.8 16.6 904.3 7.2 
.505.9 1-132 2.28 h s.o 667.7 98.7 772.6 76.2 9S4.6 18. 1 
501.6 Zr-97 16.80 h 5.3 743.4 94.8 .507.6 5.3 355.4 2.3 
511.0 N-13 9.97 m 199.6 51 1.0 199.6 
51 1.0 F-18 1.83 m 193.5 511 .0 193.5 
51 1.0 Na-24 14.96 h 1368.5 100.0 27S4. 1 99.8 
51 1.0 Co-58 70.88 d 30.0 810.8 99.4 51 1.0 30.0 
51 1.0 Cu-64 12.70 h 35.7 511 .0 35.7 1345.9 0.49 
51 1.0 Zn-65 243.80 d 2.8 1 1 15.5 50.1 511.0 2.8 
51 1.9 R.u106 1.02 y 20.6 51 1.9 20.4 621 .8 10.7 1050.5 1.7 
514.0 Kr-85 10.73 y 0.44 514.0 0.44 
522.7 1-132 2.28 h 16. 1 667.7 98.7 772.6 76.2 9S4.6 18. 1 
526.7 Xe135m 15.30 m 80.5 526.7 80.5 
529.9 1-133 20.80 h 86.3 529.9 86.3 875.3 4.5 1298.2 2.3 
530.0 Tc104 18.00 m 14.7 358.0 84.4 530.0 14.7 983.0 12.2 
531.0 Nd147 10.98 d 13. 1 91.1 27.9 531 .0 13.1 319.4 2.0 
53 1.5 Tc101 14.20 m 1.0 306.8 88.0 545.1 6.0 127.4 2.8 
537.3 Ba140 12.75 d 24.4 537.3 24.4 162.6 6.7 304.8 4.5 
539.5 Kr-90 32.30 s 29.0 1 1 18.7 37.0 121.8 32.0 539.5 29.0 
540.8 1-134 52.60 m 7.8 847.0 95.4 884.1 65.3 1072.6 15.3 
545. 1 Tc101 14.20 m 6.0 306.8 98.0 545.1 6.0 127.4 2.8 
546.6 I-135 6.51 h 7. 1 1260.4 28.9 1 131.5 22.5 1678.0 9.5 
546.9 Cs138 32.20 m 10.8 1435.9 76.3 462.8 30.7 1009.8 29.8 
551.0 Y-94 19.00 m 6.3 919.0 73.6 1139.0 7.8 551.0 6.3 
551.6 W-187 23.90 h 5.4 685.8 26.4 479.5 21.1 134.2 9.5 
5S4.4 Kr-90 32.30 s 4.8 1 1 18.7 37.0 121.8 32.0 539.5 29.0 
556.1 Te129m 33.60 d 0.1 695.9 3.3 729.6 0.8 556.1 0. 1 
551.6 Y-91m 49.71 m 95.1 551.6 95. 1 
559. 1 As-76 26.20 h 45.0 559. 1 45.0 651.0 6. 1 1216.0 3.8 
561.1 Y-92 3.S4 h 2.4 934.5 13.9 1405.4 4.8 561.1 2.4 
563.2 Cs134 2.06 y 8.4 604.7 97.6 195.9 95.4 569.3 15.4 
563.9 Sb122 2.70 d 69.3 563.9 69.3 692.8 3.7 
569.3 Cs134 2.06 y 15.4 604.7 97.6 195.9 85.4 569.3 15.4 
517.0 Kr-89 3. 15 m 5.6 220.9 20.0 585.8 16.6 904.3 7.2 
585.8 Kr-89 3.15 m 16.6 220.9 20.0 585.8 16.6 904.3 7.2 
590.3 Sr-93 7.40 m 67.2 $90.3 67.2 875.7 24.2 888.1 21.8 
595.4 1-134 52.60 m 11.4 847.0 95.4 894.1 65.3 1072.6 15.3 
600.6 Sbl25 2.76 y 17.8 427.9 29.4 600.6 17.8 635.9 11.3 
602.5 Zr-97 16.80 h 1.4 743.4 94.8 507.6 5.3 355.4 2.3 
602.7 Sb124 60.20 d 97.8 602.7 97.8 1691.0 49.0 722.8 11 .1 
604.7 Cs134 2.06 y 97.6 604.7 97.6 195.9 85.4 569.3 15.4 
604.8 Br-84 3 1.80 m 1.8 881.5 42.0 1897.3 14.9 1015.9 6.2 
606.6 Sb125 2.76 y 5.0 427.9 29.4 600.6 17.8 635.9 1 1.3 
608.2 Xe135 9.10 h 2.9 249.8 99.9 608.2 2.9 
610.3 R.u103 39.27 d 5.6 497.1 90.9 610.3 5.6 
618.4 W-187 23.90 h 6.7 685.8 26.4 479.5 21.1 134.2 9.5 
620. 1 Sr-91 9.50 h 1.7 1024.3 33.4 749.8 23.0 652.9 7.8 
621.8 I-134 52.60 m 10.6 847.0 95.4 884.1 65.3 1072.6 15.3 
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Table A-2 (continued) 

EDergy Halt- y/d Associated Major Gamma-ray and Intensity 
(teV) Nuclide life % keV � keV % bV % 
621.8 Ru106 1.02 y 10.7 51 1.9 20.4 621.8 10.7 1050.5 1.7 
627.2 Cs139 9.30 m 1.6 1283.2 7.0 627.2 1.6 1680.7 0.6 
630.2 1-132 2.28 h 13.7 667.7 98.7 722.6 76.2 954.6 18. 1  
635.9 Sbl25 2.76 y 1 1.3 427.9 29.4 600.6 17.8 635.9 11.3 
637.0 1-131  8.04 d 7.3 364.5 81.2 637.0 7.3 284.3 6.1 
641.2 La142 1.54 h 52.5 641 .2 52.5 2397.7 16.3 2542.6 11.2 
644.6 Nb-98 51.10 m 4.5 787.2 95.0 722.3 77.0 1169.0 18.0 
645.9 Sb124 60.20 d 7.3 602.7 97.8 1691.0 49.0 722.8 1 1.4 
647.9 Ba141 18.27 m 5.9 190.2 49.0 304.2 26.6 277.0 24.6 
652.9 Sr-91 9.50 h 7.8 1024.3 33.4 749.8 23.0 652.9 7.8 
657.0 As-76 26.30 h 6. 1 559.1 45.0 657.0 6. 1 1216.0 3.8 
657.7 Rb-89 15.40 m 10.0 1031.9 58.0 1248. 1 42.0 2196.0 14.1 
657.8 Ag1 10m 249.80 d 94.6 657.8 94.6 884.7 72.7 937.5 34.2 
657.9 Nb-97 1.23 h 98. 1 657.9 98.1 
661.7 Cs137 30. 17 y 85.2 661.7 85.2 
664.6 Ce143 1.38 d 5.2 293.3 42.0 664.6 5.2 722.0 5.1 
667.7 1-132 2.28 h 98.7 667.7 98.7 772.6 76.2 954.6 18. 1 
669.8 1-132 2.28 h 4.9 667.7 98.7 772.6 76.2 954.6 18. 1 
671.6 1-132 2.28 h 5.2 667.7 98.7 772.6 76.2 954.6 18. 1 
673.9 Kr-87 1.39 h 1.9 402.6 49.6 2554.8 13.2 845.4 7.3 
676.4 Ru105 4.44 h 16.7 724.5 47.3 469.0 17.5 676.4 16.7 
677.3 1-134 2.30 h 8.5 947.0 95.4 884.1  65.3 1072.6 15.3 
677.6 Agl lOm 249.80 d 10.7 657.8 94.4 884.7 72.6 937.5 34.2 
615.8 W-187 23.90 d 26.4 685.8 26.4 479.5 21.1 134.2 9.5 
687.0 Ag1 10m 249.80 d 6.5 657.8 94.4 884.7 72.6 937.5 34.2 
692.8 Sb122 2.70 d 3.7 563.9 69.3 692.8 3.7 
694.7 Tc101 14.20 m 1.1 306.8 98.0 545. 1 6.0 127.4 2.8 
695.9 Te129m 33.60 d 3.3 695.7 3.1 729.6 0.7 556.7 0.1 
706.6 1-133 20.80 h 1.5 529.9 86.3 875.3 4.5 1298 2.3 
706.7 Ag1 10m 249.50 d 16.7 657.8 94.4 884.7 72.6 937.5 34.2 
709.3 Sb124 60.20 d 1.4 602.7 97.9 1691.0 49.0 722.8 11.1 
710.4 Sr-93 7.40 m 21.5 590.3 67.2 875.7 24.2 888. 1 21.8 
713.6 Nb-98 51.10 m 8.7 787.2 95.0 722.3 77.0 1 169.0 18.0 
713.8 Sb124 60.20 d 2.4 602.7 97.9 1691.0 49.0 722.8 1 1. 1  
722.0 Ce143 1.38 d 5.1 293.3 42.0 664.6 5.2 722.0 5. 1 
722.3 Nb-98 51.10 m 77.0 787.2 95.0 722.3 77.0 1 169.0 18.0 
722.8 Sb124 60.20 d 11 . 1  602.7 97.8 1691.0 49.0 722.8 11 .1  
722.9 1-131 8.04 d 1.8 364.5 81.2 637.0 7.3 284.3 6. 1 
724.2 Zr-95 64.02 d 44.1 756.7 54.5 724.2 44.1 
724.5 Ru105 4.44 h 47.3 724.5 47.3 469.0 17.5 676.4 16.7 
727.1 1-132 2.28 h 5.4 667.7 98.7 772.6 76.2 954.6 18. 1 
729.6 Tel 29m 33.60 d 0.7 695.9 3. 1 729.6 0.7 556.7 0. 1 
736.5 Br-84 31.80 m 1.3 881.5 42.0 1897.3 14.9 1015.9 6.2 
738.4 Kr-89 3.15 m 4.2 220.9 20.0 585.8 16.6 904.3 7.2 
739. 1 Ba141 18.27 m 4.5 190.2 49.0 304.2 26.6 277.0 24.6 
739.6 Mo-99 2.79 d 12.8 739.6 12. 1 181. 1 6.2 778.0 4.5 
743.4 Zr-97 16.80 h 94.8 743.4 94.8 507.6 5.3 355.4 2.3 
744.3 Ag1 10m 249.80 d 22.3 657.8 94.6 884.7 72.7 937.5 34.2 
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Table A-2 (continued) 

Energy Half- y/d Associated Major Gamma-ray and Intensity 
(keV) Nuclide life % keV % keV % keV % 
749.8 Sr-91 9.50 h 23.0 1024.3 33.4 749.8 23.0 652.9 7.8 
751.8 La140 40.27 h 4.4 1596.5 95.4 487.0 45.5 815.9 23.5 
756.7 Zr-95 64.02 d 54.5 756.7 54.5 724.2 44. 1 
765.8 Nb-95 34.97 d 99.8 765.8 99.8 
772.6 1-132 2.28 h 76.2 667.7 98.7 772.6 76.2 954.6 18. 1 
772.9 W-187 23.90 h 4.4 685.8 29.2 479.5 23.4 134.2 9.5 
773.7 Te131m 1 .35 d 38.2 773.7 38.2 852.2 20.7 793.7 13.9 
778.0 Mo-99 2.79 d 4.5 739.6 12. 1 181 . 1  6.2 778.0 4.5 
787.2 Nb-98 51 . 10 m 95.0 787.2 95.0 722.3 77.0 1 169.0 18.0 
793.7 Tel31m 1.35 d 13.9 773.7 38.2 852.2 20.7 793.7 13.9 
795.9 Cs134 2.06 y 95.4 604.7 97.6 795.9 95.4 569.3 15.4 
801.9 Csl34 2.06 y 8.7 604.7 97.6 795.9 85.4 569.3 15.4 
802.2 Br-84 31 .80 m 6. 1 881.5 42.0 1897.3 14.9 1015.9 6.2 
802.4 Br-85 2.87 m 2.6 802.4 2.6 924.6 1.6 
809.8 1-132 2.28 h 2.9 667.7 98.7 772.6 76.2 954.6 18.1 
810.8 Co-58 70.88 d 99.4 810.8 99.4 5 1 1.0 30.0 
812.2 1-132 2.28 h 5.6 667.7 98.7 772.6 76.2 954.6 18. 1 
815.9 La140 40.27 h 23.5 1596.5 95.4 487.0 45.5 815.9 23.5 
818.0 Agl lOm 249.80 d 7.3 657.8 94.6 884.7 72.7 937.5 34.2 
818.5 Csl36 13. 16 d 99.7 818.5 99.7 1048. 1 79.8 340.6 48.5 
822.8 Tel 3 1m 1.35 d 6. 1 773.7 38.2 852.2 20.7 793.7 13.9 
831 .7 Rb-90 2.60 m 33.3 831.7 33.3 1060.7 7.8 
831 .7 Rb-90m 4.30 m 93.4 831.7 93.4 1375.4 17.4 1060.7 9.5 
833.3 Nb-98 51. 10 m 10.0 787.2 95.0 722.3 77.0 1 169.0 18.0 
834.8 Kr-88 2.84 h 13.0 196.3 26.0 834.8 13.0 1529.8 10.9 
834.8 Mn-54 3 12.20 d 100.0 834.8 100.0 
836.8 1-135 6.57 h 6.7 1260.4 28.9 1 131.5 22.5 1678.0 9.5 
844.3 Y-92 3.54 h 1.3 934.5 13.9 1405.5 4.8 561.1  2.4 
845.4 Kr-87 1.37 h 7.3 402.6 49.6 2554.8 13.2 845.4 7.3 
846.8 Mn-56 2.58 h 98.9 846.8 98.9 1810.7 27.2 2 1 13.1 14.3 
847.0 1-134 52.60 m 95.4 947.0 95.4 894. 1 65.3 1072.6 15.3 
852.2 Tel31m 1.35 d 20.7 773.7 38.2 852.2 20.7 793.7 13.9 
857.3 1-134 52.60 m 7.0 947.0 95.4 884. 1 65.3 1072.6 15.3 
861.6 La142 1.54 h 2.0 641.2 52.5 2397.7 16.3 2542.6 1 1.2 
967.1 Kr-89 3. 15 m 5.9 220.9 20.0 585.8 16.6 904.3 7.2 
867.8 La140 40.27 h 6.2 1596.5 95.4 497.0 45.5 815.9 23.5 
871.8 Cs138 32.20 m 5.1  1435.9 76.3 462.8 30.7 1009.8 29.8 
875.3 1-133 20.80 h 4.5 529.9 86.3 875.3 4.5 1298.2 2.3 
875.7 Sr-93 7.40 m 24.2 590.3 67.2 875.7 24.2 888.1 21.8 
875.8 Ru105 4.44 h 3.4 724.5 49.0 469.0 17.5 676.4 16.7 
876.3 Ba141 18.27 m 3.6 190.2 49.0 304.2 26.6 277.0 24.6 
881.5 Br-84 3 1.80 m 42.0 881.5 42.0 1897.3 14.9 1015.9 6.2 
883.0 Tc104 18.00 m 12.2 358.0 84.4 530.0 14.7 883.0 12.2 
884.1 1-134 52.60 m 65.3 847.0 95.4 994. 1 65.3 1072.6 15.3 
884.7 Ag1 10m 249.80 d 72.6 657.8 94.6 884.7 72.7 937.5 34.2 
888.1 Sr-93 7.40 m 21.8 590.3 67.2 975.7 24.2 888.1 21 .8 
894.9 La142 1 .54 h 9.4 641.2 52.5 2397.7 16.3 2542.6 1 1 .2 
894.9 Ba142 10.70 m 1 1.0 255.1 18.0 1204.1 14.0 894.9 1 1.0 
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Table A-2 (continued) 

