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Standardization of Equations For 
Radiochemical Calculations 

Raymond J. Danahy, Thomas A. Dugan, and F. Keith Tomlinson 
Fernald Environmental Restoration Management Corporation (FERMCO) 

Fernald, Ohio 

Hobert W. Jones 
The Labyrinth Group, Miamisburg, Ohio 

In mid 1993, the Fernald Environmental Restoration Management Corporation (FERMCO), with USEPA 
approval, implemented a project quality assurance plan containing performance-based specifications for 
radiochemical sample analyses conducted in support of the Fernald site remediation activities which are governed 
by the Comprehensive Environmental Restoration Compensation and Liability Act (CERCLA) regulations. 
FERMCO's initial approach to acquiring performance-based radioanalytical services was to provide limited 
guidance regarding equations for computation of the quantities required in each analysis report. Based on a 
review of initial radiochemical data packages received from subcontractor laboratories, subsequent to the 
promulgation of the performance specifications, it became evident that there was a significant divergence of 
opinion on how to compute some very basic radiochemical quantities. The use of a standardized set of equations 
was needed in order to ensure comparability of data from different laboratories. In a remediation project of this 
magnitude, use of multiple laboratories is a virtual necessity. Consequently comparability of data becomes an 
extremely important issue. A critical issue in the Remedial Investigation/Feasibility Study (RI/FS) phase of the 
clean up project is to avoid the occurrence of excessive false positive sample results. Such results could lead to 
unnecessary clean up and significant additional cost. 

To achieve these goals for the Fernald site, FERMCO found it necessary to provide detailed guidance in 
laboratory services contracts regarding the computation of important radioanalytical parameters. Other DOE 
sites and perhaps other nuclear remediation sites in the commercial nuclear power industry are struggling with 
the same issues. Now is the time to begin to standardize the equations used to compute important radiochemical 
analysis parameters. Standardizing these computations will provide a substantial foundation for all segments of 
the radiochemistry community. DOE contractors, NRC licensees, commercial laboratories, data validators, 
equipment and software vendors and regulators. FERMCO has generated a basic set of equations that can serve 
as a starting point in the development process leading to a standardized set of radioanalytical data reduction 
equations. We realize that there will not be universal acceptance of these equations at the start. Suggested 
improvements are encouraged and additional equations will be required to cover specific radioanalytical 
techniques. It is strongly recommended that everyone in the radiochemistry community participate in this process 
to achieve a consensus methodology that is technically correct and formulated in an understandable fashion. 

This paper describes the specific formulas FERMCO is currently using to define such quantities as net sample 
count rate, sample radionuclide concentration, radiometric tracer and gravimetric carrier recovery. Equations 
have also been produced to define the uncertainty in each of the above quantities. Equations for the Total 
Propagated Uncertainty (TPU) and for a sample-specific Minimum Detectable Concentration (MDC) have also 
been specified. Generalized equations have been reformulated to address the specific conditions which apply 
to the analysis of FERMCO samples. In particular, FERMCO requires results which have been corrected for 
the radioactivity in the blank while in other instances, sample results without blank correction are required. 
These requirements sometimes make the equations - especially the uncertainty equations - appear to be more 
complex than standard forms most commonly encountered in radiochemistry text books. Only a few of these 
equations can be presented and discussed in the limited space allotted here. We encourage those who are 
interested to study the current set of equations and to provide constructive criticism where it is warranted. 

The equation FERMCO uses for the activity concentration is the universally accepted equation based on the 
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sample net count rate: 

ACTS = 
NCR, 

2.22 * EFF * ALI * R * ABNS * e'u * CF 
(Eq. 1) 

Where: ACTS

 = Sample Activity Concentration (pCi/g or pCi/L) 
NCRS = Net Sample Count Rate in cpm 

2.22 = Factor for Converting dpm to pCi 
EFF = Detector Efficiency (Fraction) 
ALI = Sample Aliquot Volume or Mass (g or L) 

ABNS = Abundance Fraction of the Emissions Used for 
Analyte Identification/Quantification 

R = Sample Tracer/Carrier (Chemical) Recovery 
X = Analyte Decay Constant - In 2/(half-life) 

[Reciprocal time units, using same time unit as half-life] 
t = Time from Sample Collection to Radionuclide 

Separation or Mid-point of Count Time 
(Same units as half-life) 

• CF = Other Correction Factors as Appropriate (i.e., Ingrowth factor, Self-
absorption Factor, etc.) 

