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Abstract
We have performed a series of measurements on a 241Pu solution using the triple-to-double coincidence ratio (TDCR) liquid scintillation technique.  A similar series of measurements in 2007 revealed significant discord between activity values determined via TDCR and those determined via efficiency tracing and 241Am-ingrowth LS methods.  We describe how consideration of photomultiplier statistics, internal scintillation photon reflection effects, photopeak rejection, count correction for impurities, and use of a new beta spectrum shape brought the new series of TDCR measurements into improved accord with other techniques.


I. Introduction
The triple-to-double coincidence ratio (TDCR) method of liquid scintillation counting (Broda and Pochwalski 1992, Pochwalski et al. 1988) is a valuable technique for the primary standardization of numerous radionuclides (Broda 2003).  However, difficulties in activity measurements for low energy decay processes involving beta emission (3H and 63Ni) and electron capture (55Fe and 241Pu) have been well-documented.  Numerous effects have been discussed in connection with this problem, including the inadequacy of the Poisson description when the expected number of photoelectrons in the photomultiplier is less than one (Broda and Jecmieniowski 2004, Cassette et al. 2000), the difficulty in setting the discriminator level to match the experimental detection efficiency to the theoretical detection efficiency (Mo et al. 2006), and the statistically significant (due to comparatively low numbers of photons) loss of counts due to internal reflection of photons in the scintillation vials (Cassette and Vatin 1992, Simpson et al. 2010).  
In this contribution, we describe a series of TDCR measurements at NIST on a 241Pu solution.  TDCR has been employed at the National Institute of Standards and Technology (NIST) as a primary standardization technique (Collé et al. 2008, Laureano-Perez et al. 2010, Zimmerman  et al. 2004, Zimmerman et al. 2008).  In 2007, the massic activity of a 241Pu solution was determined at NIST via TDCR, CIEMAT/NIST 3H efficiency tracing (CNET), and a liquid scintillation- (LS-) based 241Am ingrowth method (NIST 2008, Zimmerman 2008a, Zimmerman 2008b).  While the activities determined by the latter two methods were in good accord, the value from TDCR was very low (Table 1).
With a new set of TDCR measurements, we attempt to resolve the previously observed discord between measurement techniques using a Polya model, threshold adjustment, and internal reflection minimization.  Careful consideration of each of these effects leads to incremental improvements in the accord between TDCR and the other measurement techniques (Laureano-Perez et al.).  In addition, we find a significant improvement due to the proper correction for counts arising from α-emitting impurities.  Finally, we saw improvement from the use of a new beta spectrum shape (Kossert et al. 2010, Loidl et al. 2010) in our model.  Overall, we find that our current TDCR treatment, which is based on a more accurate physical model, provides marked improvement in the accord between measurement techniques.
II.  Methods
To prepare the LS sources, 10 mL volumes of Ultima Gold cocktail were added to a series of glass, plastic, or frosted glass 20 mL LS vials, followed by the gravimetric addition of distilled water, nitric acid, Bis(2-ethylhexyl) phosphate (HDEHP; 20 mg) and 50 mg of 241Pu solution.  Water and nitric acid were added in amounts that kept the total aqueous fraction approximately constant while varying the acidity of the cocktails; series with approximately 0.70 g of 3 mol·L-1 nitric acid and no additional water (“high acid”), 0.45 g of 3 mol·L-1 nitric acid and 0.25 g of water (“low acid”), and no nitric acid and 0.8 g of water (“no acid”) were all prepared and measured in glass vials (only “low acid” sources were prepared in plastic and frosted vials).  For each series of sources, a cold blank with matching composition was prepared for background measurements.
The general design of the TDCR apparatus has been described previously (Zimmerman et al. 2004).  In the current configuration, three photomultiplier tubes (PMTs) are connected to Ortec PMT Bases (Model 265)[footnoteRef:1] and attached to a light-tight central sample holding chamber at intervals of 120°.  The sample holding chamber is accessed from the top for sample changing, and the top cover and PMT bases are all attached via o-ring seals.  Dark counts are approximately 40 counts per second (cps) for any one PMT, and 2 cps and 0.9 cps for doubles (any pair of PMTs) and triples, respectively.  The MAC-3 unit (Bouchard and Cassette 2000) contains all of the coincidence logic and extending deadtime correction circuitry.  The discriminator level (threshold) was adjusted manually for each PMT channel to the valley immediately preceding the single photoelectron peak.  All sources were dark-adapted for several hours prior to measurement. [1:  Certain commercial equipment, instruments, or materials are identified in this paper to foster understanding.  Such identification does not imply recommendation by the National Institute of Standards and Technology, nor does it imply that the materials or equipment identified are necessarily the best available for the purpose.] 

