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Comparison of Portable Detectors for Uranium Enrichment Measurements

Duc T. Vo 
Los Alamos National Laboratory 

Los Alamos, NM  87545 

Uranium enrichment and holdup measurements require a detector capable of accurately 
obtaining the 186-keV peak area. NaI detectors have been widely used for these tasks. However, 
for recycled uranium, the interference of the 239-keV peak from the 232U decay chain challenges 
the capabilities of the NaI detectors to accurately extract the area of the 186-keV peak. Using 
CZT detectors, which have much better resolution than the NaI detectors, has temporarily solved 
this interference problem. However, the CZT detectors have setbacks in that they are generally 
small and have low efficiencies, which require long acquisition times for reasonable statistics. 
Recently, two new types of scintillator detectors have become available commercially, 
LaCl3(Ce) and LaBr3(Ce). These cerium-doped lanthanum halide detectors, with comparable 
resolution but better efficiency than the CZT detectors, appear to permanently solve the 
interference problem for recycled uranium measurements. In this report, we compare the 
uranium enrichment measurement performances of a portable NaI detector, a large coplanar-grid 
CZT detector, and a LaBr3 detector. 

1. Introduction 
The measurement of 235U enrichment by gamma-ray spectroscopy is a well-developed technique 
[1]. The technique is based on the principle that if an item is infinitely thick for the characteristic 
gamma ray, then the gamma-ray intensity is directly proportional to the relative amount of the 
isotope present. For uranium, 235U enrichment can be determined using the 186-keV gamma ray. 
The detectors most commonly used are NaI. The measurement accuracy is generally good, and 
adequate for many applications. However, for measurements of uranium that has been recycled 
from spent fuel, the 239-keV peak from the 232U decay chain interferes with the measurement of 
the 186-keV peak and reduces the accuracy of the determined results. 

About a decade ago, medium-resolution CZT detectors became commercially available. These 
detectors have significantly better resolution than NaI detectors and thus were employed for 
uranium enrichment measurements. The better resolution of the CZT detectors cleanly separates 
the 239-keV peak from the 186-keV and 205-keV peaks of 235U decay. This allows the user to 
select cleaner regions of interest (ROIs) on the 186-keV peak and on the background regions and 
thus will result in more accurate results. One setback of the CZT detectors is that they are rather 
small, and the data have to be acquired for a much longer time in order to achieve the same 
accuracy as that of NaI detectors for measurements of un-recycled uranium. 

Recently, a new type of detector, lanthanum halide doped with cerium, became available 
commercially. These detectors have roughly the same resolution as the CZT detectors, but their 
sizes can be much larger. With these characteristics, these detectors can accurately measure both 
un-recycled and recycled uranium. 
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2. Characteristics of the Detectors 
2.1. Detectors and Electronics 

The NaI detector that we used is normally used for holdup measurements. Its dimensions are 2.5 
cm diameter by 5.1 cm thick. The crystal is coupled to a 2.5-cm-diameter photomultiplier (PM) 
tube. The CZT detector was a large coplanar-grid detector with dimensions of 1.5 � 1.5 � 1.5 
cm3. This detector is also a holdup detector. The LaBr3 detector’s dimensions are 2.5 cm 
diameter by 3.8 cm thick. It is coupled to a 3.8-cm-diameter PM tube. Figure 1 shows the three 
detectors. The shields for the NaI and CZT detectors are also shown. Table 1 shows the detector 
dimensions together with the densities of the detectors’ crystals.

Figure 1. From left to right: NaI, CZT, and LaBr3 detector. The shields for the NaI and CZT detectors are 
placed above the respective detectors. 
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Table 1. Physical Characteristics of the Detectors’ Crystals 

Detector Dimensions Density (g/cm3)
NaI 2.5 cm diam. x 5.1 cm len. 3.7
CZT 1.5 cm  x 1.5 cm x 1.5 cm 6.0

LaBr3 2.5 cm diam. x 3.8 cm len. 5.3

The multichannel analyzers (MCAs) used for the tests were three portable digital MCA 
Digidarts. The rise times of the Digidarts were set at 1 �s (roughly equivalent to the 0.5-�s
shaping time of the analog MCAs).

2.2. Performance 
2.2.1. Resolution 

We compared the resolution of the three detector systems using the gamma rays from several 
different sources: 60-keV peak from 241Am, 662-keV peak from 137Cs, and 570-keV peak and 
1064-keV peak from 207Bi. Each source was measured separately. The input rates for all the 
measurements were 10 kHz. Table 2 shows the full-width at half-maximum (FWHM) and full-
width at tenth-maximum (FWTM) results we obtained for the three systems. The resolution 
results are expressed as percentages of the peak energies. The last three columns show the ratios 
of the FWTM to FWHM.  

