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Abstract

High-resolution, gamma- and x-ray spectrometry are used routinely in nuclear safeguards
verification measurements of plutonium and uranium in the field. These measurements are now
performed with high-purity germanium PGe) detectors, that require cooling to liquid-nitrogen
temperatures, thus limiting their utility in field and unattended safeguards measurement
applications. Ambient temperature semiconductor detectors may complement HPGe detectors for
certain safeguards verification applications. Their potential will be determined by criteria such
as their performance, commercial availability, stage of development, and costs. We have
conducted an assessment of ambient temperature detectors for safeguards measurement
applications with these criteria in mind.

1. Introduction

Nondestructive assay measurements of nuclear materials for verification purposes is a key
component of nuclear safeguards. In most cases, nuclear materials are verified by measuring
their neutron and gamma emissions. To detect gamma rays, NaI(T1) scintillation and high-purity
germanium (HPGe) semiconductor detectors are used. These detectors are well developed and
used for many purposes, but are not optimally suited for all safeguards verification tasks. HPGe
detectors give excellent energy resolution (0.5 % at 122 keV); however, because of their small
bandgap (0.66 eV) they must be cooled to liquid-nitrogen temperatures to reduce thermal noise.
This cooling requirement is met either by a bulky dewar, which requires periodic refilling, or a

. large, electromechanical device with high power requirements. This limits the utility of a HPGe
detector in field or unattended applications. NaI scintillation detectors do not require cooling,
but their moderate energy resolution (10% at 122 keV) is insufficient in most cases for reliable

• verification measurements.

" Work performed under the auspices of the U.S. Department of Energy by the Lawrence
Livermore National Laboratory under Contract W-7405-Eng-48. This work is supported by the
International Safeguards Division in DOE's Office of Arms Control and Nonproliferation.



HPGe detectors have no equals for high-resolution gamma-ray spectrometry and will continue
to be the choice for laboratory-based high performance gamma-ray spectrometers. However,
there is a continuing desire for an ambient temperature semiconductor detector with the
portability and convenience of scintillation detectors, but with a significant improvement in
energy resolution. As a result, numerous.c0mpound semiconductor materials have been explored,
such as GaAs, CdTe, and HgI2, for use as radiation detectors. Questions remain as to which of
these semiconductor materials or whether some new material represents the best option when

• considering measurement performance, availability, durability, stability, and cost. t

" 2. Basic Considerations

In general, all semiconductor detectors depend on charge collection from an active volume of
detector material appropriately biased. The volume attainable and the atomic number (Z) of the
material are critical parameters in determining the detection efficiency, and generally, both should
be large. Another aspect of detector performance is its energy resolution which is determined
by the efficiency with which the charge carriers can be collected from the detector's active
volume.

The efficiency of charge carrier collection is dependent on the velocity with which the carriers
can move and the time they remain free as carriers. In general, the collection efficiency is
related to the Epx product (E = electric field, p = carrier mobility, and x = lifetime). This
product can be thought of as the mean distance that a charge carrier can travel, and this value
should be maximized. Therefore, in evaluating any semiconductor detector material, the
material's values for these parameters are of primary importance. The size of the electric field,
E, that can be applied to a detector is determined by it's resistivity which in turn is related to its
bandgap energy and its impurities. Charge carrier (electrons and holes) mobilities and lifetimes
are related to the material, how it is made, and the amount and type of impurities in the material.
Lifetimes of electrons and holes in germanium are essentially equivalent, while they differ an
order of magnitude or more in compound semiconductor materials. Carrier mobilities in
compound semiconductors are in general substantially less than in germanium with holes having
the least mobility. Cooled germanium detectors typically have Ep, products for the holes and
electrons in excess of 104 cm so that very good charge collection is possible over distances of
several centimeters. By contrast, Ep, products obtained for the best compound semiconductor
detector materials are on the order of several millimeters for the holes, with most hole Epz
products being much worse. Consequently, collecting holes efficiently from detectors thicker
than a few millimeters is difficult. The result is either thin, very low efficiency detectors with
excellent energy resolution, or thicker, more efficient detectors with poor energy resolution.
Because our need is for high energy resolution and moderately efficient detectors, we need to
focus on high-Z semiconductor detectors with higher photon absorption so that they can be made
thin. Table 1 gives values for these important parameters for several high-Z, compound
semiconductor materials in comparison to germanium. Finally, for detectors to operate at
ambient temperature the lower limit for the bandgap energy is ~ 1.5 eV, with an upper limit of
~2.2 eV, because the charge carrier mobilities drop rapidly with increasing bandgap energy.