Energy Half- y/d Associated Major Gamma-ray and Intensity 
(keV) Nuclide life % keV % keV % keV % 
898.0 Ri):88 17.70 m 14.0 1936.0 21.4 898.0 14.0 2677.8 1.9 
904.3 Kr-89 3.15 m 7.2 220.9 20.0 585.8 16.6 904.3 7.2 
919.0 Y-94 19.00 m 73.6 919.0 73.6 1 139.0 7.8 551.0 6.3 
919.6 La140 40.22 h 2.9 1596.5 95.5 497.0 45.5 815.9 23.5 
924.6 Br-95 2.87 m 1.6 802.4 2.6 924.6 1.6 
925.2 La140 40.27 h 7.1 1596.5 95.4 487.0 45.5 815.9 23.5 
925.8 Sr-91 9.50 h 3.7 1024.3 33.4 749.8 23.0 652.9 7.8 
934.5 Y-92 3.54 h 13.9 934.5 13.9 1405.4 4.8 561. 1 2.4 
937.5 Ag110m 349.80 d 34.2 657.8 94.6 884.7 72.7 937.5 34.2 
946.8 Ba142 10.70 m 8.9 255. 1 18.0 1204.1 14.0 894.9 1 1.0 
947.1 T-93 10.20 h 2.0 266.9 6.8 947.1 2.0 1917.0 1.4 
947.7 Rb-89 15.40 m 9.2 1031 .9 58.0 1248. 1 42.0 2196.0 13.3 
953.3 Sr-92 2.71 h 3.6 1383.9 90.0 953.3 3.6 430.6 3.3 
954.6 1-132 2.28 h 18. 1 667.7 98.7 772.6 76.2 954.6 18. 1 
969.4 Ru105 4.44 h 2.3 724.5 49.0 469.0 17.5 676.4 16.7 
972.6 1-135 6.57 h 1.2 1260.4 28.9 1 131 .5 22.5 1679.0 9.5 
976.5 1-136 1.39 m 2.8 1313.0 69.4 1321 .1  25.8 2289.6 10.8 
985.8 Kr-88 2.84 h 1.3 196.3 26.0 $34.8 13.0 1529.8 10.8 

1009.8 Cs138 32.20 m 29.8 1435.9 76.3 462.9 30.7 1009.8 29.8 
1011.4 La142 1.54 h 4.4 641.2 52.5 2397.7 16.3 2542.6 1 1.2 
1015.9 Br-84 31.80 m 6.2 881.5 42.0 1897.3 14.9 1015.9 6.2 
1024.3 Sr-91 9.50 h 33.4 1024.3 33.4 749.8 23.0 652.9 7.8 
1031.9 Rb-89 15.40 m 58.0 1031.9 58.0 1248.1 42.0 2196.0 13.3 
1038.8 1-135 6.57 h 7.9 1260.5 28.9 1 131.5 22.5 1678.0 9.5 
1040.6 Sr-93 7.40 m 3.2 590.3 67.2 875.7 24.2 988. 1 21.8 
1043.7 La142 1.54 h 3.0 641.2 52.5 2397.7 16.3 2542.6 1 1.2 
1048.1 Cs136 13.16 d 79.6 818.5 99.7 1048. 1 79.8 340.6 48.5 
1050.5 Ru106 1.02 y 1.7 $1 1.9 20.4 621 .8 10.7 1050.5 1.7 
1060.7 �90 2.60 m 7.8 831.7 33.3 1060.7 7.8 
1060.7 �90m 4.30 m 9.5 831.7 93.4 1375.4 17.4 1060.7 9.5 
1072.6 1-134 52.60 m 15.3 947.0 95.4 884.1 65.3 1072.6 15.3 
1078.5 Ba142 10.70 m 9.3 255.1 18.0 1204. 1 14.0 894.9 1 1.0 
1099.2 Fe-59 44.51 d 56.5 1099.2 56.5 1291.6 43.2 192.3 3.1  
1115.5 Ni-65 2.52 h 14.8 1481.9 23.5 1 1 15.5 14.8 366.3 4.6 
1115.5 Zn-65 243.80 d 50.7 1 1 15.5 50.7 51 1.0 2.8 
1118.7 Kr-90 32.30 s 37.0 1 1 18.7 37.0 121.8 32.0 539.5 29.0 
1122.5 Sr-93 7.40 m 4.0 590.3 67.2 875.7 24.2 888. 1 21.8 
1124.0 1-135 6.57 h 3.6 1260.4 28.9 1 131.5 22.5 1678.0 9.5 
1125.5 Te131m 1.35 d 1 1.4 773.7 38.2 852.2 20.7 793.7 13.9 
1131.5 1-135 6.57 h 22.5 1260.4 28.9 1 13 1.5 22.5 1678.0 9.5 
1136.0 1-132 2.28 h 2.9 667.7 98.7 772.6 76.2 954.6 18.1 
1136.2 1-134 52.60 m 9.7 847.0 95.4 884.1 65.3 1072.6 15.3 
1 139.0 Y-94 19.00 m 7.8 919.0 73.6 1 139.0 7.8 551.0 6.3 
1 141.3 Kr-88 2.84 h 1.3 196.3 26.0 834.8 13.0 1529.8 10.9 
1 142.3 Sr-92 2.71 h 2.9 1383.9 90.0 953.3 3.6 430.6 3.3 
1169.0 Nb-98 51 .10 m 18.0 787.2 95.0 722.3 77.0 1 169.0 18.0 
1173.2 Co-60 5.27 y 100.0 1 173.2 100.0 1332.5 100.0 
1175.4 Kr-87 1.39 h 1 .1  402.6 49.6 2554.8 13.2 845.4 7.3 
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Table A-2 (continued) 

Half- Associated Major Gamma-ny and iiitensity Energy y/d 
(keV} Nuclide life % keV � keV � keY � 
1 197.5 Ba141 18.27 m 4.9 190.2 49.0 304.2 26.6 277.0 24.6 
1202.2 Ba142 10.70 m 5.3 255.1 18.0 1204.1 14.0 894.9 11 .0 
1204.1 Ba142 10.70 m 14.0 255.1 18.0 1204.1 14.0 894.9 11 .0 
1204.9 Y-91 58 . .50 d 0.3 1204.9 0.3 
1206.6 Tel3 1m 1.35 d 9.8 773.7 38.2 852.2 20.7 793.7 13.9 
1213.3 Br-84 31 .80 m 2.6 881.5 42.0 2897.3 14.9 101S.9 6.2 
1216.0 As-76 26.30 b 3.8 559.1 45.0 657.0 6. 1 1216.0 3.8 
1235.3 Cs136 13. 16 d 19.7 818.5 99.7 1048. 1 79.8 340.6 48.S 
1242.8 Rb-90m 4.30 m 3.12 831.7 93.4 1375.4 17.4 1060.7 9.5 
1248. 1 Rb-89 1S.40 m 42.0 1031.9 58.0 1248.1 42.0 2196.0 13.3 
1260.4 1-135 6.51 b 28.6 1260.4 28.9 1 131.5 22.5 1678.0 9.S 
1269.5 Sr-93 7.40 m 7.1 590.3 67.2 875.7 24.2 888.1 21.8 
1283.2 Cs139 9.30 m 7.0 1283.2 7.0 627.2 1.6 1680.7 0.6 
1291.6 Fe-59 44.51 d 43.2 1099.2 S6.5 1291.6 43.2 192.3 3.1 
1293.6 Ar-41 1.82 h 99.2 1293.6 99.2 
1298.2 1-133 20.80 b 2.3 529.9 86.3 875.3 4.5 1298.2 2.3 
1313.0 1-136 1.39 m 69.4 13 13.0 69.4 1321.1 25.8 2298.6 10.8 
1321.1 1-136 1.39 m 25.8 13 13.0 69.4 1321.1 25.8 2289.6 10.8 
1332.5 Co-60 S.27 y 100.0 1332.5 100.0 1 173.2 100.0 
1345.9 Cu-64 12.70 b 0.49 511 .0 35.7 154.9 0.49 
1354.S La141 3.90 b 2.6 1354.S 2.6 
1356.0 0-19 26.90 s 59.0 197.0 97.0 1356.0 59.0 112.0 2.7 
1365.2 Cs134 2.06 y 3.0 604.7 97.6 195.9 85.4 569.3 15.4 
1368.2 Sb124 60.20 d 2.S 602.7 97.9 1691.0 49.0 722.8 1 1.1 
1368.5 Na-24 14.96 h 100.0 1368.5 100.0 27S4.1 99.8 
1372.1 1-132 2.28 b 2.5 667.7 98.7 772.6 76.2 954.6 18.1 
1375.4 Rb-90m 4.30 m 17.4 831.7 93.4 1375.4 17.4 1060.7 9.5 
1379.9 Ba142 10.70 m 3.4 251 .1 18.0 1204.1 14.0 894.9 11.0 
1383.9 Sr-92 2.71 h 90.0 1383.9 90.0 9S3.3 3.6 430.6 3.3 
1384.3 Ag110m 249.80 d 24.3 657.8 94.6 894.7 72.7 937.S 34.2 
1398.6 1-132 2.28 h 7.1 667.7 98.7 772.6 76.2 9S4.6 18. 1 
1405.4 Y-92 3.54 h 4.8 934.S 13.9 1405.4 4.8 561.1 2.4 
1420.0 Sr-94 1.29 m 100.0 1420.0 100.0 
1423.8 Kr-90 32.30 s 2.8 1 1 18.7 37.0 121.8 32.0 539.5 29.0 
143S.O Nb-98 Sl .10 m 7.2 787.2 95.0 722.3 77.0 1 169.0 18.0 
1435.9 Cs138 32.20 m 76.3 1435.9 76.3 462.8 30.7 1009.8 29.8 
1440.0 0-19 26.90 s 2.7 197.0 97.0 13.56.0 59.0 112.0 2.7 
1457.6 1-13S 6.S1 h 8.6 1260.4 28.9 1 131.5 22.5 1678.0 9.S 
1463.8 Br-84 31.80 m 2.0 881.5 42.0 1897.3 14.9 101S.9 6.2 
1472.7 Kr-89 3.1S m 6.9 220.9 20.0 S8S.8 16.6 904.3 7.2 
1481.8 Ni-6S 2.S2 b 23.5 1481.9 23.S 1 1 1S.5 14.8 366.3 4.6 
1.505.0 Ag1 10m 249.80 d 13. 1 637.8 94.6 894.7 72.7 937.S 34.2 
1S11 .0 Nb-98 S1.10 m 6.1 787.2 95.0 722.3 77.0 1 169.0 18.0 
1529.8 Kr-88 2.84 b 10.9 196.3 26.0 834.8 13.0 1529.8 10.9 
1533.7 Kr-89 3.1S m 5.1 220.9 20.0 S85.8 16.6 904.3 7.2 
1537.9 Kr-90 32.30 s 9.3 1 1 18.7 37.0 121.8 32.0 539.S 29.0 
1545.0 Nb-98 51.10 m 6.3 787.2 95.0 722.3 77.0 1 169.0 18.0 
154S.8 La142 95.40 m 3.3 641.2 52.S 2347.7 16.3 2542.6 11.2 
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Table A-2 (continued) 

