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A Time-Measurement System Based on Isotopic Ratios 

Duc T. Vo, Peter J. Karpius, Duncan W. MacArthur, and Jonathan L. Thron 
Los Alamos National Laboratory 

Los Alamos, NM  87545 

ABSTRACT 
A time-measurement system can be built based on the ratio of gamma-ray peak intensities from two 
radioactive isotopes. The ideal system would use a parent isotope with a short half-life decaying to a 
long half-life daughter. The activities of the parent-daughter isotopes would be measured using a 
gamma-ray detector system. The time can then be determined from the ratio of the activities. The 
best-known candidate for such a system is the 241Pu-241Am parent-daughter pair. However, this 
241Pu-241Am system would require a high-purity germanium detector system and sophisticated 
software to separate and distinguish between the many gamma-ray peaks produced by the decays of 
the two isotopes.

An alternate system would use two different isotopes, again one with a short half-life and one with a 
half-life that is long relative to the other. The pair of isotopes 210Pb and 241Am (with half-lives of 22 
and 432 years, respectively) appears suitable for such a system. This time-measurement system 
operates by measuring the change in the ratio of the 47-keV peak of 210Pb to the 60-keV peak of 
241Am. For the system to work reasonably well, the resolution of the detector would need to be such 
that the two gamma-ray peaks are well separated so that their peak areas can be accurately 
determined using a simple region-of-interest (ROI) method. A variety of detectors were tested to 
find a suitable system for this application. The results of these tests are presented here. 

A. POSSIBLE TIME-MEASUREMENT SYSTEMS 
A system that can keep time without an internal battery can be constructed using the decay 
properties of radioactive materials. The activity of a radioactive item changes with time. By 
knowing the activity at some initial time and measuring the activity at some time later, the elapsed 
time between the measurements can be determined. The activity can be determined by measuring 
the net peak area recorded over a known live-time. 

There are several ways to build the time system based on the decay of one or several radioactive 
isotopes. Some of those possible systems are described here.  

1. Simple time system 
The activity A of an isotope can be expressed as 

A = Aoexp(-�t),     (1)  
where Ao is the activity at time zero, � is the decay constant of the isotope, and t is the time since 
time zero. 

Rearranging to solve for the time t, we have 
t = -ln(A/Ao)/�      (2) 



How it works: 
A gamma-ray detector system measures the original activity of a source in a fixed configuration. 
The activity at a later time can be measured in the same configuration using the same detector 
system. The detector system can be any detector (NaI, LaBr3, HPGe…) that can accurately measure 
the peak rates of the gamma rays emitted by the radioactive material. The time can then be 
calculated using equation 2. 

The efficiency, resolution, and source-detector configuration of this type of detector system will 
gradually change over time. This will reduce the accuracy of the measured peak rate and limit the 
useful lifetime of the system to perhaps less than 1 year.

For this system, the statistical error is about twice the half-life of the isotope times the relative 
uncertainty of the measured activity. The largest part of the error will be the systematic error, which 
depends on the ability to reproduce the measurement configuration and the detector efficiency. 

2. Ideal time system 
The ideal system would use an isotope with a short half-life decaying to a long half-life daughter. 
The time can then be determined from the ratio of the daughter activity and the parent activity.

The activities A1 of the parent isotope and A2 of the daughter isotope can be expressed as 
A1 = No�1exp(-��t)     (3) and 
A2 = No[�1�2/(��2-�1)] * [exp(-��t) - exp(-��t)] , (4) 

where at time zero, the number of parent nuclei is No and the number of daughter nuclei is zero, and 
���and �� are the decay constants of the parent and daughter isotopes, respectively. 

Dividing equation 4 by equation 3, we have 
A2/A1 = [�2/(�2-�1)] * {1-exp[-(�2-�1)t]} .  (5) 

Rearranging and solving for time t, we have 
t = -ln[1-(A2/A1)*(�2-�1)/�2] / (�2-�1) .  (6) 

The advantage of this system over the simple time system is that the time is determined only from 
the ratio of the activities of the parent and daughter isotopes at the measurement time and does not 
depend on the activity of the isotopes at an earlier time. This will eliminate the need for keeping the 
measurement configuration the same for the lifetime of the system and allow for a much longer 
useful lifetime than will the simple time system. However, the detector efficiency may change 
nonuniformly at different energies over the lifetime of the system, and this may affect the 
measurement of the activity ratio. This problem can be overcome by choosing the parent-daughter 
pair with many overlapping gamma-ray peaks so that corrections can be made for changes of the 
efficiency at different energies. Using a parent-daughter pair with only a few gamma-ray peaks 
close together, so that the relative change of the efficiency at those close energy peaks is small, can 
also minimize the effect due to the change of the efficiency. 