Table 2. Measured Resolutions of the NaI, CZT, and LaBr3 Detector Systems 

Energy FWHM (%) FWTM (%) FWTM/FWHM
(keV) NaI CZT LaBr3 NaI CZT LaBr3 NaI CZT LaBr3

60 16.5 16.0 12.1 31.8 36.8 23.2 1.93 2.31 1.91
570 7.8 3.6 3.6 14.0 8.0 6.5 1.80 2.24 1.80
662 7.4 3.1 3.3 13.5 7.3 6.1 1.83 2.34 1.82
1064 6.0 3.3 2.6 11.0 6.6 4.9 1.83 2.01 1.87

We see that at high energy, the FWHMs of the CZT and LaBr3 detectors are about the same and 
about a factor of two better than that of the NaI detector. However, at low energy (60 keV), the 
FWHMs of the three systems are similar, with the LaBr3 slightly better. Even though the CZT 
detector has peaks with about the same FWHMs as the peaks of the LaBr3 detector, those peaks 
have large low-energy tails. The large tails lead to large FWTMs and FWTM/FWHM ratios as 
shown in Table 2. The FWTM/FWHM ratios show that the NaI and LaBr3 detectors, with the 
ratios about 1.85 on average, have peaks with the Gaussian shape (with FWTM/FWHM ratio of 
1.82), while the CZT’s peak shape is far from the Gaussian shape. Figure 2 clearly illustrates the 
Gaussian shape of the NaI and LaBr3 detector peaks and the large tail of the CZT detector peak.
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2.2.2. Efficiency 
We also compared the efficiencies of 
these three detectors. The sources 
used for these measurements were the 
same as those used for the resolution 
measurements: a 241Am source, a 
137Cs source, and a 207Bi source. The 
sources were placed at 15 cm from 
the front face of the detectors.  Table 
3 shows the ratios of the LaBr3 and 
CZT detector peak areas to that of the 
NaI detector at various energies. 

We see that the efficiency of the 
LaBr3 detector is about the same as 
that of the NaI detector at low energy but is better at 
higher energy, which is to be expected. At low energy, 
the efficiency is proportional to the frontal surface area of 
the detector. Because these two detectors have the same 
frontal surface area, their efficiency for low-energy 
gamma rays should be about the same. For high-energy 
gamma rays, the efficiency is proportional to the weight 
of the crystal. Even though the LaBr3 detector thickness 
is only 3.8 cm, its density is about 1.43 times greater than 
that of NaI crystal; therefore, its overall weight is about 
equivalent to that of a 5.6-cm- thick (2.2-in.-thick) NaI 
detector. This larger equivalent thickness of the LaBr3
detector translates into better efficiency at higher energy.

Table 3. Peak Area Ratios of the CZT 
and LaBr3 Detectors to that of the NaI 

Energy
(keV)

CZT LaBr3

60 0.29 1.00
570 0.15 1.05
662 0.14 1.08

1064 0.14 1.14
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Figure 2. Spectra of a 137Cs sample. The spectra are shifted 
vertically for clarity. 

From what we just mentioned (that the efficiency at low energy is proportional to the frontal 
surface area and the efficiency at high energy is proportional to the weight of the crystal), we 
would expect the efficiency of the CZT detector (relative to the NaI detector) to be about 0.44 at 
60 keV and 0.21 at 1064 keV. The efficiencies for the CZT detector shown in Table 3 are about 
two-thirds of those expected efficiencies. The measured efficiencies would correspond better to a 
CZT crystal of size 1.3 � 1.3 � 1.3 cm3 than to the stated size of 1.5 � 1.5 � 1.5 cm3. Since we 
cannot open the detector’s outer case to actually check the crystal, we cannot be sure of the 
crystal’s dimensions. 

2.2.3. Energy Calibration 
We also compared the linearity of the energy calibration curves of these three systems. The 
gamma-ray peaks were the same four peaks of the three sources used in the two previous 
comparisons.  
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Figure 3 shows the residual scatter 
points of the peak position vs. 
energy. These points show the 
differences between the data points 
and the fitted linear curves. We see 
that the energy calibrations of all 
three detectors are somewhat non-
linear. The CZT and LaBr3 detectors 
are more linear than the NaI 
detector, with the points scattered 
about �1.5 keV from the fitted 
curves for the former detectors 
versus �3 keV for the NaI detector. 

Figure 4. NaI spectrum of 4.5% enrichment uranium. 

One more piece of information that 
should be mentioned is the 
intercepts of the linear least-squares fits. They are –12.1, 2.1, and 0.2 keV for the NaI, CZT, and 
LaBr3 detectors, respectively. Since the intercepts of the energy calibration curves of the CZT 
and LaBr3 detectors are near zero, one can use one-point calibration with the these two detectors. 
For the NaI detector, two points are needed for a reasonable energy calibration.
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Figure 3. Deviations of the data points from the fitted straight 
lines.