EDCiiY Half- y/d Associated Major Gamma-ray and Intensity 
(bV) Nuclide life % keV % keV oJ. keV % 
1596.5 La140 40.27 h 95.4 1596.5 95.4 487.0 45.5 815.9 23.5 
1642.4 C1-38 37.20 m 32.5 2167.5 44.0 1642.4 32.5 
1665.6 Rb-90m 4.30 m 4.6 83 1.7 93.4 1375.4 17.4 1060.7 9.5 
1678.0 1-135 6.57 h 9.5 1260.4 28.9 1 131.5 22.5 1678.0 9.5 
1680.7 Cs139 9.30 m 0.6 1283.2 7.0 627.2 1.6 1680.7 0.6 
1691.0 Sb124 60.20 d 49.0 602.7 97.8 1691.0 49.0 722.8 1 1.1  
1693.7 Kr-89 3.15 m 4.4 220.9 20.0 585.8 16.6 904.3 7.2 
1706.5 1-135 6.S7 h 4. 1 1260.4 28.9 1 131.5 22.5 1678.0 9.5 
1732.0 Na-24 14.96 h 1368.5 100.0 27S4. 1 99.8 
1740.5 Kr-87 1.39 h 2. 1 402.6 49.6 25S4.8 13.2 845.4 7.3 
17S6.4 La142 95.40 m 3.3 641.2 52.5 2397.7 16.3 2542.6 1 1.2 
1768.3 Xe138 14.10 m 16.7 258.3 31.5 434.5 20.3 1768.3 16.7 
1780.0 Kr-90 32.30 s 6.4 1 1 18.7 37.0 121.8 32.0 539.5 29.0 
1791.2 1-135 6.S7 h 7.7 1260.4 28.9 1 131 .5 22.5 1678.0 9.5 
1810.7 Mn-S6 2.58 h 27.2 846.8 98.9 1810.7 27.2 2113.1 14.3 
1836.0 Rb-88 17.70 m 21.4 1836.0 21.4 898.0 14.0 2677.8 1.9 
1897.3 Br-84 31.80 m 14.9 881.5 42.0 1897.3 14.9 1015.9 6.2 
1901.3 La142 1.54 h 8.7 641.2 52.5 2397.7 16.3 2S42.6 1 1.2 
1917.0 Y-93 10.20 h 1.4 266.9 6.8 97. 1 2.0 1917.0 1.4 
2004.0 Xe138 14. 10 m 5.4 253.8 31 .5 434.5 20.3 1768.3 16.7 
2007.5 Rb-89 15.40 m 2.4 103 1.9 58.0 1248.1 42.0 2196.0 13.3 
2015.8 Xe138 14.10 m 12.3 253.8 31 .5 434.5 20.3 1768.3 16.7 
2029.8 Kr-88 2.84 h 4.3 196.3 26.0 834.8 13.0 1529.8 10.9 
2091.0 Sb124 60.20 d 5.7 602.7 97.8 1691.0 49.0 722.8 11 .1 
2113.1 Mn-S6 2.58 h 14.3 946.8 98.9 1810.7 27.2 21 13.1 14.3 
2128.3 Rb-90m 4.30 m 5.4 831.7 93.4 1375.4 17.4 1060.7 9.5 
2167.5 Cl-38 37.20 m 44.0 2167.5 44.0 1642.4 32.5 
2195.8 Kr-88 2.84 h 13.2 196.3 26.0 834.8 13.0 1S29.8 10.9 
2196.0 Rb-89 15.40 m 13.3 1031.9 58.0 1248. 1 42.0 2196.0 13.3 
2218.0 Cs138 32.20 m 15.2 1435.9 76.3 462.8 30.7 1009.8 29.8 
2289.6 1-136 1.39 m 10.8 1313.0 69.4 1321.1 25.8 2289.6 10.8 
2392.4 Kr-88 2.84 h 34.6 196.3 26.0 934.9 13.0 1529.8 10.9 
2397.7 La142 1.54 h 16.3 641.2 52.5 2397.7 16.3 2542.6 1 1.2 
2494.1 Br-84 31.80 m 6.8 881.5 42.0 1897.3 14.9 1015.9 6.2 
2521.7 La140 40.27 h 3.5 1596.5 95.4 487.0 45.5 815.9 23.5 
2S42.6 La142 1.54 h 1 1.2 641.2 52.5 2397.7 16.3 2542.6 1 1.2 
25S4.8 Kr-87 1.37 h 9.3 402.6 49.6 2554.8 13.2 945.4 7.3 
2558.1 Kr-87 1.37 h 3.9 402.6 49.6 2554.8 13.2 845.4 7.3 
2S64.0 Rb-91 58.SO s 20.0 93.0 38.0 2564.0 20.0 346.0 12.0 
2639.6 Cs138 32.20 m 7.6 1435.9 76.3 462.8 30.7 1009.8 29.8 
2677.8 Rb-88 17.70 m 1.9 1836.0 21.4 898.0 14.0 2677.8 1.9 
2752.7 Rb-90m 4.30 m 11.8 831.7 93.4 1375.4 11.4 1060.7 9.5 
27S4.1 Na-24 14.96 h 99.8 1368.5 100.0 27S4.1 99.8 
2868.9 1-136 1.39 m 4.1 1313.0 69.4 1321.1 25.8 2289.6 10.8 
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Table A-S. CUMULATIVE YIELDS OF K\}OR FlSSION PRODUCTS IN THERMAL 
NEUI'RON FISSION OF U-235 AND Pu-239 

Decay Fiss1on �clds(Y),% 
Half- ccmstant (l.l+Pul y•).. 

Nuclide life ).., 1/s U-23S Pu-239 2 U-23S (U+PuYl 
Br-84 31.80 m 3.63E-04 0.967 0.444 0.706 3.SIE-06 2.S6E-06 

Kr-8Sm 4.48 h 4.30E-OS 1 .300 O.S6S 0.933 S.S9E-01 4.01E-07 

Kr-8S 10.72 y 2.0SE-09 0.28S 0.128 0.207 S.86E-12 4.24E-12 

Kr-87 1.37 h 1 .41E-04 2.S20 0.990 1.1SS 3.S4E-06 2.47E-06 

Kr-88 2.84 h 6.78E-OS 3.SSO 1.320 2.43S 2.41E-06 1.6SE-06 

Kr-89 3.1S m 3.67E-03 4.600 1 .440 3.020 1.69E-04 l.l lE-04 

Kr-90 32.30 I 2. 1SE-02 4.860 1 .400 3. 130 1.04E-03 6.72E-04 

Rb-88 17.70 m 6.S3E-04 3.S10 1.360 2.46S 2.33E-OS 1.61E-OS 

Rb-89 1S.40 m 7.SOE-04 4.no 1 .680 3.22S 3.S8E-OS 2.42E-OS 

Rb-90 2.60 m 4.44E-03 4.SOO 1.390 2.94S 2.00E-04 1.31E-04 

Rb-90m 4.30 m 2.69E-03 1.240 0.680 0.960 3.33E-OS 2.S8E-OS 

Rb-91 S8.oo s 1.19E-02 S.610 2.160 3.91S 6.77E-04 4.67E-04 

Sr-89 SO.SO d l.S9E-07 4.780 1.690 3.23S 7.S9E-09 S.l4E-09 

Sr-90 29. 10 y 7.SSE-10 S.910 2.1 10 4.010 4.46E-1 1 3.03E-1 1 

Sr-91 9.S l h 1.93E-04 S.930 2.490 4.210 1. 14E-OS 8.1 1E-06 

Sr-92 2.71 h 7.10E-OS S.910 3.040 4.41S 4.20E-06 3.18E-06 

Sr-93 7.40 m l.S6E-03 6.370 3.920 S.l4S 9.94E-OS 8.03E-OS 

Y-90 2.67 d 3.00E-06 S.920 2.1 10 4.01S 1 .78E-07 1.21E-07 

Y-91 S8.so d 1.37E-07 S.930 2.490 4.210 8.13E-09 S.17E-09 

Y-92 3.S4 h S.44E-OS S.980 3.060 4.S20 3.2SE-06 2.46E-06 

Y-93 10.20 h 1 .89E-OS 6.370 3.920 S.l4S 1 .20E-06 9.71E-07 

Zr-9S 64.00 d 1.2SE-07 6.490 4.890 S.690 8.14E-09 7.13E-09 

Zr-97 16.80 h LISE-OS S.930 S.320 S.62S 6.80E-07 6.4SE-07 

Nb-9S 34.97 d 2.29E-07 6.490 4.890 S.690 1.49E-08 1.3 1E-08 

Nb-97 1.23 h l.S7E-04 S.9SO S.310 S.660 9.3 1E-06 8.86E-06 

Mo-99 2.79 d 2.88E-06 6.120 6.160 6. 140 1.76E-07 1.77E-07 

Mo-101 14.60 m 7.91E-04 S.l80 S.940 S.S60 4.10E-OS 4.40E-OS 

Tc--98m 6.02 h 3.20E-OS S.380 S.420 S.400 1 .72E-06 1.73E-06 

Tc--101 14.20 m 8.14E-04 S.180 S.9SO S.S6S 4.21E-OS 4.S3E-OS 

Tc--104 18.00 m 6.42E-04 1.920 S.960 3.940 1 .23E-OS 2.S3E-OS 

Ru-103 39.27 d 2.04E-07 3.040 6.9SO 4.99S 6.21E-09 1.02E-08 

Ru-lOS 4.44 h 4.34E-OS 0.972 S.360 3.166 4.22E-07 1.37E-06 

Ru-106 1.02 y 2.1SE-08 0.403 4.280 2.342 8.68E-ll S.OSE-10 

Rh-IOS 3S.40 h S.44E-06 0.972 S.360 3.166 S.29E-08 1.72E-07 

Sb-12S 2.76 y 7.96E-09 0.029 O.l lS 0.072 2.31E-12 S.73E-12 

To-129m 33.60 d 2.39E-07 0.127 0.270 0.199 3.03E-10 4.74E-10 

To-132 3.26 d 2.46E-06 4.280 S.230 4.1SS l.OSE-07 1.17E-07 

1-13 1 8.04 d 9.98E-07 2.880 3.8SO 3.36S 2.87E-08 3.36E-08 

1-132 2.28 h 8.44E-OS 4.320 S.390 4.8SS 3.6SE-06 4.10E-06 

1-133 20.80 h 9.26E-06 6.690 6.930 6.810 6.19E-07 6.30E-07 

1-134 S2.60 m 2.20E-04 . 7.710 7.270 7.490 1.69E-OS 1.6SE-OS 

I-13S 6.S1 h 2.93E-OS 6.300 6.4SO 6.31S 1.8SE-06 1.87E-06 

1-136 1.39 m 8.31E-03 2.970 1.740 2.3SS 2.47E-04 1.96E-04 
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Table A-4 

MAJOR WATER AND IMPURITY ACTIVATION PRODUCI'S IN 
REACfOR COOLANT 

Natural 
Isotopic Average 

Abundance Activation 
Nuclide Half-Life Reaction (%) Cross Sectiona 

3H 12.3 y 2H(n,a)3H 0.015 0.53 mb(T) 
6Li(n,a)3H 7.5 942 b (F) 
10B(n,2a)3H 5.6 mb (F) 
10B(n,a)7Li 3838 b (F) 
235u(n,f)3H 0.01 % fy 

14(; 5730 y 1 3c(n,y) 14c 1 . 11  0.9 mb (T)h 

14N(n,p) 14c 99.63 1 .8 b (F)h 

1 7o(n,a) 14c 0.038 240 mb (F)h 

15c 2.45 s 18o(n,a) 15c 0.204 1 .5 mb (F) 

13N 9.97 m 16o(p,a) 13N 99.76 50 mb (P)C 

16N 7.13 s 16o(n,p) 16N 99.76 19 mb (F) 

19o 26.9 s 18o(n,y) 190 0.204 160 mb (T) 

18F 1 .83 h 18o(p,n) 18F 0.204 300 mb (P) 

24Na 14.96 h 23Na(n,y)24N 100 528 mb (T) 

32p 14.28 d 31P(n,y)32p 100 190 mb (T) 
32s(n,p)32p 95 69 mb (F) 

38a 37.2 m 37cl(n,y)38cl 24.23 430 mb (T) 

(a) Data for 20"C; T, F, and P in the parentheses indicate thermal and fast neutron and proton reactions, 
respectively; the activation cross-section data are adopted from References 1 and 2. 

(b) P.J. Magno, et al, Proc. 1Sth AEC Air Oeaning Conf., P1047 (1972) . 

(c) M. S. Singh and L. Ruby, Nucl. Tech., .11. 104 (197!). 
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Table A-5 

MAJOR ACTIVATED CORROSION PRODUCTS IN UGIIT WATER REACTORS 

Half-
Nuclide Life 

51er 27.7 d 
54Mn 312.2 d 
56Mn 2.58 h  
55Fe 2.73 y 
59f'e 44.51 d 
58 eo 70.88 d 
60eo 5.27 y 
63Ni 100 y 
65Ni 2.52 h  
64cu 12.7 h 
65zn 243.8 d 
76& 26.3 h 
95zr 64.02 d 
llOmAg 249.8 d 
113sn 1 15.1 d 
124sb 60.2 d 
181Hf 42.4 d 
182-fa 1 14.43 d 
187w 23.9 h 

a nata for 20" c. 

Formation 
Reaction 

50er(n,y)51er 
54Fe(n,p)54Mn 
55Mn(n,y)56Mn 
54Fe(n,y)5�e 
58Fe (n,y)59f'e 
58Ni(n,p)58eob 
59eo(n,y)60Co 
62Ni(n,y)63Ni 
64Ni(n,y)65Ni 
63cu(n,y) 64cu 
64zn (n,y) 65zn 
75&(n,y) 76& 
94zr(n,y) 95Zr 
109 Ag(n,y) 1 10mAg 
1 12sn(n,y) 1 13sn 
123sb(n,y) 124sb 
180Hf(n,y) 181 Hf 
181Ta(n,y) 182Ta 
186w(n,y) 187w 

Nature 
Isotopic 

Abundance 
(%) 

4.35 
5.8 

100 
5.8 
0.3 

68.3 
100 

3.6 
0.9 

69.2 
48.6 

100 
17.4 
48. 17 
1 .01 

42.7 
35.2 

100 
28.6 

bBumue cross section,�· for Co-58 is 1 .9x1o-21 cm2. 
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Activation Cross Section 

lBarns)a 
Thermal Epithermal Fat 

16.0 0.68 
0.1 1  

13.3 1.13 
2.5 0.1 
1 .14 0.1 

0.146 
37.5 6.05 
14.6 0.77 
1.50 0.07 
4.4 0.40 
0.82 0.13 
4.4 5.08 
0.075 0.031 
4.7 
0.71 2.2 
4.0 9.7 

12.6 2.26 
22.0 56.4 
37.2 33.9 

Copyright © National Academy of Sciences. All rights reserved.