The main characteristics and requirements of this type of system are as follows: 



�� The useful lifetime of the system should be about two times the half-life of the parent 
isotope.

�� The half-life of the daughter isotope should be at least several times that of the parent 
isotope. However, it cannot be so long that its activity is too low to be accurately measured. 

The best-known candidate for such a system is the 241Pu-241Am parent-daughter pair. It is the only 
known candidate with a useful lifetime >10 years. The 241Pu-241Am system would require a high-
purity germanium detector system and sophisticated software to separate and distinguish between 
the many gamma-ray peaks produced by the decays of the two isotopes.  

The statistical error of the system depends a great deal on the initial time (i.e., the time since the 
chemical separation of 241Am from 241Pu). This system is most accurate if it is “fresh” (less than one 
year old). For most of the lifetime of this 241Pu-241Am system, the statistical error is estimated to be 
about 1 day for 1 hour of measurement time. With appropriate system design (detector, electronics, 
mechanical structure, etc.), the systematic error can be made much smaller than the typical 
statistical error and may be ignored in the overall error calculations. Its useful lifetime is about 30 
years. Its one drawback is that due to the presence of plutonium, it will fall under much more 
stringent regulations than a typical system that does not use special nuclear material (SNM). 

3. A two-source time system 
The simple time system determines time by measuring the absolute activity of an isotope, while the 
ideal system does it by taking the ratio of the activities of the parent-daughter isotopes. A hybrid 
system would determine time by taking the ratio of the activities of two different isotopes, one with 
a short half-life and one with a long half-life.

The ratio of the activities A1 and A2 of the two isotopes can be expressed as 
A1/A2 = (A1o/A2o) * exp[-(�1-�2)t] ,   (7)  

where A1o and A2o are the activities of the two isotopes at time zero, t is the time since time zero, 
and ���and �� are the decay constants of the two isotopes. 

Rearranging for the time t, we have 
t = -ln[(A1/A2)/( A1o/A2o)] / (�1-�2) .   (8) 

The time is determined from the ratio of the activities of the two isotopes at the measurement time 
and the ratio of the activities at the initial time but does not depend on the individual activities of the 
isotopes at an earlier time.  

This system has characteristics and requirements similar to those of the ideal system described in 
Section 2. It does not need to keep the measurement configuration constant and thus can have a long 
useful lifetime. To reduce the effects of changes of detector efficiency over time, an appropriate pair 
of isotopes can be chosen so that the changes can be accounted for or minimized in the same 
fashion as the ideal system.  

The main characteristics and requirements of this type of system are the same as those of the ideal 
system: 



�� The useful lifetime of the system should be about two times the half-life of the short half-life 
isotope.

�� The half-life of the longer half-life isotope should be at least several times that of the short 
half-life isotope but should not be so long that its activity is too low to be accurately 
measured. 

For this system, the statistical error is about twice the half-life of the shorter half-life isotope times 
the average relative uncertainty of the measured activities of the two isotopes, similar to that of the 
simple system. The systematic error can be made much smaller than the typical statistical error with 
appropriate system design. 

B. Pb-210 + Am-241 TIME-MEASUREMENT SYSTEM 
The time system using the 241Pu-241Am parent-daughter pair appears to be possibly the best time 
system with a useful lifetime greater than 10 years. However, due to the complexity of dealing with 
SNM and its regulations, we decided to use a two-source system instead. The isotopes to be used in 
the system would need to meet the following criteria: 

�� The half-life of one isotope should be about 10 years, and the half-life of the other isotope 
should be at least several times longer than that of the first isotope. 

�� The gamma-ray peaks from the two isotopes should be sufficiently close to be minimally 
affected by the change of the detector’s efficiency over time. 