Two unique features of the FERMCO equation for the NET COUNT RATE is that it applies to the case where 
the sample is corrected for reagent contamination, and the sample and the blank are counted using different 
detectors. This is a common practice in alpha spectrometric analyses. Under these circumstances, the equation 
for the net count rate becomes: 

NCR 
(c c ) 

^GS ^SB 

, ^G5 ^53 j 

1 CGB ^BB 

\ TGB TMMJ 

EFF, SD 
EFF, BD 

(Eq.2) 

Where: C G S = 

T G S = 

C S B = 

T S B = 

C G B = 

T G B = 

C B B = 

T B B = 

EFF c r i = 
EFF, 

SD 
BD 

R s = 
Rn = 

Sample Counts 
Sample Count Time (minutes) 
Background Counts 
Background Count Time (minutes) 
Gross Method Blank Counts 
Gross Method Blank Count Time (minutes) 
Method Blank Background Counts 
Method Blank Background Count Time (minutes) 
Efficiency of the Sample Detector 
Efficiency of the Method Blank Detector 
Sample Tracer/Carrier Recovery Fraction 
Method Blank Tracer/Carrier Recovery Fraction 

The term inside the square bracket at the right end of this equation describes what the net count rate of the 
blank would have been if it had been counted using the same detector as the sample and it had the same 
recovery as the sample. This equation reduces to the traditional form if the sample and blank are counted with 
the same detector. 

Customary techniques of error propagation were used to derive uncertainty equations for the radiochemical 
quantities of interest. The starting point for these derivations was the following formula for the variance of a 
quantity Q, which is to be calculated from several measured quantities a, b, c, .... : 
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Since the equation for the net sample count rate involves the recovery and the detector efficiency of the blank 
as well as the sample, the equation for the uncertainty in the net count rate will be more complex that the 
traditional equation. The uncertainty in the blank recovery and detector efficiency will contribute to the overall 
uncertainty in the net count rate as shown below: 
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All symbols are as defined above. The first term on the right side of this equation arises from the uncertainty 
in the net count rate of the sample. The second term comes from the uncertainty of the net count rate of the 
blank. The efficiency and recovery ratios included in this term convert the uncertainty of the blank net count 
rate to what it would have been if the blank had been counted using the sample detector. The third term 
represents the contribution to the uncertainty from the adjusted blank count rate which arises from uncertainties 
in detector efficiencies and recoveries of sample and blank. In the event that the sample and method/reagent 
blank are counted using the same detector, and the recoveries/yields are assumed to be identical, Eq. 4 will 
simplify to the commonly used equation following reduction of Eq. 2 to its most basic form. 

FERMCO requires the use of the following equation for the computation of the radiometric tracer recovery. 

'GT 

lGT 

'TB\ 

'TBI NCRj. 
EFF * ABNT * AMTT EFF * ABNT * AMTT 

(Eq.S) 

Where: R 
C G T 

Tracer Recovery 
Gross Count of Tracer 
Tracer Count Time (minutes) 
Background Count of Tracer [Region of Interest (ROI)] 
Background Count Time (minutes) 
Detector Efficiency Fraction 

AMT T = Amount of Tracer Activity Added (dpm), decay corrected 
NCRT = Net Count Rate of Tracer (cpm) 
ABNT = Abundance Fraction of the Tracer Emissions used for Quantification of 

the Tracer 

L GT 

TTB 
EFF 

This is a commonly used formulation. Recovery should be computed for each sample and blank. It does require 
subtraction of the chamber background count rate from the tracer count rate, and it incorporates corrections 
for detector efficiency and the abundance factor of the tracer emission of interest. Notice that it is assumed that 
the tracer half-life is long enough to be an insignificant uncertainty contributor. If the tracer has a relatively 
short half-life, then it must be considered and these equations modified. Likewise, uncertainty in the time is also 
considered to be an insignificant contributor. 
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The uncertainty in tracer recovery involves uncertainties in the net count rate, detector efficiency and amount 
of tracer added as shown below: 

Pt • \% 
\2 \2 

'SCRj-

, « < * , , 
J. ' S T 

\EFFt 

'AMTT 

\2 

AMTv 
(Eq.6) 

Where: Relative Error of the Tracer Recovery 
Standard Deviation of the Tracer Recovery 
Standard Deviation of the Tracer's Net Count Rate 
Standard Deviation of the Detector Efficiency 
Standard Deviation of the Amount of Tracer Activity Added 
Tracer Recovery 

NCRT = Net Count Rate of the Tracer 
Detector Efficiency 
Amount of Tracer Activity Added (dpm) 

RE R = 
aK = 

a NCRj. = 

a EFF = 

"AMXr. = 

R = 

EFF 
AMTT 

Here it is assumed that the relative uncertainty in the tracer nuclide abundance factor is small compared to other 
uncertainties, and its contribution to the overall uncertamty in the tracer recovery is negligible. The uncertamty 
in the amount of tracer added to the sample has several components demonstrated by the equation below: 

\2 
"AliTT 

[AMTT 

\ 2 
"S1S T 

KSTST, 

'MASSr 'VOLf 

MASS, VOL, 
+ S 

\2 
'DILj 

DIL, 
+ S "AUT 

ALI, T) 
(Eq.T) 