Radiochemistry in Nuclear Power Reactors
http://www.nap.edu/catalog.php?record_id=9263

http://www.nap.edu/catalog.php?record_id=9263


Table A-6 

RECOMMENDED GAMMA-RAY STANDARDS 

Photon Energy Emission Probability 
Nuclide Half-life (KeV) ('Y/d) 

Na-22 2.605y 1274.54 1 .0 
Mn-54 g12.2 d 8M.84 1 .0 
Co-57 271 .8 d 122.06 0.859 
Co-60 5.27 y 1 17g.24 0.999 

1g32.50 1 .0 

Zn-65 24g.8 d 1 1 15.55 0.507 
Kr-85 1o.7g y 514.01 0.004M 
Sr-85 64.84 d 514.01 o.98g 
Y-88 106.6 d 898.04 0.9g7 

18g6.06 0.9924 

Cd-109 462.0 d 88.og o.og75 
Sn-1 1 3  1 15.1 d 391 .7 0.6489 
Sb-125 2.758y 27.4 0.619 

176.4 0.06979 
g8o.s 0.0151 
427.9 0.294 
46g.4 0.10g7 
600.6 0.17g5 
6g5.9 0.1 12 

�1g7 30.17 y 661 .66 0.852 
Ba-1 3g 10.53 y 81.0 O.Mg 

go2.85 0.18g 
356.02 0.621 

Ce-1 g9 1 g7.6 d 165.9 0.80 
Eu-152 13.48 y 121 .78 0.28g7 

244.7 0.0751 
g44.38 0.2658 
44g.98 o.og12 
778.9 0.1296 
964.13  0.1462 

1085.91 0.1016 
1 1 12.12 0.1g56 
1408.01 0.2085 
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Table A-6 

RECOMMENDED GAMMA-RAY STANDARDS (Continued) 

Photon Energy Emission Probability 
Nuclide Half-life (KeV) (y/d) 

Eu-154 8.59 y 42.8 0.131  
123.1 0.408 
248.0 0.0691 
591 .7 0.0494 
723.3 0.201 
873.2 0.122 

996.4 0.1043 
1004.8 0.1808 
1274.4 0.344 
1596.5 · 0.0185 

Eu-155 4.71 y 42.8 0.1 1 7  
86.6 0.31 1 

105.3 0.215 

Hg-203 45.61 d 279.20 0.815 
Bi-207 32.2 y 569.7 0.977 

1063.66 0.74 
Am-241 432.7 y 26.34 0.024 

59.54 0.359 
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Group 3. 
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Appendix B 

SAMPLING PRACTICES AND SAMPLE PREPARATION FOR 
RADIOCHEMICAL ANALYSES 

B.l INTRODUCTION 

In a nuclear power plant, one of the most frequent mistakes and largest errors 

introduced in radiochemical analysis is sampling and sample preparation. Sampling the 

reactor coolant, offgas, liquid waste, and airborne samples, etc., may present different 

problems in each case for an inexperienced radiochemist. Some problems can be 

avoided, but some can only be minimized. 

The procedures described in this and following appendices reflect nearly twenty years of 

experience in sampling and measuring the radioactivities in various types of samples in 

nuclear power plants. Some techniques are standard, some modified to suit the needs, 

and still others developed at GE Vallecitos Nuclear Center. The author has attempted to 

present the technologies in a simple and concise manner but in sufficient detail to make 

them readily usable. 

The commercially available ion-exchange membranes have been successfully used to 

concentrate the trace metallic impurities and radioactive species in reactor coolant and 

feedwater. The speed and simplicity of filtration make the sampling techniques almost 

ideally suited for concentrating solutions containing trace amounts of materials. 

B.2 SAMPLING BWR PRIMARY COOLANT - LABORATORY FUTRATION 

B.2.1 Sampling Method 

A large sample of reactor water is preferred for accurate chemical and/ or radiochemical 

analysis. In many cases, however, the radiation level from reactor water is high enough to 

be hazardous to personnel. Therefore, an appropriate sample size is one liter for the 

insoluble species and 100 mL for the soluble species. In no case should the sample size 

be less than 1 0  mL because such small samples may not be representative. Solubles and 
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(3) Shake the bottle vigorously. Then measure a 100 mL water sample using a 

clean graduated cylinder. 

(4) Filter the 100 mL sample through the filters. Adjust the vacuum so that the 

filtering flow rate is approximately 50 mL per minute to complete the 

filtration in approximately 2 minutes. 

(Note: H radiation levels permit, use the entire liter sample for both 

particulates and solubles.) 

(5) Turn off the vacuum, remove the cation and anion exchange membranes 

from the holder and place each in a separate petri dish for activity 

measurement. 

(6) Return the Millipore (or equivalent) filter to the filtration apparatus. Filter 

the remaining 900 mL of water sample to collect the insolubles on the filter. 

(7) When the sample is completely filtered, rinse the sample bottle and filtration 

funnel with approximately 200 mL of deionized water. Then filter the rinse 

water through the same filter. 

(8) When the rinse water is completely filtered, remove the filter from the holder 

and place it in a petri dish for activity measurement. 

B.2.5 Major Nuclides Commonly Observed in Reactor Coolant 

The major nuclides separately collected in each fraction are as follows: 

Insoluble Cation Anion 

Ag-110 m Rh-105 Ba-129 Rb-89 As-76 
As-76 Ru-103 Ba-140 Rb-90 Br-84 
Ce-141 Ru-105 Ba-141 Rb-90m 0-38 
Ce-144 Ru(Rh)-106 Ba-142 Sr-87 Cr-51 
Co-57 Sb-122 Co-57 Sr-90 F-18  
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Insoluble Cation Anion 

Co-58 Sb-124 Co-58 SR-91 I-131 
Co-60 Slr125 Co-60 SR-92 I-132 
Cr-51 Sn(IN)-1 13 Cs-134 Zn-63 I-133 
Fe-55 Te-129m Cs-136 Zn-65 I-134 
Fe-59 Te-129m Cs(Ba)-137 Zn-69m I-135 
Hf-181 Te-132 Cs-138 Mo-99 
La-140 W-187 Cs-139 N-13 
La-141 Y-91 Cu-64 Tc-99m 
La-142 Y-92 Mn-54 Tc-101 
Mn-54 Y-93 Mn-56 Tc-104 
Nb-95 Zn-65 N-13 
Nb-97 Zr-95 Na-24 
Nd-147 Zr-97 Ni-63 
Ni-63 Ni-65 
Ni-65 Np-239 
Transuranic Isotopes 

In some cases, one nuclide can be found in both the soluble and insoluble fractions (e.g., 

N-13, Co-58, Co-60) . In other cases, the insoluble species (e.g., Ce-141 , Ce-144, Y-91 ,  Y-92, 

Y-93) are frequently found in the soluble cation fraction after the soluble parent nuclides 

have decayed in the cation membranes. 

B.2.4 Further Chemical Separation 

Among the radioactive nuclides collected by filtration, only a few a, (3, and low-energy 

gamma emitting nuclides require further chemical separation before their activities can 

be measured. Mter the gamma spectrometric analysis is completed, the following 

procedures are commonly used in further separation: 

( 1 )  Millipore Fdter - When the crud level is low the filter can be counted directly 

for the gross a activity and a-spectrometric analysis for the transuranic 

isotopes, Pu-238, Pu-239, Pu-240, Pu-241 , Cm-242, Cm-244, Am-241 ,  etc. 

The particulate collected on the filter can be easily dissolved in -10 mL of 

warm 6N HC1 . A few drops of concentrated HNOs may be helpful to 
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accelerate dissolution. The Millipore filter is removed from the solution and 

rinsed with -5 mL of fresh 6N HCI .  Combine the rinse with the solution for 

further chemical separation. The solution may contain �}-emitting Fe-55 and 

Ni-63, in addition to the transuranic isotopes and other gamma-emitting 

nuclides. 

(2) Cation Membranes - Cationic species can be readily removed from the ion 

exchange membranes by digesting the membranes in a beaker containing 

-10 mL of wann 3N HN05. After -2 minutes, the membranes are removed 

from the solution and repeat the process with a fresh acid solution. Combine 

the solutions for further chemical separation. The solution contains the 

�}-emitting nuclides, Ni-63, Sr-89 and Sr-90, and all other cationic gamma­

emitting nuclides. 

(3) Anion Membranes - For a routine radiochemical analysis, there is no anionic 

species which cannot be measured by gamma spectrometric analysis directly 

from the anion membranes. 

B.3 SAMPLING HIGH PURITY WATER CONTAINING LOW-LEVEL 
RADIOACTIVITIES - IN-LINE Fn.TRATION 

( 1 )  The water sample is collected by using a standard design of corrosion 

product sampler connected directly to the sample line. A schematic of a 

typical sampler is shown in Figure B-1. 

(2) Flash the sample line through a bypass line in the sampler at a water flow rate 

�1 kg/min for at least 10 min, or 3 sample line lengths of water flow. 

(3) Place one 0.45 pm Millipore filter (on top) , 3 cation exchange membranes 

(in middle) and 3 anion exchange membranes (at bottom) in a high 

pressure Millipore filter holder to collect and concentrate the insoluble, 

cationic and anionic activities separately. 
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SECOND SAMPLE LINE 

SAMPLING HOOD 
� - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - , 

FILTRATE 

FLOW METER 

INTEGRAL 
FLOW METER 

BYPASS LINE 

I 
I 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  I 

/:!.. FLOW METER 

Figure B-1. A Typial In-line Filtration Sampling Ammgement 
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(4) While maintaining the same bypass flow rate, carefully/slowly open the inlet 

valve to allow water to pass through the filter holder at a flow rate of 0.1-

0.2 kg/min. 

(5) Record the time, flow rate and the reading on the water flow accumulator. 

Collect the desirable amount (at least 1 kg) of water sample at a constant flow 

rate. 

(6) Stop the water flow and record the time and meter reading again. 

(7) Remove the filters from the holder and the Millipore, cation and anion 

membranes are placed separately in petri dishes for activity measurements. 

8.4 PWR PRIMARY COOLANT 

8.4.1 General Comments and Precautions 

Problems in withdrawing representative samples from a PWR primary coolant through 

long sample lines are well known (1,2) . Unlike the high purity water in the BWR coolant, 

the PWR coolant chemistry is rather complex, and it presents a special environment for 

some radiochemical species which may easily change their solubilities and undergo 

certain interactions with the oxide film on the sample line when the coolant is cooled 

down and water pH is changed. Experience at Ringhals(!) suggests that, in general, the 

measured concentrations of some activated corrosion products do not bear any useful 

relationship to the concentrations of corrosion products in the coolant at operating 

temperatures. The measured concentrations of some corrosion products (e.g., soluble 

QH;0 and Mn-54) are strongly dependent on sampling flow rate and the boron 

concentration. The Cs-137 concentration was also found to correlate directly with boron 

concentration. 

In order to minimize the sample error and to maintain a consistency of sampling for 

radioactivities, the sample line purge at a constant flow rate is necessary and should not 

be compromised for reducing the liquid radwaste generation. 
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B.4.2 Sampling Procedure 

( 1 )  If the volatile species is not desired, the grab sample can be withdrawn from 

the sample line using the sampling procedures described earlier for the BWR 

coolant. Separation of radioactivities in a grab sample by filtration through a 

particulate filter and cation/ anion change membrane has been reported by 

Polley and Andersson (3) . 

(2) If the volatile species is also to be measured, a pressurized sample cylinder 

("bomb") is used to collect the sample for subsequent analyses of liquid and 

gaseous constituents after appropriate manipulation in the laboratory. The 

following steps are followed at many plants(4) : 

(a) The reactor coolant sample is collected at primary system pressure 

employing a sample cylinder at the primary coolant sampling sink. 

(b) The pressurized cylinder is transferred to the laboratory and installed in 

the sample manipulation panel. (See below for panel operation 

procedures.) 

(c) The cylinder is vented, and the liquid and gas equilibrated at 

approximately atmospheric pressure by recirculating the gas. 

(d) The volume of the total gas evolved is measured and employed to 

calculate total gas concentration in the sample. 

(e) Aliquots of the gas and liquid are withdrawn for analysis. 

(3) No standard sample manipulation panel design presently exists, and a wide 

variety of designs are encountered in the industry. A schematic of a 

representative design is given in Figure B-2. The operating procedure for 

this sample panel is described below. 
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VALVE N0. 8 
PINCH 
CLAMP 

VALVE NO. 9 

MEASURING 
BURETTE 
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VALVE NO. 5 

CONNECTOR 

VALVE N0. 4 

SOO mL 
SAMPLE CYLINDER 

VALVE NO. 3 

CONNECTOR 

VALVE NO. 2 

VALVE N0. 1 

ROLLFLEX PUMP 

Fsgure B-2. Primary Coolaa.t Sample Manipulation Apparatus (Ref. 4) 
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(a) Before connecting the sample cylinder, close valve #1 and introduce 

water through the sample cylinder connection upstream of valve #2. Fill 

the portions of the system downstream of valve #7. 

(b) Establish a starting level in the buret by draining as necessary through 

the pinch clamp (valve #8) . Record the initial buret level. 

(c) Attach the sample cylinder to the apparatus with valve #3 and valve #4 

closed. 

(d) With valves #2, #7 and #9 open and valve #1 closed, allow the sample to 

expand slowly through valve #3 into the measuring buret. Record the 

new buret level. 

(e) Close valve #7 and open valves #1 , #2, #3, #4, #5, and #6. 

(f) Start the Rollflex pump. 

(g) Periodically, stop the pump, close valve #1, and open valve #7 to allow 

expansion of the system gases. Record all changes in level in the 

measuring buret. 

(h) When no changes in buret level are noted, the stripping of gases from 

the sample is complete. 

(i) Aliquots of gas sample can now be taken through the surge volume 

septum cap and transferred to a calibrated sample vial for radio activity 

measurement. 

(j) Break a connection downstream of the surge volume to allow air into 

the system. Aliquots of water sample are taken from the cylinder for 

chemical separation and analysis. 
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8.5 SAMPLING PROCEDURE FOR THE BWR OFFGAS 

(1) Prepare three standard 14.1 mL glass sample vials with rubber caps (septum) . 

Oearly mark sample I.D. 

(2) Record the sample date, reactor power level, offgas monitor readings, stack 

monitor readings, the offgas flow rate, and the offgas monitor flow rate. 

(3) Follow the operation instruction at the sample station to obtain the samples: 

(a) Purge the sample system for 2 min. 