3. Uranium Enrichment Measurements 
The enrichment meter method requires that the counts in the 186-keV peak be accurately 
measured. The normal method for determining the counts in a well-resolved peak is to find the 
average background rate just below and above the peak and subtract the activity below a line 
drawn between the two regions. The poor resolution of the NaI detector does not allow this 
background subtraction method to be used. 

Because of the interfering gamma rays 
below 186 keV, the background 
beneath the 186-keV peak is estimated 
using the upper background region 
only. The assumption is that the ratio of 
the background above the peak and 
beneath the peak is constant with 
enrichment. Figure 4 shows a uranium 
spectrum acquired by a NaI detector 
and the typical ROIs used. 

The enrichment then can be expressed 
as

E = K*(ROI1 – c*ROI2) (Eq. 1) 
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where K and c are constant and ROI1 and ROI2 are the gross count rates of the two ROIs as 
shown in Figure 4. The constant c, for equal number of channels in the two ROIs, is generally 
larger than one as can be observed from the sloping background in Figure 4. It is common to 
express the above equation in terms of two constants, a and b, as follows: 

E = (a*ROI1 + b*ROI2)  (Eq. 2) 

The two constants a and b are determined with two standards differing in enrichment. 

The two ROIs for the NaI detector are normally from 161 to 210 keV and from 217 to 275 keV. 
Because the CZT and LaBr3 detectors have better resolution than that of the NaI detector, they 
use smaller ROIs than the NaI detectors and additional ROIs below or above 186 keV may also 
be used.

In this work, we use three ROIs for these two detectors. The first ROI, 172–199 keV, is for the 
186-keV peak and the other two ROIs, 218–227 keV and 254–263 –keV, are for the background. 
The sum of the total count rates of the two background ROIs represents the value ROI2 in 
Equations 1 and 2. The reason the two ROIs are used for the background is to avoid the 
interference peak from the 228Th decay chain at 239 keV, which may exist in some spectra. 

3.1. Normal (Un-Recycled) Uranium Enrichment 
The detectors and electronics for these measurements are the same ones used for the 
measurements described in Section 2. The enrichment meter method requires that the detector 
view a constant area for all samples. Therefore, for this method, the detectors need to be 
collimated. The NaI and CZT detectors used the shields shown in Figure 1. These shields already 
have a collimator built in. The opening for the NaI detector collimator is 2.5 cm, and the 
thickness is 2.5 cm. For the CZT collimator, the opening is 1.6 cm and the thickness is 1.6 cm. 
For the LaBr3 detector, we built a collimator with the same opening and thickness as that of the 
NaI detector.

We measured with each detector eight uranium standards, with the 235U enrichments ranging 
from 0.3% to 93%. The acquisition time for each spectrum was 300 seconds live time.  

Figure 5 shows the spectra of the 20% 235U-enriched sample acquired by the three detector 
systems. The dark, thickened lines show the ROIs used in the analysis.  

Table 4. Uranium Enrichment Results for the Three 
Detector Systems 

235U NaI CZT LaBr3
Enrich. Calc. Err. Calc. Err. Calc. Err.

0.31 0.32 0.01 0.30 0.03 0.30 0.02
0.71 0.70 0.01 0.67 0.04 0.68 0.02
2.95 2.93 0.02 2.96 0.05 2.93 0.02
4.46 4.25 0.02 4.52 0.05 4.47 0.02

20.06 19.52 0.05 20.05 0.10 20.11 0.04
93.18 96.34 0.10 92.97 0.19 93.12 0.08

The enrichments of the samples were 
determined using Equation 2. The two 
standards at 1.94% and 52.56% 235U
enrichment were used for calibration to 
obtain the constants a and b. Table 4 
shows the results of the analyses for 
the three detectors. The errors are from 
statistics only. There is also a 
systematic error component, but it is 
not included in this work. 
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Figure 5. Spectra of a uranium sample. The spectra are shifted vertically for clarity. 

From Table 4, we see that the statistical errors of the NaI and LaBr3 detectors are about the same, 
while those of the CZT detector are about a factor of two larger. That is expected. From Table 3, 
we estimate that the efficiency of the CZT at 186 keV is about a factor of five less than the 
efficiencies of the NaI and LaBr3 detectors. Therefore, its uncertainty would be about a factor of 
2.2 larger than those of the other two detectors. 