�� The gamma-ray peaks from the two isotopes should be well separated, so that their peak 
areas can be accurately determined using a simple ROI method. 

�� The gamma-ray peaks from the two isotopes should not interfere with and be interfered by 
peaks produced by external gamma rays from the surrounding environment. 

Based on these criteria, we found the pair of isotopes 210Pb (t1/2 = 22 y) and 241Am (t1/2 = 432 y) 
suitable for the system. Pb-210 has a strong gamma-ray peak at 47 keV, and 241Am has a strong 
gamma-ray peak at 60 keV. The other gamma-ray peaks for these isotopes are several orders of 
magnitude weaker and can be safely ignored. The activity ratio of the two isotopes is determined 
directly by measuring the ratio of the 47-keV peak to the 60-keV peak. The energies of these two 
gamma-ray peaks are low, so the detector can be easily shielded against externally produced gamma 
rays. These two gamma-ray peaks are reasonably close in energy, so they will be minimally affected 
by any change of the detector efficiency over time. Are they sufficiently separated so that their peak 
areas can be accurately determined using a simple region-of-interest method? The answer depends 
on the detector. 

1. Testing the detectors 
We tested a variety of detectors to find a detector system suitable for the 210Pb+241Am time system. 
We tested the detectors’ performances using three separate sources: 210Pb, with a single gamma-ray 
peak at 47 keV; 241Am, with a gamma-ray peak at 60 keV; and 137Cs, with a gamma-ray peak at 662 
keV. Table 1 shows the sizes and resolution performances of the detectors at the three gamma-ray 
peaks. The multichannel analyzers (MCAs) for the HPGe detectors were DSPEC Plus systems. The 
MCAs for the other 5 detectors were DigiDart systems. The last column shows the relative 



efficiencies of the detectors at 47 keV. The efficiency of a detector at 47 keV was measured with 
the 210Pb source in contact with the front surface of the detector. The efficiency at this low energy 
would depend mainly on the detector front surface area, the thickness of the detector outer can, and 
the dead layer of the crystal. 

We also measured the combined 210Pb+241Am source by taping the two sources together. The 
combined source was mounted with the 210Pb source touching the front surface of the detector. 
Figure 1 shows the spectra near 35–75 keV. 

Table 1. Resolution and efficiency performances of the detectors. 

Detector Size  47-keV 
FWHM 
(keV)

 60-keV 
FWHM 
(keV)

662-keV
FWHM 
(keV)

47-keV
relative 

efficiency
NaI 25mm dia. X 25mm len. 12.15 13.41 49.73 0.78

Large CZT 15mm X 15mm X 15mm 8.97 8.98 16.47 0.35
LaBr3 25mm dia. X 38mm len. 6.61 7.19 20.99 1.40

Small CZT 5mm X 5mm X 5mm 2.56 2.79 13.29 0.05
CdTe 10mm X 10mm X 2mm 1.35 1.48 7.51 0.09

Coax HPGe 52mm dia. X 56mm len. 0.77 0.78 1.34 1.00
Planar HPGe 16mm dia. X 13mm len. 0.35 0.38 1.16 0.44
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Figure 1. Gamma-ray spectra of the combined 210Pb+241Am source. The spectra are shifted vertically for 
clarity.



We see that the gamma-ray peaks at 47 and 60 keV are completely separated in the bottom four 
spectra (for the small CZT, CdTe, coaxial germanium, and planar germanium detectors). The two 
HPGe detectors offer the best resolution, but they require cryogenic cooling to operate. This may 
not be suitable for a compact time system. The CdTe detector requires moderate cooling (Peltier 
cooling) and may be acceptable for a compact, single package time system. Its efficiency and peak 
shape, however, are known to vary greatly due to the charge trapping effect of the crystal [1]. This 
would make the detection of very small changes of the 47-keV peak to 60-keV peak ratio almost 
impossible, and thus it cannot be used for the time system. The small CZT detector’s resolution is 
good enough to separate the two peaks. Its efficiency and peak shape are also known to vary 
slightly due to the trapping effect [1,2]. These changes may or may not be enough to render the 
detector useless for the time system and would need further testing.  