(b) Carefully insert the sample vial to sampling position with the vial holder, 

making sure that the hypodermic needle is inserted in the center of the 

rubber cap to evacuate the sample vial. 

(c) Check the vacuum gauge reading to be sure it is approaching 29.5 in. 

and remains constant for at least 1 min. 

(d) Allow the system to purge again for 30 seconds. 

(e) Fill the sample vial with sample gas and keep the vial at position for 10 s. 

Record the sample time and remove the sample vial. 

(f) Repeat sampling with a new vial starting with Step (a) . 

( 4) Properly timed samples should have been collected exactly every 3 min. 

Transfer the samples to the counting room as soon as the last sample is 

taken. 

(5) Immediately after the samples are brought back to the counting room, place 

the first sample in an upright position on a Nal (T1) detector and count for 

1 min. 
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( 6) Repeat counting for samples 2 and 3 as in Step ( 5) , making sure that each 

sample is counted exactly 3 min apart, or exactly the time between each 

sample is taken. 

(7) On the basis of gross gamma counts, if all three sample counts are within 

±5%, the last sample is selected for further detailed gamma-ray spectromettic 

analysis (see Section 9) . 

(8) If all the sample count rates are within ±10%, the highest activity sample is 

chosen for detailed analysis. If all the sample count rates are not within 

±10%, a new set of samples should be taken for analysis. 

(9) If the sample vial is not properly evacuated, or the sample vial after filling is 

still under partial vacuum, the activity concentration in the final analysis 

should be corrected for the actual sample gas volume (at 760 mm) .  

B.6 REFERENCES 
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Appendix C 

GAMMA-RAY SPECI'ROMETRIC ANALYSIS 

C. l INTRODUcriON 

The measurement of radioactivities by gamma-ray spectrometry using a high resolution 

solid state detector is the most frequently used technique in a nuclear power plant to 

monitor the radioactivity concentration in the reactor coolant as well as in the process 

effiuents. The powerful computer has made the gamma-ray spectromettic analysis easier 

and faster, but some fundamentals which cannot be done by a machine should be 

carefully exercised. In this section some applications of gamma-ray spectromettic analysis 

in a nuclear power plant will be presented. More fundamental aspects of gamma-ray 

spectrometry can be found in the literature (1,2) . 

C.2 DETEcrOR CALIBRATION 

C.2.1 Standard Sources 

( 1 )  Certified Radioactivity Source - A NIST (National Institute of Standard and 

Technology) , formerly National Bureau of Standards (NBS) standard source, 

or a calibrated radioactive source, with stated accuracy, whose calibration is 

certified by the source supplier as traceable to NIST, should be used in 

energy and efficiency calibrations. 

The standard sources to be used in energy and efficiency calibrations should 

contain gamma-ray energies ranging from -60 to -2000 keV. A standard 

source may be a single nuclide with a single gamma-ray (e.g., Cs-137, Co-57) 

or multiple gamma rays (e.g., Co-60, Ba-133, Eu-152) , or a mixture of many 

nuclides covering a good range of gamma-ray energies (e.g., NIST Standard 

SRM 4215-B) . It is also important to note that the half-lives of the standards 

selected for routine calibration should be -5 years or longer to minimize the 

error in decay correction. A list of commonly used standards is given in 

Appendix A, Nuclear Data. 
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(2) Radioactivity Check So1D'Ce - a radioactive source, not necessarily calibrated 

but preferred to contain long-lived isotopes with both low and high-energy 

gamma rays (e.g., Eu-152) , which should be used to confirm the continuing 

satisfactory operation of the counting instrument. 

(3) Radioactivity Source Strength - a radioactive source selected as either a 

check source, or a calibration standard, should contain radioactivity high 

enough to produce a statistically reliable count rate in the full-energy 

gamma-ray peak of interest. However, it should be cautioned that when a 

source is counted at any distance from the detector, or in any geometry, the 

count rates should be low enough to reduce the effect of random summing 

of gamma rays to a level where it may be neglected. A better criterion may be 

the indication of counting system dead time when the source is placed at the 

counting position. Any source with �5% dead time should not be used in 

calibration at that position. 

(4) Physical Form of Standard Source - the radioactive source can be in any 

physical form or size. However, the result of the calibration is applied to the 

same physical form and size of the standard used only (more discussion on 

source geometry in Section C.4.3). 

C.2.2 Calibration Procedure 

( 1 )  Energy Calibration - Determine the energy calibration (channel number 

versus gamma-ray energy) of the detector system at a fixed gain by 

determining the full energy peak channel numbers from gamma rays emitted 

from one or more known energy standard sources. A linear correlation is 

normally obtained. 

( 2) Efficiency Calibration -

(a) Accumulate an energy spectrum using calibrated radioactivity standards 
at a desired and reproducible source-to-detector distance. At least 

20,000 net counts should be accumulated in each full-energy gamma-ray 

peak of interest using Certified Radioactivity Standard Sources. 
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(b) Obtain the net count rate (total count rate of region of interest minus 

the Compton continuum count rate and, if applicable, the ambient 

background count rate within the same region) in the full energy 

gamma-ray peak, or peaks. 

(c) Correct the peak net count rate for random summing, decay during 

counting and coincidence summing (see Section C.4) if applicable. 

(d) Correct the standard source emission rate for decay to the count time. 

(e) Calculate the full-energy peak efficiency Ey as follows: 

where 

c E = -
y 

y N y 

Ey = full energy peak efficiency (counts per gamma ray 

emitted) 

Cy = net gamma ray count in the full energy peak (c/s) 

Ny = gamma ray emission rate (gamma rays per second) 

H the standard source is calibrated as to activity, the gamma ray 

emission rate is given by 

where 

Ny =APy 

A = number of nuclear decays per second 

Py = probability or intensity per decay for the gamma 

ray 

(f) Mter obtaining the full energy peak efficiency for at least 10 gamma 

rays, spreading from -60 to -2000 keV, plot the values for full energy 
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peak efficiency versus gamma ray energy, or fit to an appropriate 

mathematical function. 

(g) The expression or curve showing the variation of efficiency with energy 

must be determined for a particular detector with a particular source 

geometry, and must be checked for changes with time. The form of the 

calibration cuiVe or function will be better defined by using more 

gamma ray standards, particularly in the -60-300 keV region. 

C.3 MEASUREMENT OF GAMMA RAY EMISSION RATE OF THE SAMPLE 

( 1 )  Place the sample to be measured at the source-to-detector distance for 

efficiency calibration. 

(2) Accumulate the gamma-ray spectrum, recording the count duration. 

(3) Determine the energy of the gamma rays present by use of the energy 

calibration cuiVe. 

(4) Obtain the net count rate in each full-energy gamma ray peak of interest as 

described in Efficiency Calibration. 

(5) Determine the full-energy peak efficiency for each energy of interest from 

the curve or function obtained in Efficiency Calibration. 

(6) Apply any sample geometric correction factors, if the sample is not in the 

same geometry as the calibrating standard. 

(7) Calculate the number of gamma rays emitted per unit time for each full 
energy peak as follows: 
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When calculating a nuclear disintegration rate from a gamma ray emission 

rate determined for a specific radionuclide, a knowledge of the gamma ray 

intensity per decay is required. That is, 

C.4 CORRECTIONS OF COUNTING DATA 

C.4.1 Decay Corrections 

( 1 )  Simple Decay Correction 

The measured activities are corrected for the decay between the times of 

sampling and counting by using 

where A = measured activity 

Ao = activity at t=O 

t = time between counting and t=O 

i.. = decay constant 

Generally, the midpoint of the sampling and counting is used for decay 

correction if the sampling or counting duration is less than l/3 of the decay 

half-life. When the sampling or counting duration is longer than l/3 of the 

decay half-life, correction for the decay during counting or sampling should 

be applied (see below) , and the end of sampling and the beginning of 

counting are used in decay correction. 
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(2) Correction for Decay During Counting and Sampling 

If the value of a net count rate is determined by a measurement that spans a 

significant fraction of a half-life, and the value is assigned to the beginning of 

the counting period, a multiplicative correction factor, F, must be applied. 

F = 
A.t 

1 ->..t - e  

A.t 
Ac = AF = A 

-1--_-=->..-t - e  

where F = correction factor 

A = activity or 'average' counting rate during the counting period 

Ac = activity at beginning of count (T=O) 

T = duration of counting 

A. = decay constant 

The same correction factor is also used m correction for decay during 

sampling. In this case 

A.T 
AT = Am = 

-1--_.,...>..T� - e 

where AT = total activity collected in the sample 

Am= activity measured at end of sampling 

T = duration of sampling 

A. = decay constant 
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C.4.2 Coincident Photon Summing Correction 

When another gamma ray or x-ray is emitted in cascade with the gamma ray being 

measured, in many cases a multiplicative coincidence summing correction C must be 

applied to the net full-energy-peak count rate if the sample-to-detector distance is 10 em 

or less. Coincident summing correction factors for the primary gamma rays of Co-60 and 

Y-88 are approximately 1 .09, 1 .04, and 1 .01 for a 65 emS detector at 1 em, 4 em, and 

10  em sample-to-detector distances, respectively. The data for cascade-summing 

corrections for some major nuclides can be found in the literature(!) . 

Similarly, when a weak gamma ray occurs in a decay scheme as an alternate decay mode 

to two strong cascade gamma rays with energies that total to that of the weak gamma ray, 

a negative correction would be applied to the weak gamma ray. However, the correction 

factors may be negligible for most of the radionuclides observed in nuclear power plants. 

C.4.S Sample Geometry Calibration 

The gamma-ray full energy peak efficiency is sensitive to the following counting geometry 

factors: ( 1 )  source-to-detector distance; (2) physical form of the source (gas, liquid, 

solid) ;  and (3) size and shape of the source or source container (point source, filter 

papers of various sizes, charcoal cartridge, liquid bottles of various sizes, gas vials of 

various sizes, Marinelli beakers of various sizes) .  For most accurate results, the source to 

be measured must duplicate, as closely as possible, the calibration standards in all aspects. 

H this is not practical, appropriate corrections must be determined and applied. The 

methods of determining geometric correction factors and the preparation of standard 

source for various geometric calibration are described in Appendix D. 

C.5 RESOLUTION OF A COMPOSITE DECAY CURVE 

For a mixture of several independent activities, the result of plotting log A versus t is 
always a curve concave upward (convex toward the original) .  This curvature results 

because the shorter-lived components become relatively less significant as time passes. In 

fact, after sufficient time, the longest-lived activity will entirely predominate, and its half­

life may be read from this late portion of the decay curve. Now, if this last portion, which 
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is a straight line, is extrapolated back to t=O and the extrapolated line subtracted from 

the original cutve, the residual cutve represents the decay of all components except the · 

longest-lived. This cutve may be treated again in the same way, and in principle any 

complex decay cUIVe may be analyzed into its components. In actual practice, 

experimental uncertainties in the obsetved data may be expected to make it difficult to 

handle systems of more than three components, and even two-component cUJVes may not 

be satisfactorily resolved if the two half-lives differ by less than about a factor of two. 

An example of reactor water sample containing N-13, F-18 and Cu-64 is given in 

Section C.9. 

C.6 ACTMTY DECAY-GROwrH CALCULATIONS 

The parent-daughter decay-growth relationship, described in the following equations, is 

used in correction for activities which may grow into the sample from the decay of its 

parent nuclide: 

or 

where Ao 
parent activity at time, 0, 1 = 

Al = parent activity at time, t, 

Ao 2 = daughter activity at time, 0, 

A2 = daughter activity at time, t. 
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If the sample is purified for the parent activity free from the daughter activity, then 

Af = 0 at separation time. If the sample contains both daughter activities at sampling 

time, the activity A2 is calculated by the following equation: 

The frequently observed activities reqwnng decay-growth calculations include 

Mo-99(Tc-99) ,  Zr-95 (Nb-95) , and Cs-139(Ba-139) . 

C.7 IODINE ACTMTY MEASUREMENTS* 

( 1 )  Place the sample on a shelf position at which the system dead time should be 

less than 5%. In order to obtain the best result, a sample should be counted 

several times similar to the following schedule: 

TDDe After Sampling 
(bn) 
0.5 
1 .0 
2.0 

5 - 10.0 
10 - 24.0 

Count TDDe** 
(min) 

10 
10 
20 
20 

20-60 

It is important to count the sample as soon as the sample is prepared to 

measure the shorter-lived isotopes, 1-134 and 1-132, and to count the sample 

after most of the shorter-lived isotopes have decayed so that the lower 

intensity longer-lived isotope, 1-131 can be measured accurately. 

*lbe procedure for sample preparation is given in Appendix B. 
**lbe count time may vary depending on the level of activity in the sample. 
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(2) The following gamma ray energies and intensities for five major iodine 

nuclides should be used in gamma ray spectrometric analysis: 

Isotope T112 

1-131 8.04 d 
1-132 2.28 h 
1-133 20.8 h 
1-134 52.6 m 
1-135 6.57 h 

Gamma Ray I 
keV (%) 

364.5 (81 .2) 
667.7 (98.7) 
529.9 (86.3) 
847.0 (95.4) 

1260.4 (28.9) 

Gamma Ray 2  
keV (%) 

772.6 (76.2) 

884.1 (65.3) 
1 131 .5 (22.5) 

More complete decay characteristics of iodine isotopes and other nuclides 

are given in Appendix A. 

C.8 OFFGAS SAMPLE ANALYSIS* 

( 1)  Place the sample vial on a shelf position where the counting geometric 

factor, or the vial sample calibration, is available. The system dead time 

should not be higher than 5%. 

(2) In order to obtain the best result, a sample should be counted several times 

similar to the following schedule. 

T"IDle After Sampling 

<10 min 
20 min 
1-2 hrs 
2-5 hrs 

10-24 hrs 

Count Tone** 
(min) 

5 
5 

10-20 
10-20 
2().6() 

* The sampling procedure is described in Appendix B. 
** The count time may vary depending on the level of activity in the sample. 
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It is important to count the sample as soon as the sample is taken to measure 

the shorter-lived isotopes (Xe-138 and others), and to count the sample after 

most of the shorter-lived isotopes have decayed so that the lower intensity 

longer-lived isotope, Xe-133, can be measured accurately. 