As for the biases of the measurements, we see that the CZT and LaBr3 detectors appear to be bias 
free or the biases are small relative to the statistical errors. That is, the measured enrichments 
appear to agree with the accepted enrichments within the statistical uncertainties. The enrichment 
results of the NaI detector do have large biases. For the uranium with 235U enrichment greater 
than 4%, the differences between the measured enrichments and the accepted enrichments are 
many times greater than the statistical uncertainties. These large biases come from the large 
systematic errors, which are caused by the poor resolution of the NaI detector. 

3.2. Recycled Uranium Enrichment 
The 239-keV peak from the 232U decay chain in the recycled uranium would interfere with the 
measurement of the 186-keV peak and makes the uranium enrichments more difficult. We do not 
have uranium standards with significant amounts of 232U and its progenies. We therefore mocked 
up the measurements such that the resulting spectra would have significant 239-keV peaks that 
may interfere with the analysis.  
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We use the same uranium spectra as those mentioned in the previous section. Additionally, we 
measured with each detector spectra of a small 228Th source at various acquisition times. We then 
added these 228Th spectra to the normal uranium spectra discussed in the previous section such 
that the area of the 239-keV peak is about 10% to 30% of the area of the 186-keV peak. This 10–
30% 239-keV-peak to 186-keV-peak ratio range is normally seen in the recycled uranium.  

Figure 6 shows the spectra of the 20% 235U enriched sample with the added 228Th data. The dark, 
thickened lines show the ROIs used in the analysis. The second ROI for the NaI detector is 
different than that shown in Figure 5. It is clearly seen that the old ROI with the energy range of 
217–272 keV would coincide with the 239-keV peak, which is not good. Therefore, this second 
ROI has to be moved to an area where there is no interference from any intense gamma ray. 
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Figure 6. Spectra of a uranium sample. The spectra are shifted vertically for clarity. 

The enrichments of the samples were 
determined using Equation 2. Using the 
same two standards at 1.94% 
enrichment and 52.56% enrichment for 
calibration as discussed in the previous 
section, we obtained the values for the 
two constants a and b in Equation 2. We 
then calculated the enrichments of other 
samples. Table 5 shows the results of 
the analyses for the three detectors. The 
errors are from statistics only.  

Table 5. Uranium Enrichment Results, with 228Th Data 
Added, for the Three Detector Systems  

235U NaI CZT LaBr3
Enrich. Calc. Err. Calc. Err. Calc. Err.

0.31 0.37 0.01 0.30 0.03 0.30 0.02
0.71 0.72 0.01 0.67 0.04 0.68 0.02
2.95 2.92 0.02 2.96 0.05 2.93 0.02
4.46 4.44 0.02 4.47 0.06 4.45 0.02

20.06 19.85 0.04 19.92 0.11 20.05 0.04
93.18 99.39 0.09 93.26 0.21 93.22 0.09
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The results in Table 5 for the NaI detector appear to be worse than those in Table 4 for the very 
low and high ends of the enrichment range.  

For the CZT detector, there are some noticeable changes. However, all those changes are within 
the statistical uncertainties. The differences of these calculated enrichments and the accepted 
enrichments are also less than twice the statistical uncertainties. We therefore may say that the 
introduction of the 228Th data may have changed the results a little bit, but the analysis is still 
reasonably good. 

The results of the LaBr3 detector shown in Table 5 appear to be almost identical to those shown 
in Table 4. That is, the addition of the 228Th data does not appear to affect the determination of 
the 235U enrichment.  

4. Conclusions 
We compared the characteristics of three detector systems. We found that the large (possibly the 
largest) 1.5�1.5�1.5-cm3 coplanar-grid CZT detector has better resolution and linearity but 
worse efficiency than the 2.5-cm-diameter by 5.1-cm-thick NaI detector. The 2.5-cm-diameter 
by 3.8-cm-thick LaBr3 detector performs better than the other two detectors in all three aspects: 
resolution, efficiency, and linearity.

We also compared the uranium enrichment measurement performances of the three detector 
systems. For the uranium with either negligible or a large amount of 228Th, both the CZT and 
LaBr3 detectors appear to give results with small biases and small systematic errors. The LaBr3
detector, however, with its better efficiency, gives smaller statistical errors than the CZT detector 
does. The NaI detector, due to its worse resolution, gives the worst results with the largest biases. 
The material with significant amounts of 232U or 228Th must have its background ROI changed 
for the analysis. This type of uranium gives very poor results for depleted and very high-enriched 
uranium. It should not be used for the enrichment measurement of recycled uranium that has 
significant amounts of 232U and its progenies.

Overall, we found the LaBr3 detector to be superior. Its price is reasonable, between that of the 
NaI detector and the large CZT detector. Safeguard applications such as plutonium/uranium 
holdup and uranium enrichment would greatly benefit from the LaBr3 detector’s much better 
resolution (compared with the NaI detector) and better efficiency (compared with the CZT 
detector).
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