2. More tests for the small CZT detector 
We further tested the small CZT detector for its capability to accurately measure the 47- and 60-
keV peaks of the combined 210Pb+241Am source. The tests focused on the stability of the detector 
system as a function of the ambient temperature and on the performance of the system under 
continuous operation for an extended time. 

a. Stability as a function of ambient temperature 
Figure 2 shows the results of the stability test as a function of the ambient temperature.  
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Figure 2. Ratios of the area of the 47-keV peak of 210Pb to that of the 60-keV peak of 241Am.
The spectra were acquired for 12 hours each, from 7 AM to 7 PM and from 7 PM to 7 AM.

The points in the figure are the ratios of the area of the 47-keV peak of 210Pb to that of the 60-keV 
peak of 241Am. The spectra were acquired for 12 hours each, from 7 AM to 7 PM and from 7 PM to 



7 AM. The room temperature would generally vary from about 65�F at night to 70�F during the 
day. However, several times during those periods, the temperature dropped to below 65�F at night 
and rose above 85�F during the day. The almost straight line passing through the points shows the 
expected trend that the measured ratios should follow if the system were to work correctly.  

We see that the ratio of the 47- and 60-keV peaks appears to be independent of the temperature 
variation of the day spectra and the night spectra within statistical error. The data points also 
reasonably follow the expected ratio line. However, the errors are large, and therefore we cannot 
say for certain that the system is working as expected. 

b. Stability as a function of extended usage time 
CZT detectors are known to suffer large charge trapping and polarization effects when the detector 
is under the high-voltage (HV) bias for an extended time [1–2]. These effects will change the 
resolutions and shapes of the peaks, which will affect the measured peak areas. So we set up the 
detector system to acquire data under different extended time measurement conditions in order to 
study the effect.

Figure 3 shows the results of the stability test as a function of continuing data acquisition. The 
points in the figure are the ratios of the area of the 47-keV peak of 210Pb to that of the 60-keV peak 
of 241Am. The conditions for these measurements were as follows: 
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Figure 3. Ratios of the area of the 47-keV peak of 210Pb to that of the 60-keV peak of
241Am.

�� The starting point of this figure continues after the last data point in Figure 2.  
�� Up to the 90th day, each spectrum was acquired for 22 hours, then the HV was turned off for 

2 hours.



�� After the 90th day, each spectrum was acquired for 44 hours, then the HV was turned off for 
4 hours.

�� Before the spectra of the results shown as the red-square data points in the graph were taken, 
the signal cable, HV cable, and preamplifier cable were also disconnected between the 
detector and the Digidart for at least one hour.

�� For the red-square data points starting on the 85th day and later, the cables were 
disconnected and the Digidart turned off for about 1 day before each measurement. Up to 
that point, the Digidart had been on continuously for a total of about 120 days. 

We see that shortly into this second set of measurements, at about the 20th day, the 47-keV to 60-
keV peak ratio started to drop below the expected ratio line. The ratios dropped quickly after the 
35th day. We do not know for sure if the quick drop of the ratio was due to the long time the 
Digidart had been turned on (until the 35th day in Figure 3, the Digidart had been on continuously 
for about 70 days) or to the fact that no cable was disconnected for a long period after that (see 
Figure 3). After the 84th day when the Digidart was turned off and the cables were disconnected for 
a day, the system appeared to return to normal.   

C. CONCLUSION 
We determined that a time system could be built by measuring the ratio of the activities of two 
radioactive isotopes as they gradually decay. We found the pair of isotopes 210Pb and 241Am, with 
gamma-ray peaks at 47 keV and 60 keV, suitable for the system.  

We tested a number of detectors and found that the small CZT detector might have the capability to 
accurately measure these two gamma-ray peaks in a spectrum. We tested the small CZT detector for 
its stability as a function of temperature, and its performance appeared to be independent of the 
ambient temperature, at least within the large statistical uncertainties. We also tested the stability as 
a function of the extended time the system is turned on. We found there was large instability of the 
system when it had been operating continuously for a very long time. This instability may not affect 
the performance of the actual system when it is used as intended under a short duty cycle. 

Overall, we think more tests are needed, especially those of a single measurement to be taken right 
after turning on the detector, to confirm the stability of the detector. Due to the small efficiency of 
the detector and the weak sources, the uncertainties of the measurements are large. We would need 
larger sources (~100 times larger) to improve the statistics. 
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