(3) The following gamma-ray energies and intensities for mcyor nuclides in the 

offgas sample should be used in gamma ray spectrometric analysis: 

Isotope Tt/Z 
*Kr-85m 4.48 h 
*Kr-87 1 .37 h 
*Kr-88 2.84 h 

Kr-89 3.15 h 
*Xe-133 5.24 d 
Xe-133m 2. 19 d 

*Xe-135 9.10 h 
Xe-135m 15.30 m 
Xe-137 3.82 m 

*Xe-138 14.10 m 
N-13 9.97 m 

Gamma Ray I 
keV (%) 

151.2( 75.1 )  
402.6( 49.6) 
196.3( 26.0) 
220.9( 20.0) 
81.0( 38.3) 

233.2( 10.3) 
249.8( 90.2) 
526.7( 80.5) 
455.5( 31 .0) 
258.3( 31 .5) 
511 .0(199.6) 

Gamma Ray 2  
keV (%) 

304.9(13.7) 

834.8(13.0) 
585.8(16.6) 

434.5(20.3) 

Gamma Ray S  
keV (%) 

1530(10.9) 

1768.3( 16.7) 

More complete decay characteristics of noble gases and other nuclides are given in 

Appendix A. 

*Nuclides used in fuel performance evaluations. 
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C.9 SPECTROMETRIC ANALYSIS OF THE NUCLIDES EMITriNG 51 1 keV 
PHOTONS 

The following nuclides have been identified to decay by emitting 51 1 keV photons 

(annihilation radiation) in a reactor coolant sample: 

Nuclide Half-life 

N-13 9.97 m 
F-18 109.8 m 
Na-24 15.0 m 
Co-58 70.8 d 
Cu-64 12.7 h 
Zn-65 243.8 d 

Photon 
Intensity 

200% 
193.5% 

-2% 
30.0% 
35.7% 
2.8% 

Associated Major 
Gamma-rays (keV) 

and Intensity 

1368.5 ( 100%) 
810.8 (99.4%) 

1345.9 (0.5%) 
1 1 15.5 (50.7%) 

Among these nuclides, Zn-65, Co-58 and Na-24 are normally determined by their major 

gamma-rays at 1 1 15  keV, 810 keV and 1368 keV, respectively. Their contribution to the 

511  keV peak is generally small and can be easily estimated. 

The easiest way to accurately measure the other three nuclides is to perform a simple 

cation-anion separation by using ion-exchange membranes (see Appendix B, Sampling 

Practices and Sample Preparation) .  F-18 is in the anion fraction, Cu-64 is on the cation 

fraction, and N-13 can be in either the cation or anion fraction (see Section 5.4) . Both 

cation and anion fractions are counted separately for several times to follow the decay of 

activities. The sample should be counted as soon as possible so that the 10 min N-13 can 

be measured. The decay cwves obtained from the 511  keV photopeak in each fraction 

can be easily constructed and graphically resolved into two components: 10 min N-13 

and 1 10 min F-18 in the anion fraction, and 10 min N-13 and 12.7 hr Cu-64 in the cation 

fraction. Any tailing from the contribution from Zn-65, Co-58 and/ or Na-24 in the cation 

fraction should be subtracted before analysis. 

It should be pointed out that although there is a low intensity Cu-64 gamma ray at 1 346 

keV, it cannot be accurately measured in a gamma spectrum containing a mixture of 

numerous nuclides. 
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C.IO GOOD PRACI1CES IN GAMMA RAY SPEc:rROMETRIC ANALYSIS 

By using a high resolution solid-state detector with associated electronics and computer 

system, a complex spectrum may be analyzed. However, in many cases some nuclides 

could be misidentified if the sample contains two or more nuclides which emit photons 

of identical or similar energies. In other cases, the activity levels of some nuclides may be 

too low to be detected in a spectrum which is dominated by other high level activities. 

For the best results of analysis, the counting schedules for the offgas and iodine (anion 

fraction) have been recommended in Sections C. 7 and C.8. Similar counting schedules 

may be developed for the insoluble and cation fractions. 

A well-trained radiochemist should be able to exercise the following practices to obtain 

the best analysis of the sample (more nuclides are measured accurately) : 

( 1 )  Make sure the updated nuclear data (Appendix A) are used in gamma-ray 

spectrometric analysis. 

(2) Always count the sample at an appropriate distance from the detector so that 

good counting statistics are obtained at the lowest counting dead time. 

Always apply the geometric correction factors, if needed. 

(3) Always examine the spectrum to see for any energy shift and/or poor gamma 

peak resolution, which may lead to misidentification of nuclides. 

( 4) Search for the expected gamma rays which may be missing due to energy 

shift or interference from high intensity gamma rays, particularly in high­

energy regions. 

(5) For a nuclide with more than one major gamma ray, compare the activities 

calculated from two or three different gamma rays. 

(6) Determine what can be done in order to obtain the best analysis of the 

sample (more nuclides are measured accurately) . 
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(7) The decay of activities in the sample should be followed by counting the 

sample several times over a period of a few hours or approximately a week, 

depending on the half-lives of the activities, so that (a) activities of the 

nuclides with identical gamma energy, but different half-lives, can be 

calculated by resolving a composite decay curve (Section C.5) , and (b) the 

longer-lived and low intensity activities can be measured after most of the 

shorter-lived nuclides have decayed away. 

(8) Chemical separation in sample preparation (Appendix B) should always be 

considered, if necessary, as an ultimate method for measuring the low-level 

activities. 

C.l l  DATA PROCESSING FOR FISSION PRODUCT RELEASE CHARACTERISTICS 

( 1 )  Calculate the measured individual nuclide concentrations at the sampling 

time. Use the concentration units recommended in Section 2.2. 

(2) Correct the concentration values for counting geometry and (see 

Appendix D) and sample line delay, if necessary. 

( 3) Calculate the activity release rate by: 

(a) multiplying the off-gas flow rate for the off-gas sample, or 

(b) Using Equation 3-21 for the iodine activities in the BWR coolant, or 

Equation 3-34 for the iodine activities in the PWR coolant. 

(4) Convert the activity release rate values in pCi/s to fission/s and characterize 

the fission product release patterns according to the procedures described in 

Section 3. 

(5) For a step by step instruction, the reader is referred to a procedure described 

by H.R. Helmholz(4) . 
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Appendix D  

COUNTING GEOMETRIC CORRECTIONS IN GAMMA-RADIATION 
MEASUREMENTS 

D.l INTRODUCTION 

The gamma-ray full energy peak efficiency is sensitive to the following counting geomet::ry 

factors: ( 1 )  source-to-detector distance; (2) physical form of the source (gas, liquid, 

solid) ; and (3) size and shape of the source or source container (point source, filter 

papers of various sizes, charcoal cartridge, liquid bottles of various sizes, gas vials of 

various sizes, Marinelli beakers of various sizes) . For most accurate results, the source to 

be measured must duplicate, as closely as possible, the calibration standards in all aspects. 

H this is not practical, appropriate corrections must be determined and applied. The 

preparation of standard sources for various geometric calibration, and the methods of 

determining geometric correction factors are described in this procedure. 

D.2 STANDARD SOURCES 

( 1 )  NIST or certified point source containing appropriate standard 

radioactivities. 

(2) NIST or certified liquid source containing appropriate standard 

radioactivities. 

(3) Some standard sources in various forms may be commercially available from 

the NIST, Analytics, Inc., and other vendors. 

D.3 CALIBRATION FOR UQUID SAMPLES 

( 1 )  Use a calibrated micropipette for transferring the standard solution. 

(2) Carefully weigh a dry and clean micropipette in an analytical balance to the 

nearest 0.1 mg. 
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(3) Evenly distribute the solution on the encircled area of the paper. Care must 

be exercised to deliver the solution in very small droplets. 

( 4) Mter the paper is air dried, cover the entire filter paper with plastic wrap. 

(5) The disc source should be checked for its activity content and the uniformity 

of activity distribution on the surface area by the following two methods: 

(a) The activity content in the disc source is calibrated by counting the 

source at a position 30 em away from detector where the effect of size 

variation is negligible. The measured activity is compared with a 

certified standard point source counted at the same position. 

(b) The uniformity of activity distribution is checked by counting the disc 
source at I em from the detector. The disc source is firSt counted at the 

posi�on slightly away from the center of the detector. Repeat counting 

the disc source at the same center position with the disc turned around 

30° and I80°. The measured activity should be consistent within ±5%. 

(6) By using the disc standard source, a series of calibration curves can be 

obtained at various distances from the detector. 

D.4.2 Calibration by a Point Source 

Alternatively, a standard point source is counted at the same positions, and the 

correction factors for a disc source (relative to a point source) can be calculated. The 

method (similar to that reported in Ref. I )  to determine the correction factor is 

described below: 

( 1 )  Using a single gamma-ray point source (e.g., Cs-I37) counts from the source 

placed on a calibrated shelf are obtained at 0.2 em intervals, starting from the 

center of the detector and proceeding to the front and back. 
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(2) The data points (count rate at a distance, R. from the center) are fitted to a 

polynominal function: 

f(R) = 1 .0 + aR + bR2 + cR3 + dR4 + eR5 + . . . .  

(3) The count rate of a disc source relative to the count rate of a point source 

with the same amount of activity can be estimated by 

21t R J J f (R)RdRd9 

F(R) = 0 �1t R J J RdRd9 0 0 

2 2 2 2 3 2  4 
1 + - aR + - + bR + -cR + - dR  . . . .  

3 4 5 6 

D.5 CALIBRATION FOR GAS SAMPLES 

A 14. 1  mL glass vial is a standard sample container for the offgas samples. A larger size 

glass vial (e.g., 100 mL, or a Marinelli container) may also be used to obtain the offgas 

and stack gas samples, if needed. 

The calibration method is based on a publication given in Reference 2, in which 
Vermiculite is used as a "weightless" supporting material for radioactivities. 

( 1 )  An aliquot of known standard solution is diluted to an appropriate volume 

( -3 mL for a 14 mL vial and the volume may be proportionally increased for 

a larger volume container) with water in a beaker. 

(2) Pour the diluted standard solution over a pre-measured amount (to fill the 

sample container exactly) of Vermiculite in another beaker. The empty 

beaker is rinsed twice with -1 mL water and each time the rinse water is 

added to Vermiculite. 

(3) The wet Vermiculite is dried in air, mixed gently, and transferred to the 

sample container. Effort should be made to have the Vermiculite containing 

activity homogeneously mixed and tightly packed in the container. 
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( 4) Wash the beaker and measure the activity that is not transferred with 

Vermiculite. 

(5) Measure the activity at various positions from the detector, and a series of 

calibration curves can be obtained directly. 

(6) Alternatively, a standard point source can be counted at the same positions, 

and a series of correction factors (relative to a point source) can be 

calculated. 

D.6 CALIBRATION FOR CHARCOAL (ORAg-ZEOUTE) CARTRIDGES 

The calibration procedure is similar to that described in Section 0.5, except Vermiculite 

is replaced with charcoal or Ag-Zeolite granular material. The calibration data obtained 

are applicable only for the activities homogeneously distributed in the cartridge. For an 

actual sample, the activity is generally not homogeneously distributed in the cartridge, 

and it is impractical to open the cartridge and manually mix the granular materials each 

time the sample is counted. 

Alternatively, the cartridge sample is counted twice, with one side facing up and down, 

and an average count rate is obtained for activity calculation. 

If a sample is counted at a close distance, S3 em, an average count rate may differ 

significantly from a sample with homogeneous activity distribution. An appropriate 

correction may be empirically obtained by the following method: 

( 1 )  Obtain a number of actual samples with various sample flow rates and 

sampling duration. It is expected that the penetration of airborne activity in 

a cartridge may be different at different flow rates and sampling duration. 

(2) Count the sample cartridge twice, with face up and down, and obtain an 

average count rate. 
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(3) Open the cartridge, thoroughly mix the solid adsorbent, and re-pack the 

materials into the cartridge. 

( 4) Count the sample again at the same position, and compare the count rate 

with the previously obtained average count rate. A necessary correction 

factor can be calculated. 

D.7 REFERENCES 

1 .  R. G. Helmer, Int.]. Appl. Rad. Isot., ,M:, 1 105 (1983) . 

2. C. C. Lin, Int. J. Appl. Rad. Iso., �, 657 (1981 ) .  
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Appendii E 

SELECI'ED RADIOCHEMICAL PROCEDURES 

E.l Determination of Radioactive Iodine in Water 

E.2 Determination of Strontium-89/90 

E.3 Determination of Iron-55 

E.4 Determination of Nickel-63 
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E. I DETERMINATION OF RADIOACTIVE IODINE IN WATER 

E.l . l  Principle 

Iodine is separated from the other radioactive species by extraction into carbon 

tetrachloride. Before this extraction is made, a complete interchange must be affected 

between the added iodine carrier and the tracer iodine present in the sample. The 

carrier iodide (1-) is oxidized to periodate (I04-) in alkaline solution by NaOCI . The 

104- is reduced to I2 by hydroxylamine hydrochloride (NH20H•HCI )  and extracted into 

CCI4. The I2 is back-extracted by reduction to I- with NaHS03. Iodide is then 

precipitated as silver iodide for chemical yield measurement and radioactivity counting. 

E. l .2 Reagents 

CCI4 (Note I )  

Ethyl alcohol, 95% 

HN03, concentrated 

Iodine carrier, 10.0 mg I-/mL (Note 2) 

NaOH, 5M 

Na0Cl , 5% 

HN20H HCI , I M 

NaHS03, 0.5 M 

AgN03, O.I M 

E.1 .3 Procedure 

a. In a 250 mL separatory funnel containing IOO mL water sample (Note 3), 

add 2 mL of r- carrier solution, 2 mL of NaOH, and 4 mL of NaOCI .  Shake 

funnel for 2 minutes. 

b. Add 50 mL of CCI4, 4 mL of IM NH20H HCI and 3 mL of cone. HN03. 

c. Shake the funnel for 2 minutes, and allow phases to separate. 
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Notes: 

d. Transfer CCI4 to a 125 mL separatory funnel. Add 20 mL water containing a 

1 mL cone. HNOs and shake for 2 minutes. Allow phases to separate. 

e. Transfer CCI4 to a clean 125 mL separatory funnel containing 20 mL H20. 