The TDCR apparatus was used successfully to measure the activities of 3H and 63Ni standard solutions prior to 241Pu measurements in order to assure that the system was operating properly; agreement to within the uncertainties was achieved in both cases.  For the 241Pu measurements, efficiency variation was achieved by varying the PMT focusing voltages and by the use of gray filters.  The TDCR during typical operation varied between 0.24 and 0.43, and the calculated doubles efficiencies varied between ≈ 0.21 and ≈ 0.40.  Typical acquisitions lasted between 5 and 15 minutes, yielding at least 250 000 counts in each doubles channel; four such acquisitions were performed at each efficiency point.
III.  Results and Discussion
The use of gray filters in our measurements led to a significant reduction in efficiency.  Plots of TDCR v. activity feature a precipitous drop below TDCR ≈ 0.3; if the TDCR model is to apply to our data, we expect the calculated activity to be very nearly independent of TDCR (see section IIIA for further details).  Since even our lightest filter led to TDCR values in the range of strong TDCR v. activity dependence and the plots exhibited the familiar trend (Figure 1), we excluded all measurements using gray filters from our final data set.  For this low-energy β-emitter, we were unable to achieve useable detection efficiencies with gray filters.  Efficiency variation was therefore achieved solely by varying the focusing voltage on the PMTs.
Considering only the measurements made with no gray filter, the effect of cocktail composition was small.  Measurements on cocktails from the “no acid” series returned massic activities that were on average 0.3 % higher than the values returned by measurements on cocktails from the “high acid” series.  For each composition, the standard deviation of the mean calculated activity across sources (3 to 5 determinations) was 0.2 %.  Measurements on “high acid” and “no acid” cocktails up to six months after their initial preparation revealed that the acid content did not significantly impact cocktail stability.  The series of cocktails prepared in glass, plastic, and frosted glass LS vials all had acid content similar to the “low acid” series.
While preliminary results suggested that the TDCR measurements would yield activity values discrepant from other methods by approximately 6 %, we found that accounting for several important factors actually brought our TDCR measurements into good accord with the other techniques.  As Table 1 illustrates, accord between the values for massic activity of 241Pu measured by TDCR and other methods is substantially better now than it was in 2007.  This is due to improved accounting of photomultiplier statistics, mitigation of internal photon reflection in the LS sources, avoidance of photopeak rejection, properly correcting for impurities, and use of a new beta spectrum shape.
A.  Photomultiplier Statistics
The typical implementations of the TDCR model rely on the assumption that Poisson statistics describe the number of photoelectrons generated in the photomultipliers.  In cases of low energy β-emitters or electron capture nuclides, the number of scintillation photons per decay in the LS cocktail is small, and so the detection efficiency can be quite low.  In 2000, (Cassette et al. 2000) observed that curves plotting TDCR against activity diverged below TDCR values roughly corresponding to the threshold below which less than one photoelectron is expected in any one of the PMTs.  For PMT-based systems, this threshold typically falls near TDCR = 0.3; Ivan et al. (2008) illustrated the importance of the physics of the detector by establishing that a TDCR system based on channel photomultipliers can operate in a lower TDCR regime, where the single photoelectron threshold is below TDCR = 0.15.  Irrespective of the detector type, below the single photoelectron threshold the Poisson-based TDCR model fails, often yielding calculated activities 2 % to 10% lower than expected.  In the case of 55Fe, a model based on Polya statistics was found to give the expected activity for a standard solution (Broda and Jecmieniowski 2004).  Subsequently, Broda addressed the appropriateness  of applying negative binomial (Polya) statistics for cases in which the variance of the emitted light exceeds the mean (Broda 2008).  We applied the Polya model (TDCRB-2P code, courtesy of R. Broda) to our 241Pu data.
In addition to the Birks parameter, kB, which is selected by the user for both the Poisson- and Polya-based TDCR models, the Polya model has an additional parameter, L, that must be input by the user.  The constant L is an energy conversion factor proportional to the number of photons generated per decay in the scintillator.  The number of primary photons in the scintillator (Broda et al. 1988) is 
[image: ][image: ]                                                                                     (1)