Where: ffAMTT ~ 
"STSj ~ 

"MASSj. = 

"DILp = 

' V O L j . = 

' A L l j . = 

AMTT = 
STSj.= 

MASSj = 

¥01^.= 
DILj- = 
ALtr = 

Standard Deviation of the Amount of Tracer Activity Added 
Standard Deviation of the Amount of Tracer Activity Taken for Stock 
Tracer Solution (provided with certificates received with standards) 
Standard Deviation of the Mass of Standard Solution Used to Prepare 
Stock Tracer Solution 
Standard Deviation of the Volume(s) of the Dilution(s) Made to Prepare 
the Working Tracer Solution 
Standard Deviation of the Volume of the Stock Tracer Solution 
Standard Deviation(s) of the Aliquot(s) of Tracer Solution(s) Diluted to 
Prepare Working Tracer Solution 
Amount of Tracer Activity Added (dpm) 
Amount of Tracer Activity (dpm/g) in Stock Tracer Solution 
Mass (grams) of Standard Solution Used to Prepare Stock Tracer 
Solution 
Volume of Tracer Solution Added 
Volume(s) of Dilution(s) Made to Prepare the Working Tracer Solution 
Aliquot(s) of Tracer Solution(s) Taken to Prepare Serial Tracer Solution 
Dilution(s) 

There are many individual uncertainties that contribute to the overall uncertainty b the amount of tracer added 
to a particular sample: the uncertainties in the activity and the mass of the original standard used to prepare the 
tracer solution; the uncertainty in the volume of the final diluted tracer solution added to the sample; the 
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uncertainty in the volume of each and every aliquot of tracer solution taken to prepare a series of dilutions of 
the original standard; and the uncertainty in the volume of each and every dilution in the series. These last two 
variables are included in the two summation terms at the right of the above equation. 

The final equation to be discussed here is the equation for the Total Propagated Uncertainty (TPU). FERMCO 
believes it is important to comprehensively assess the total uncertainty, rather than just the counting uncertainty 
associated with a radiochemical measurement. FERMCO proposes the following formula for the TPU: 

TPU.a = a.„ = J——* 5 (Eq. 8) 
2.22 * EFF * AU * R * ABNS * e'u * CF 

Where: EFT = Detector Efficiency 
ALI = Sample Aliquot Volume or Mass 

R = Sample Tracer/Carrier Recovery 
ABNS = Abundance Fraction of the Emissions Used for 

Identification/Quantification 
aNCRc = Variance of the Net Sample Count Rate 
NCR = Net Sample Count Rate 

REppp = Square of the Relative Error of the Efficiency Term 
R E ^ J J = Square of the Relative Error of the Aliquot 

RE£ = Square of the Relative Error of the Sample Recovery 
REj~p = Square of the Relative Error of Other Correction Factors 

i = Analyte Decay Constant - In 2/(half-life) [Reciprocal time units, using 
same time unit as half-life] 

t = Time from Sample Collection to Radionuclide Separation or Mid-Point 
of Count Time (Same units as half-life) 

CF = Other Correction Factors as Appropriate (i.e., Ingrowth factor, Self-
absorption Factor, etc) 

Here an attempt was made to include the contribution of each variable that has the potential to be a significant 
contributor to the total uncertainty. Although some of the terms may prove to be negligibly small, an assessment 
of the magnitude of each should be made before deleting any of them from the equation. Another important 
point must be made here. A zero net count rate or a zero calculated activity concentration does NOT mean that 
the counting uncertainty or the TPU is zero. All measurements have uncertainty associated with them - even 
those in which the result is zero. The uncertainty is never zero. 

The intent of this presentation is to stimulate thought and discussion leading to the development and adoption 
of a standardized set of equations for radiochemical computations. These equations were not developed to be 
the final word because there are other situations and specialized measurements that have not been included here. 
Many questions remain to be addressed. What form should the equations take when a radiochemical tracer 
contributes counts in the spectral region of interest of the analyte radionuclide? How should the equations be 
modified for a client who specifically requests results that are not corrected for the activity in the blank? What 
are the proper forms for analogous equations for gamma spectrometry, radon emanation methods, or liquid 
scintillation counting? There is great interest within the DOE complex in vigorously pursuing the adoption of 
a standardized set of equations for radiochemical computations. We feel certain that you will be hearing and 
reading much about this subject in the months to come. 

This paper was prepared as an account of work sponsored by an agency of the United States Government. Reference, herein, to any 
specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does not constitute or imply its 
endorsement, recommendation, or favoring by the United States Government, or any agency, thereof. The views and opinions of authors 
expressed, herein, do not necessarily state or reflect those of the United States Government, or any agency thereof, or Fernald 
Environmental Restoration Management Corporation, its affiliates, or its parent companies. 
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