Add, dropwise, 0.5 M NaHSOs. Shake until the purple color in CCI4 

disappears. Allow phases to separate (Note 4) . 

f. Transfer the aqueous phase to a 40 mL centrifuge cone. Add 0.5 mL cone. 

HNOs and 2 mL ofO.l M AgNOs. 

g. Stir and heat the solution in a hot water bath for -5 minutes. 

h. Filter the Agl precipitate onto a tared No. 542 Whatman paper. Wash with 

water and alcohol. 

i. Dry the sample in an oven at l l5°C for 15 minutes. 

j. Cool, weigh and mount for activity measurement. 

k. Follow the procedure described in Appendix C. I for gamma spectrometric 

analysis of iodine activities. 

( 1 )  1 , 1 ,1-trichloroethane or cyclohexane can be used in place of CCI4. 

(2) Iodide carrier should be prepared monthly in slightly basic solution to 

prevent air oxidation. 

(3) The sample size may vary, depending on the activity concentration in 

the sample. H 20 mL or less sample is used, the sample is diluted with 

appropriate volume of water. 

( 4) H further purification is desired, discard the organic phase. Add 20 mL 

of CCI4, 1 mL of cone. HNOs, and 2 mL of 1M NaN02. Repeat the 

procedure starting at Step C. 
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E.l .4 References 

( 1 )  "Standard Test Methods for Radioactive Iodine in Water", 02334, ASTM Standards, 
Part 31 .  

(2) L.E. Clendenin and RP. Metcalf, "Radiochemical Studies of the Fission Products", 
Book 3, p. 1625, National Nuclear Energy Series. 
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E.2 DETERMINATION OF STRONTIUM-89/90 

E.2.1 Principle of Analysis 

Chemical separation of strontium from other fission and corrosion products involves 

precipitations of SrCOg and Sr(N0g)2. The gross activities of purified Sr-89 and Sr-90 

are first measured. Yttrium-90 is then allowed to grow into the strontium sample, and at a 

later time, the Y-90 activity is separated and measured. The Sr-90 activity is calculated 

from the Y-90 activity, and the Sr-89 activity is calculated from the difference between the 

total Sr-89 and Sr-90 activities measured and the calculated Sr-90 activity. A general 

scheme of analysis is shown below: 

(1 ) Chemical separation for Sr-89 and Sr-90. Record time of separation, t1 . 

(2) Mount SrCOg and count immediately. 

(3) Hold SrCOg for at least 10 days forY-90 growth. 

( 4) Milk Y-90 from SrCOg and record time of separation, t2. 

(5) Mount Y20g and count Y-90 activity at tg. 

(6) RecountY20s for a 64.1 hr half-life decay to check purity of separation. 

(7) Calculate Sr-90 activity from Y-90 activity. 

(8) Calculate Sr-89 activity from total and Sr-90 activities. 

The following three procedures are described: 

( 1 )  Strontium separation 

(2) Yttrium separation 

(3) Preparation of counting efficiency cwves for Sr-89, Sr-90 and Y-90. 
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E.2.2 Strotium Separation 

( 1 )  

(2) 

Reagents 

Sr carrier (10.0 mg/mL) 

Cs scavenger carrier (10 mg/mL) 

Co scavenger carrier (10 mg/mL) 

Mn scavenger carrier (10 mg/mL) 

Fe scavenger carrier (10 mg/mL) 

Ba scavenger carrier (10 mg/mL) 

La scavenger carrier (10 mg/mL) 

Cone. HN03 

Cone. NH40H 

3N or 6N HC1 

Sat. Na2C03 

Fuming HN03 

K2Cr207, 10% solution 

Ice bath 

Procedure 

a. Obtain the water sample directly or the leaching solution from cation 

membranes. 

b. Add 2.0 mL Sr carrier, and 4 drops each of Co, Cs, Mn, and Ba scaven­

ger carrier to 100 mL sample in a 250 mL beaker. (Note: If the sample 

volume is less than 25 mL, use a 40 mL cone and omit the next step.) 

c. Add 5 mL of cone. HN03 and boil down to -10 mL. Transfer solution 

to a 40 mL cone with H20. 

d. Add 2 mL 10% K2Cr207 and cone. NH40H until solution is basic. 

Check with pH paper. 
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e. Centrifuge and discard ppt. 

f. Add sat. Na2COg to solution to ppt. SrCOg. 

g. Centrifuge and discard supernate. 

h. Wash SrCOg with 20 mL H20 and centrifuge and discard supernate. 

1. Add 20 mL of fuming HNOg and place in ice bath for 10 minutes. 

j. Centrifuge and discard fuming HNOg. 

k. Add 20 mL H20 to dissolve Sr(N0g)2 and add 6 drops of Fe scavenger 

carrier. 

I. Add cone. NH40H to ppt. Fe(OH)g. 

m. Centrifuge and discard ppL 

n. Add sat. Na2COg to the supernate to ppt. SrCOg. 

o. Repeat steps (g.) through (m.) and go to step (p.) .  

p. Filter supernate through Whatman 41 . Record time of separation. 

q. Add sat. Na2COg to filtrate to form SrCOg. 

r. Filter through Whatman 542 (tare) and wash with 10 mL of H20 and 

final rinse with 5 mL of acetone. 

s. Dry in oven 1 10°C for 15 minutes. Cool in desiccator for 10 minutes 

and weigh. Cover sample with 1/4 mil Mylar. 

t. Count the � activity in the sample immediately. 
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E.2.3 Separation of Yttrium-90 

(1 )  

(2) 

Reagents 

Y carrier (10.0 mg/mL) 

HN03 - concentrated 

HC1 - concentrated and 6N 

HF - concentrated 

NH40H - concentrated 

AgN03 - 0.1M 

(NH4)2C204 - saturated 

Methyl Alcohol 

H3B03 - saturated 

Procedure 

a. Allow the purified strontium sample to decay for � 10 days. 

b. Pipet 2 mL Y carrier, 3 mL cone. HN03, and 10 mL H20 into a 40 mL 

cone. 

c. With a scalpel, cut through the Mylar and around the Whatman 542 

filter paper containing the purified strotium sample. Place Mylar, 

sample, and filter paper into the cone that contains the carrier and mix 
well. 

d. Add 10 drops of 0.1M AgNOg and 1 mL cone. HC1 and heat to boiling. 

e. Centrifuge and discard filter paper, Mylar, and ppt. 

f. Add 3 mL cone. HF to the solution and mix. Centrifuge and discard 

supernate. 

g. Wash YF3 ppt. with 10 mL H20. Centrifuge and discard washing. 

(Note: Record separation time.) 
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h. Add 2 mL sat. H3B03 and mix well. Add 2 mL cone. HN03 and 10 mL 

H20. Place in hot bath for 10 minutes. [Note: If solution appears 

turbid, centrifuge and discard sediment (AgC1) .] 

i. Add 5 mL cone. NH40H and mix well. Centrifuge and discard 

supernate. 

j. Wash Y(OH)s with 10 mL H20. Centrifuge and discard washing. 

k. Dissolve Y(OH)s with 5mL 6N HC1 and 15 mL H20 and place in hot 

bath for 5 minutes. 

I. Add 20 mL (NH4)2C204 mix and place in hot bath for 5 minutes. 

[Note: If a white ppt. does not form after addition of (NH4)2C204, add 

a few drops of cone. NH40H and mix.] 

m. Chill in ice bath for 5 minutes. Filter onto a Whatman 542 and place in 

a porcelain crucible and ignite at 1 000°C for 60 minutes. 

n. Cool to room temperature and grind the ppt. (Y20s) to a fine powder 

with a stirring rod. 

o. With the aid of methyl alcohol, transfer the Y 20s powder to a tared 

filter paper #542 Whatman. 

p. Oven dry at l l0°C for 20 minutes. Cool in a desiccator for 10 minutes 

and weigh. 

q. Cover sample with 1/4 mil Mylar and count. 

r. Recount the sample in 1 to 2 weeks and check for a 64.1 hr half-life 

decay, checking purity of separation. 
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E.2.4 Preparation of Counting Efficiency (Self-Absorption) Curves 

( 1 )  Self-absorption Curve for Sr-89 

a. Pipet 25.0 mL of Sr carrier and appropriate amount of Sr-89 standard 

into a 125 mL erlenmeyer flask that contains a magnetic stirring rod. 

b. Place erlenmeyer flask on a magnetic stirring plate and stir solution 

gently. 

c. Add cone. NH40H until solution is just basic. 

d. Add sat. Na2C03 to ppt. SrC03. 

e. Pipet desired volumes of slurry into the tower of a Millipore glass filter 

holder that contains 10 mL H20. (A minimum of 10 samples with 

varying amounts of slurry should be prepared.) 

f. Wash ppt. with 5 mL of H20 and rinse with 5 mL acetone. Oven dry at 

1 10°C for 15 minutes. Cool in a desiccator for 10  minutes and weigh. 

g. Cover samples with 1/4 mil Mylar and count. 

h. Calculate the counting efficiency for each sample. 

i. Plot counting efficiency vs. sample weight. (see Figure E-1 ) 

(2) Self-absorption Curve for Sr-90 

a. Pipet 25.0 mL Sr carrier and appropriate amount of Sr-90 standard into 

a 40 mL centrifuge cone. Mix. 

b. Add 1 mL Y carrier and mix. 
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c. Add cone. NH40H dropwise to ppt. Y(OH)s. 

d. Centrifuge and then add 1 drop of cone. NH40H to supernate to 

ascertain completion ofY(OH)s. 

e. Decant the supernate to a clean cone and adjust the pH to less than 7 

with cone. HNOs. 

f. Repeat steps (b.) through (e.) ,  then go to step (g.) .  

g. Filter the supernate through Whatman 41 into a clean cone. 

h. Add sat. Na2COs to ppt. SrCOs. Centrifuge and discard the supernate. 

i. Wash ppt. with 20 mL H20 and centrifuge, discarding the washing. 

(Note: Record time for separation time for Sr-90.) 

J· Dissolve the SrCOs in a minimum amount of 4N HNOs and transfer the 

solution into a 125 mL erlenmeyer flask. 

k. Add H20 to make a total volume of 100 mL and place a magnetic 

stirring rod into the flask. 

I. Place the flask on a magnetic stirring plate and stir solution gently. 

m. Add cone. NH40H until solution is just basic. 

n. Add sat. Na2COs to ppt. SrCOs. 

o. Using a transfer pipette and a syringe, pipet desired volume of slurry 

into the tower of a Millipore that contains about 10 mL of H20. (A 

minimum of 10 samples with varying amounts of slurry should be 

prepared.) 
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p. Wash ppt. with 5 mL of H20 and rinse with 5 mL acetone. Oven dry at 

1 10°C for 15 minutes. Cool in a desiccator for 10 minutes and weigh. 

q. Cover samples with 1/4 mil Mylar and count. 

r. Calculate the counting efficiency for each sample. 

s. Plot counting efficiency vs. sample weight. (see Figure E-1 ) 

(3) Self-absorption Curve for Y-90 

a. Pipet 25.0 mL of Y carrier and appropriate amount of Sr-90 standard 

into a 40 mL centrifuge cone. (Note: Complete steps b. through h. 

within 30 minutes.) 

b. Add -8 mL cone. NH40H to ppt. Y(OH)g. Centrifuge and discard 

supernate. 

c. Wash Y( OH) g with 25 mL H20 and thoroughly mix with stirring rod. 

Centrifuge and discard supernate. 

d. Add 4 mL cone. HNOg to dissolve Y(OH)g, then add 2 mL of Sr carrier 

and mix well. 

e .  Add 20 mL of fuming HNOg and place in ice bath for 5 minutes to form 

Sr(N0g)2. Centrifuge and discard Sr(N0g)2· 

f. Add 1 mL of Sr carrier to supernate and mix. Place in ice bath for 5 

minutes to form Sr(N0g)2. 

g. Centrifuge and discard Sr(N0g)2. Record time for Y-90 decay. 

h. Add 2 mL of cone. HF to supernate to form YF g. Centrifuge and dis­
card supernate. 

E-12 

Copyright © National Academy of Sciences. All rights reserved.

Radiochemistry in Nuclear Power Reactors
http://www.nap.edu/catalog.php?record_id=9263

http://www.nap.edu/catalog.php?record_id=9263


i. Wash YF s with 20 mL H20. Mix thoroughly with stirring rod. Centri­

fuge and discard washing. 

j. Add 10 mL sat. HsBOs and mix well. Add 5 mL cone. HNOs to dissolve 

YFs. 

k. Add -10 mL cone. NH40H to ppt. Y(OH)s. Centrifuge and discard 

supernate. 