where F(E) is a function describing the energy dependence of the scintillation efficiency, E is the average electron energy deposited in the scintillator, and [image: ][image: ] is the average energy of emitted photons.   F(E) and [image: ][image: ] are specific to the cocktail composition, and E is specific to each nuclide.  L is energy independent, and so should be the same for a given cocktail composition, irrespective of the nuclide under investigation.  Broda and Jęczmieniowski found that the parameter L = 0.025 ± 0.009 should be used for 55Fe measurements in Ultima Gold, while the parameter L = 0.030 ± 0.010 should be used for 3H measurements in Ultima Gold (Broda and Jecmieniowski 2004).  These two empirically determined values agree to within the stated uncertainties, and were shown by Broda to include compensation for internal photon reflection in addition to accounting for the fluorescence statistics (Broda 2008).  As such, it is likely that our use of plastic LS vials (Section IIIB) would cause a slight increase in L relative to the literature values derived with glass LS vials.  However, we have no quantitative basis for making any corrections to L, and so for the present study we used Ultima Gold and and adopted L = 0.03 ± 0.01.  It is our opinion that any slight change in L due to the use of plastic LS vials is more than adequately accounted for by the very conservative uncertainty on L.
It is reasonable to expect that F(E), which is primarily dependent upon the quench function, will be very sensitive to the precise cocktail composition.  In addition, the phototube and light collection efficiencies, which are expected to vary from instrument to instrument, are not considered in our adoption of the literature value for L.  In order to justify its adoption, we undertook a more direct comparison.  Using the Polya-based model with L = 0.030 to analyze a set of TDCR data taken with a 3H source (with composition matched to the 241Pu sources), we retrieved an activity that agreed with the standard value to within 0.4 %.  Figure 2a shows a plot of the calculated 3H activity as a function of L.  The excellent agreement achieved for 3H using the L value suggested by Broda et al. (Broda and Jecmieniowski 2004) gave us confidence that differences in cocktail composition or phototube and collection efficiencies would not hinder our attempt to employ the Polya-based model.
Figure 2b shows the activity values obtained by analyzing a single set of data with the Polya model using different values for L.  The plot reveals that the Polya-based model returns a slightly higher value for the activity than the Poisson-based model, as expected.  In addition, the standard deviation on activities calculated with the Polya-based model was 65 % lower than the standard deviation on activities calculated with the Poisson-based model, indicating that the Polya-based model provides a better fit to the data, as expected.  Using L = 0.03, the Polya-based model returned a value for the massic activity of our 241Pu solution that was 1.8 % higher than the value returned from the Poisson-based model.  
B. Internal photon reflection
Because low-energy emitters produce relatively fewer UV photons per decay in the scintillator, losses due to internal reflection at the glass-air interface of the LS vial can lead to substantial undercounting of decay events (Cassette and Vatin 1992, Simpson et al. 2010).  The quench expression in the TDCR model does not account for these potentially important losses, and so in order to study the influence of internal reflections, we measured sources in glass LS vials, plastic LS vials, and frosted glass LS vials (sand-blasted glass vials).  We found that measurements with plastic LS vials returned a value for the massic activity that was 0.98 % higher than the value determined from measurements with glass LS vials.  Measurements with the frosted LS vials actually returned lower activity values; this can probably be attributed to any reduction in internal reflection being outweighed by increased scattering.  The difference between glass and plastic vials was significant enough that we excluded all measurements on sources in glass vials from our final reported activity value.  Unfortunately, internal photon reflection cannot be completely eliminated by switching from glass LS vials to plastic LS vials.  As noted by Cassette and Vatin, the optimal solution to this problem would be to include the internal reflection phenomenon in the model.  For now, we acknowledge that despite our attempts to minimize the effect, internal reflection of photons may still cause our TDCR-derived activities to be systematically low.
C. Photopeak rejection
The underestimation of activities for low-energy emitters by TDCR methods has also been partially attributed to the rejection of a fraction of the single photoelectron peak (Mo et al. 2006, Simpson and Meyer 1992).  Mo et al. demonstrated that for 3H, rejection of 50 % of the photopeak would reduce the figure of merit by approximately 27 %, resulting in a 1.65 % reduction in the calculated activity.  Effects of similar magnitude were also calculated for 63Ni.  Because our discriminator levels are set manually in the valley just before the single photoelectron peak, we can be certain that we are not rejecting any significant fraction of the peak.  Even if we were rejecting as much as 10 % of the photopeak, the effect on the calculated activity would be < 0.1 % (Mo et al. 2006).  Furthermore, Mo et al. suggest analysis of the plot of activity versus TDCR as a means of determining whether significant peak rejection is occurring in TDCR measurements.  When the TDCR exceeds ≈ 0.3 and kB = 0.012 cm·MeV-1, our calculated activities are sufficiently independent of TDCR for us to rule out significant photopeak rejection.