I. Wash Y(OH)s with 10 mL of H20. Centrifuge and discard washing. 

m. Add 2 mL sat. HsBOs and 3 mL cone. HNOs to dissolve Y(OH)s. Mix 

well. 

n. Add 10 mL H20 and heat in hot bath for 10 minutes. 

o. Add 10 mL of sat. ammonium oxalate and reheat in hot bath for 5 min­

utes. 

p. Chill sample in ice bath for 10 minutes. 

q. Filter the solution through a Whatman 41 filter paper and wash ppt. 

with 15 mL H20, with final rinse with 10 mL of acetone. 

r. Place filter paper in a porcelain crucible and heat under a heat lamp for 

5 minutes. Then place in furnace at 1000°C for 60 minutes to fonn 

Y20s. 

s. Cool to room temperature and, with a glass stirring rod, grind the ppt. 

to a fine powder. 

t. Transfer the powder to a 125 mL erlenmeyer flask (that contains a 

magnetic stirring bar) with methyl alcohol. Make up total volume to 

-100 mL with methyl alcohol. 
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u. Gently stir the solution. Pipet desired volumes of slurry to a tare filter 

paper #542 and wash with 5 mL methyl alcohol. (A minimum of 

10 samples with varying amounts of slurry should be prepared.) 

v. Oven dry at 1 1  0°C for 20 minutes, cool in a desiccator for 10 minutes 

and weigh. Cover sample with 1/4 mil Mylar and count. Follow decay 

on one sample for two weeks to check purity of separation. 

w. Calculate the counting efficiency for each sample. 

x. Plot counting efficiency vs. sample weight. (see Figure E-1 ) 

E.2.5 Calculations 

90 90Y dpm 
Sr dpm / mL  at t1 = A. ( t t ) (c.y. f. of Sr) / mL  of sample 

[1 - e- 2 2- 1 ] 

[ (cpm89Sr+90 Sr) (c. y.f. of Sr)J- [90 Sr (d m / mL) (90 Sr eff. )] 
89 mL of sample P 

Sr dpm /mL = 89 

where 

Sr eff. 

t1 = strontium separation time (sample contains 89Sr, 90Sr, but no 90y) 

t2 = 90y separation time 

trt1 = time allotted for 90y ingrowth 

tg = 90y count time 
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c.y.f. 

eff 

100 
= chemical yield factor, 

% yield 

= counting efficiency (see Figure E-1)  

E.2.6 Reference 

( 1 )  H.L. Krieger and S. Gold, "Procedures for Radiochemical Analysis of Nuclear 
Reactor Aqueous Solutions", EPA-RA-73-014, US BPA, May 1973. 
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E.S DETERMINATION OF IRON-55 

E.!. I Principle of ADa1yses 

This procedure is to determine the Fe-55 content in the presence of Fe-59 in water or 

solid samples. Iron isotopes Fe-55 and Fe-59 are separated from fission and corrosion 

products by ion exchange and organic extraction. The organic phase is then transferred 

into a counting vial containing toluene base scintillator cocktail. The sample is counted 

with a liquid scintillation detector. 

E.3.2 Separation and Purification Procedures 

(I )  Reagents 

Fe carrier (IO.O mg/mL) 

Co, Cs, Mn, Cr hold-back carrier (-IO mg/mL) 

HCI - concentrated, IN, 6N, 9N 

NaOH - IN and 3N 

NH40H - concentrated 

Anion resin - AG IxiO 50-IOO mesh in chloride form 

Bis(2-ethylhexyl) Hydrogen Phosphate 

Toluene 

Buffer solution - pH 2.2 

1 .  Dissolve I4.9 gm KCI in IOOO mL H20, label as 0.2M KCI 

2. Dilute I6.5 mL of cone. HCI to IOOO mL of H20 and label as 

0.2N HCI 

3. Mix 500 mL of 0.2M KCI with 78 mL of 0.2N HCI for buffer 

solution 

Analytical Ash-free filter pulp 

Isopropyl ether 

Liquid scintillation cocktail (POPOP solution) 

E-I7 

Copyright © National Academy of Sciences. All rights reserved.

Radiochemistry in Nuclear Power Reactors
http://www.nap.edu/catalog.php?record_id=9263

http://www.nap.edu/catalog.php?record_id=9263


(2) Separation Procedure 

a. Pipet 250A. of Fe carrier, add 4 drops each of Co, Cs, Mn, Cr, hold back 

carrier in a 1-L beaker containing 500 mL water sample. (Note: H the 

sample is a solution from solid, or filter paper dissolution, use 20 mL 
sample solution and add all carrier as specified above. Continue on 

step g.) 

b. Add 10 mL of cone. HC1 to sample and mix well and heat to near 

boiling. 

c. Add cone. NH40H until solution is basic to precipitate Fe (OH)3. 

d. Warm the solution and allow the precipitate to setde. 

e. Cool solution to room temperature, then carefully decant the clear 

solution as much as possible, or until about 30 mL slurry remaining. 

f. Carefully transfer the slurry to a 40 mL centrifuge tube. Rinse the 

beaker with 5 mL H20 and add the rinse to the centrifuge tube. 

Continue on step h. 

g. H a smaller size sample is used, add cone. NH40H to precipitate 

Fe(OH)3. 

h. Centrifuge and discard the supernate. 

i. Wash the precipitate with 20 mL water contammg a few drops of 

NH40H. Centrifuge and discard the supernate. 

j. Add 6N HC1 to dissolve the precipitate. 

k. Quantitatively transfer the dissolved Fe into a 50 mL flask. Use 6N HC1 

to complete the transfer to 50 mL volumetric flask. DO NOT USE ANY 

WATER. 
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1. Pipet 1 mL for Fe analysis by AA for 100% yield. 

m. Mter pipetting 1 mL for Fe analysis, add 1 drop of Co, Cs, Mn , Cr 

carrier directly into flask and mix well. 

n. Transfer the entire solution to a preconditioned anion column which 

has been rinsed with 6N HCl.  

o. Mter loading the column, rinse column with additional 15 mL 6N HC1 .  

p. Upon completion of 6N HC1 rinse, add 25 mL H20. 

q. Continue to allow the effluent to drip into a waste beaker. CAREFULLY 

watch for the yellow effluent and collect only THIS effluent into a 

40 mL centrifuge tube. 

( 3) F e-Purification 

a. Dilute the solution to -10 mL. Add cone. NH40H to precipitate 

Fe(OH)g. 

b. Centrifuge and discard the supernate. 

c. Dissolve the precipitate in 10 mL of 9N HC1 and extract the iron with 

10 mL of isopropyl ether in a 50 mL separatory funnel. 

d. Separate the phase and discard the aqueous phase. 

e. Back extract with -8 mL H20 and transfer the aqueous phase into a 

10 mL volumetric flask. 

f. Add H20 to make up total volume and mix well. 

g. Pipet 1 mL for Fe analysis to determine chemical yield by A.A 
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h. Pipet 5 mL to a centrifuge tube and add 5 mL Buffer solution. 

i. Add IN or 3N NaOH dropwise to adjust to pH 2. Check with pH paper. 

(Note: Adjusting to pH 2 is a critical step. This will insure 100% 

extraction into organic.) 

j. Add 5 mL of 50% bis(2-ethylhexyl)hydrogen-phosphate and SHAKE for 

30 seconds. 

k. Transfer organic layer to a 12 mL conical centrifuge cone with the aid 

of a transfer pipet. 

1. Centrifuge for 2 minutes at medium rpm. 

m. Transfer the organic layer with a pipet to a counting vial that contains 

10 mL liquid scintillation cocktail solution. 

n. Shake for 5 seconds and allow to stand for 12 hours before counting in 

a liquid scintillation counter. 

o. Using the calibrated counting efficiency to calculate the Fe-55 activity 

content (see below) . 

p. Using the same sample, determine the Fe-59 activity content with a 

gamma-ray spectrometer. 

E.3.3 Standard Calibration and Radioactivity Measurement 

( 1 )  Prepare a standard calibration cwve as follows: 

a. Pipet various known amounts (50A. to 5000A.) of Fe carrier to several 

culture tubes. 

b. Pipet 1 OOA. of Fe-55 standard into each tube. 
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c. Pipet 5 mL of pH 2.2 buffer into each tube. 

d. Add 3N or IN NaOH dropwise to adjust to pH 2. Check with pH paper. 

e. Add 5 mL of 50% bis(2-ethylhexyl)hydrogen phosphate and SHAKE for 

30 seconds. 

f. Allow culture tube to stand for 5 minutes in rack for organic layer to 

separate. 

g. Transfer the organic layer (upper) to a 12 mL conical cone (use a 

transfer pipet) and centrifuge for 2 minutes at medium rpm. 

h. Transfer the organic layer to a counting vial containing 10  mL liquid 

scintillation cocktail. 

i. Shake well and store in a dark area for 12 hours before counting in a 

liquid scintillation detector with appropriate energy discrimination 

settings. 

(Note: The energy discrimination settings are determined by using 

pure Fe-55 and Fe-59 isotopes separately in the counting samples. The 

lower energy channel should include most of the Fe-55 counting but 

minimizing the interference from Fe-59 which is counted in the higher 

energy channel.) 

j.  Calculate the Fe-55 counting efficiency from each standard sample and 

prepare a calibration curve of % eff. Fe-55 vs. external standard ratio 

(ESR) . 

(2) For the analytical samples count the sample in the predetermined energy 

channel. Obtain the count rate and the ESR from the calibration curve. The 

counting efficiency for the sample is estimated and the activity content in the 

sample is calculated. 
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E.3.4 Reference 

( 1 )  S.E. Graber, et al,J. Lab. Clin. Med. G9, 170 (1967) . 
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E.4 DETERMINATION OF NICKEL63 

E.4.1 Principle of ADalyses 

Nickel-63 is separated from fission and corrosion products by anion ion-exchange resins 

and organic extractions. Nickel-63 is purified in chloroform as nickel dimethylglyoxime 

and back extracted with dilute HCI and then complexed with ammonium thiocyanate 

and precipitated with pyridine. Nickel precipitate is then dissolved in cocktail for 

counting with a liquid scintillation counter. 

E.4.2 Separation and Purification 

( 1 )  Reagants 

Ni carrier ( 10.0 mg/mL) 

Fe, Co, Cs, Mn hold-back carrier (-10 mg/mL) 

HCI - 6N concentrated 

NaOH - lN 

NH40H - concentrated 

Anion resin - AG lxlO 50-100 mesh chloride form 

Dimethylglyoxime - 1% solution in Ethanol 

liquid scintillation (POPOP solution) cocktail 

Toluene 

Chloroform 

Analytical filter paper pulp - Ash free 

Pyridine 

NH4SCN 1 %  solution + Pyridine 1 %  solution = rinse solution 

NH4SCN - 20% solution 

HAC - IN 

Alconex - 0.25% 
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(2) Separation Procedure 

a. To 500 mL of water sampled in a 1-L beaker, add 500A. of Ni carrier, 4 

drops each of Cs, Fe, Co and Mn hold-back carrier, and 3 mL cone. 

HCl . (Note: If the sample is a solution from filter dissolation, use only 

20 mL sample in a 40 mL centrifuge tube. Add all the carriers as 

specified above and continue on step g.) 

b. Heat the solution to near boiling. 

c. Slowly add 100 mL of 1N NaOH. Stir and warm the solution for about 

10 min. 

d. Chill sample in ice bath to room temperature. 

e. Allow the precipitate to settle and carefully decant the clear solution as 

much as possible, or until -30 mL slurry remains in beaker. 

f. Carefully transfer the slurry to a 40 mL centrifuge tube. Use 5 mL 1N 

NaOH to rinse the beaker and add the rinse to the centrifuge tube. 

Continue on step h. 

g. If smaller size sample is used, add enough 6N NaOH to precipitate the 

Ni carrier. Stir and warm the solution for about 10 minutes. 

h. Centrifuge to separate the precipitate. Discard the supernate. 

i. Rinse the precipitate with 10 mL 1N NaOH. Centrifuge again and dis­

card the supernate. 

j. Dissolve the precipitate with cone. HC1 and quantitatively transfer the 

solution to a 50 mL volumetric flask using cone. HC1 to complete the 

transfer. DO NOT USE ANY WATER 
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k. Add 2 drops of Co and Mn carrier, make up to final 50 mL by adding 

cone. HCl. 

1. Prepare an anion exchange column and rinse with 25 mL of 6N HCl .  

m. Pipet 1 mL into a 50 mL flask for Atomic Absorption analysis. 

Determine 100% chemical yield for Ni. 

n. Load the remaining sample onto the resin column using cone. HC1 for 

rinsing. 

o. Collect the effiuent (-50 mL) from the column into a 250 mL beaker. 

p. Heat the solution to near boiling and reduce the volume to -25 mL. 

(3) Ni Purification 

a. To the solution obtained in step p. in separation procedure, slowly add 

cone. NH40H until solution is just basic, using pH paper as indicator. 

b. Add 10 mL of 10% sodium citrate and allow solution to cool to room 

temperature and then transfer to a separatory funnel. 

c. Add 20 mL of 1% dimethylglyoxime and mix well. 

d. Add 10 mL of chloroform and shake well and allow the layers to 

separate and transfer the chloroform (lower layer) to another 

separatory funnel. 

e. Back extract Ni-63 by adding 10 mL 0.1N HC1 and shake well. 

f. Transfer aqueous layer to a 100 mL beaker. Repeat steps a. through e., 

and continue on step g. 
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g. Transfer aqueous layer to a 25 mL volumetric flask. Fill up to the mark 

with O.I N HCl .  Mix well. 

h. Pipet I mL into a 50 mL volumetric flask for determining Ni chemical 

yield by atomic absorption analysis. 

1. Pipet 20 mL to a 40 mL centrifuge tube, add IN NaOH or IN HAc to 

adjust to pH � 7 using pH paper as indicator. 

j. Add IO mL of 20% solution NH4SCN and mix, then add 3 drops of 

alconex. 

k. Add 5 drops of pyridine and mix well. Allow to stand for I 0 minutes, 

then centrifuge and discard supernate. 

1. Wash ppt. with I %  NH4SCN + I %  Pyridine wash solution, centrifuge 

and discard supernate. 

m. Dissolve ppt. with I5 mL of liquid scintillation cocktail and transfer to a 

counting vial and store in darkness for I2 hours before counting in a 

liquid scintillation counter with predetermined energy discrimination 

setting. 

E.4.3 Standard Calibration and Radioactivity Measurement 

a. Prepare a series of samples containing a known amount of Ni�3 activity 

and variable amount (0.5, 1 .0, 2.0 5.0, IO.O mg) of Ni carrier in O.IN 

HCl solution in a 25 mL volumetric flask. 

b. Process each standard sample starting from step i. through step m. in Ni 

Purification. 
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----- -

c. Obtain the counting rate, as well as external standard ratio (ESR) for 

each standard with an energy discriminator setting to include �0% of 

the counting. (Use the Cl4 channel if the liquid scintillation counter 

has no variable energy discriminator.) 

d. Prepare a counting efficiency cwve, i.e., efficiency vs. weight of Ni or 

efficiency vs. E.S.R. 

e. Determine the counting efficiency for a sample from either the 

determined Ni content in the sample or the measured E.S.R. from the 

counter. 

E.4.4 References 

( 1 )  C. Yonizawa, et al,J. Radioanal. Chern., .za, 7 (1983) . 
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