D.  Impurity correction
Alpha impurities were measured spectrometrically with silicon surface-barrier detectors for 3 weeks to 4 weeks, achieving good counting statistics (< 1 %).  From the measured activities for 238Pu, 239Pu, 240Pu, 242Pu, and 241Am, we calculated activities at the time of measurement, including the ingrowth of 241Am resulting from the decay of 241Pu.  Because alpha decay is detected with nearly 100 % efficiency in LS techniques, the impurity corrections had a significant and somewhat counterintuitive effect on the final calculated activity:  when counts were subtracted from the raw data to account for the contribution of the alpha emitting impurities, the final calculated activity was 2.3 % higher than the value obtained with no impurity correction.  One typically expects an impurity correction to lower the final calculated activity.  The details of this effect merit a thorough treatment which falls beyond the scope of this paper; they will be presented in full in a future publication (Bergeron and Zimmerman 2010, Bergeron et al. 2011).
E.  Beta spectrum
The calculated scintillation efficiency is very sensitive to the precise beta spectrum shape.  Recently, a measurement of the beta spectrum of 241Pu revealed a discrepancy with the theoretical spectrum at low energies (Loidl et al. 2010).  While the new spectrum was not observed to significantly affect activity determinations at NIST via CNET (Laureano-Perez et al.), at the prompting of our colleagues at the Physikalisch-Technische Bundesanstalt (PTB), we examined the effect of using several different tabulations of the beta spectrum in our TDCR model.  The calculations were performed using the Poisson-based Zimmerman code (Zimmerman B. E. 2008b); using the spectrum calculated by the SPEBETA program (Cassette 1992), we found agreement with Broda’s TDCRB-02 code (which also employs SPEBETA for calculation of the beta spectrum) to 0.001 %.  Using a tabulation (Cassette 2009) of the Loidl data, we calculated a final massic activity 3.3 % higher than the value determined using the SPEBETA spectrum.  Using the PTB shape factors derived from the Loidl data (Kossert et al. 2010) led to a final massic activity 3.2 % higher than the value determined using the SPEBETA spectrum.  We took an average of these two results to derive a correction factor for the beta spectrum shape and applied it to the activity calculated using the Polya-based TDCRB-2P code.
IV.  Conclusions
The final value for the massic activity of the 241Pu solution, which will be included as part of a report on an international intercomparison, was derived from measurements on a source in a plastic LS vial, analyzed using the Polya-based model, with corrections made for the spectrometrically-determined alpha impurities and the beta spectrum shape.  A combined expanded uncertainty of 2.6 % was determined from the components listed in Table 2.
In 2007, it was observed that while TDCR results from NIST and Laboratoire National Henri Becquerel (LNHB) agreed to within 0.2 %, they were discrepant compared to results from CNET and LS-241Am ingrowth measurements by 7.7 % and 9.6 %, respectively.  In this paper, we have discussed several factors that are known to contribute to systematically low activity values derived from TDCR measurements on low-energy emitters.  We found that a Polya-based model (TDCR-2P), which more accurately treats the photomultiplier statistics for a low-energy emitter (Broda 2008), returned an activity value 1.8 % higher than a Poisson-based model.    In addition, we found that measurements on plastic LS vials returned a calculated massic activity 0.98 % higher than measurements on glass LS vials.  Since plastic vials are expected to reduce, but not eliminate, internal reflection of scintillation photons, we can assume that our measured activity may still be systematically low.  Another known contributor to systematically low activities from TDCR measurements is photopeak rejection, which we sought to minimize by manually setting the discriminator threshold in the valley immediately preceding the single photoelectron peak.   We discovered that subtracting counts from the raw data to correct for contributions from alpha-emitting impurities led to a calculated activity that was 2.3 % higher than the activity calculated with no impurity correction.  This counterintuitive effect will be addressed in detail in a forthcoming publication (Bergeron and Zimmerman 2010, Bergeron et al. 2011).  Finally, we found that applying a beta spectrum shape derived from new experiments with a cryogenic calorimeter (Kossert et al. 2010, Loidl et al. 2010) led to a calculated activity that was 3.2 % higher than the activity calculated using the SPEBETA spectrum.  In summary, we have accounted for the previous discord between TDCR and other methods in the activity measurement of 241Pu.  The challenges of measuring this low-energy β emitter via TDCR can be met, making TDCR a valuable complementary technique in its standardization.
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Table Captions

Table 1  Relative difference between the massic activity of a 241Pu solution determined at NIST via TDCR and other measurements in 2007 and 2010.  The 2010 LS-241Am ingrowth, CNET, and LTAC measurements are described in this issue (Laureano-Perez Lizbeth et al.).  The current NIST TDCR value for the massic activity has an expanded uncertainty of 2.6 %; in 2007, it was 2.1 %.  
	Technique
	2007
	2010

	LS-241Am ingrowth
	9.6%
	-2.5%

	CNET
	7.7%
	-0.7%

	LTAC
	 -      
	-0.04%

	LNHB-TDCR
	0.2%
	 -      






Table 2  Relative standard uncertainty components of the massic activity of a 241Pu solution measured by TDCR.
	Uncertainty Component
	Type
	%

	Count repeatability (average standard deviation of the mean for the TDCR measured for one source in one measurement cycle, 4 repetitions)
	A
	0.21

	Single source reproducibility (standard deviation of the mean calculated activity, 2 measurement cycles with 4 measurements per cycle at 11 efficiency points on one source)
	A
	0.24

	Uncertainty due to the standard deviation (average = 1.5 %) of the background measurements (4 measurements at 11 efficiency points)
	A
	1E-05

	Uncertainty due to the uncertainty (0.96 %) on the β endpoint energy (difference in calculated activity resulting from using the minimum or maximum β endpoint energy)
	A
	0.07

	Uncertainty due to the estimated uncertainty (8.3 %) on kB (difference in calculated activity resulting from using the minimum or maximum kB values, assuming kB = 0.012 cm·MeV-1 ± 0.001cm·MeV-1)
	B
	0.86

	Uncertainty due to the estimated uncertainty (33 %) on the energy conversion factor in the Polya-based TDCR model (difference in calculated activity resulting from using the minimum or maximum L values, assuming L = 0.03 ± 0.01)
	B
	0.61

	Uncertainty due to the uncertainty on the impurity concentrations (effect of propagating the uncertainties on the alpha spectrometry measurements through the activity calculations)
	A
	0.16

	Uncertainty due to the uncertainty (0.28%) on the Pu-241 half-life (effect of propagating the uncertainty on the half life)
	A
	0.006

	Uncertainty due to the uncertainty on the half-lives of the impurities (effect of propagating the uncertainties on the half-lives through the activity calculations)
	A
	1E-04

	Estimated standard uncertainty on mass measurements
	B
	0.05

	Uncertainty due to the estimated standard uncertainty (20 %) on the shape factor correction (3.2 %)
	B
	0.65

	 
	 
	 

	Combined standard uncertainty; uc = (Σiui2)1/2
	 
	1.3

	Expanded uncertainty; U = k x uc; k = 2
	
	2.6




Figure Captions
Figure 1  Plot of TDCR versus normalized calculated activity.  The diamonds, squares, and triangles are calculated with kB = 0.009 cm·MeV-1, kB = 0.012 cm·MeV-1, and kB = 0.015 cm·MeV-1, respectively.  The activity values are normalized to the average TDCR-derived activity value for kB = 0.012 cm·MeV-1 with no gray filter.  The three distinct regions of efficiency are due to the use of gray filters, while the efficiency variation within the three regions is due to variation of the focusing voltage of the PMTs.  The drop in efficiency when using even the lightest gray filter leads to a steep drop in the plot of TDCR vs. activity.




Figure 2  Plots of the scintillation efficiency constant, L, versus normalized activity as calculated using the Polya-based model.  (A)  Shows the activities calculated for data obtained with a standard tritium source, and the activity values are normalized to the standard value.  The tritium activity has an expanded uncertainty (not shown) of 0.72 %.  (B) Shows the activities calculated for data obtained with a 241Pu source in a plastic LS vial, and the activity values are normalized to the value obtained using the Poisson-based model.  In both (A) and (B), the vertical dotted lines show L = 0.03 ± 0.01.  See text for further details.
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