I
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TABLE I

Properties of Semiconductor Detectors for Nuclear Radiation Detection

Material Maximum Bandgap(eV) Holemobility
AtomicNo.

, ,,,,, ,,, ,,,

Germanium 32 .67 4.2x104(77K)

• (Ge)
,,, ,,,= , ,i

Aluminum 52 1.62 350 (300K)
- Antimonide

(AlSb)
,, , ,,,,,,,

Cadmium 52 1.44 80 (300K)
Telluride

(CdTe)
,,, , , , L

Cadmium Zinc 52 1.6 -80 (300K)
Telluride

(CdZnTe)
_ ,,L

Gallium 33 1.45 ~40 (300K)
Arsenide

(GaAs)

Mercuric 80 2.2 4 (300K)
Iodide

 gI9
..........

3. 2urvey of High-Z Semiconductor Detectors

A. Cadmium Telluride

Cadmium telluride (CdTe) combines a relatively high Z-value (48 and 52) so that the probability
of photoelectric absorption per unit length is roughly a factor of 4-5 higher in CdTe than in
germanium. To get approximately the same detection efficiency that is obtained with a
15-mm thick, planar HPGe detector typically used for plutonium isotopic measurements would
require a CdTe detector thickness of about 4 millimeters. Because of the relatively poor hole
collection efficiency, energy resolution performance of CdTe detectors is not comparable with
that of HPGe detectors. The best energy resolution reported with a CdTe detector at room
temperature has been about 3.5 keV at 122 keV. Current CdTe detectors can be operated only
up to about 150 volts bias due to poor resistivity and this limits their hole collection efficiency.
These detectors are relatively rugged and stable in field use, and can be operated at temperatures
up to 30°C without excessive noise.



Most CdTe crystals being used for nuclear detectors are grown by the Travelling Heater Method
(THM) 2. THM grown material is usually doped with chlorine to compensate for vacancies and
improve the resistivity. Chlorine doping has been associated with operating instabilities (time
dependent decrease in the counting rate and charge collection efficiency). THM crystals are
generally of small volume (5 x 5 x 2 mm at mos0 and have low yields of detector grade material
thus leading to high detector prices.

• Recently, Aurora Technologies Corporation l_asdeveloped a new, high-pressure Bridgman (I-IPB)
approach to growing detector quality crystals of CdTe and related materials. 3 HPB crystals are
quite large (10 cm in diameter and 10 kg), have yields of detector grade material over 70%, and
exhibit uniform resistivity without doping. The HPB process can be used to grow high quality
crystals of Cdl._ZnxTe throughout the alloy composition (0 < x < 1) range. Alloying ZnTe with
CdTe increases the bandgap, resulting in much higher resistivities and corresponding lower
leakage currents and higher bias voltages than CdTe. We give a comparison of CdTe and
CdZnTe detector performance in the next section of this report.

B. Mercuric Iodide

Mercuric iodide (HgIz) detectors have high resistivities, because of their large bandgap, and
correspondingly low leakage currents. Their energy resolution performance is better than CdTe
(2.5 keV at 122 keV) except their very poor hole mobility causes considerable low-energy tailing
and limits t_eir thickness; however, their high atomic number (Z,,u = 80) partially compensates
for this. HgI 2 detectors are reported to exhibit stability and lifetime problems, related in part to
the material's high chemical reactivity and a vapor pressure near atmospheric at room
temperatures. The crystal growth process is difficult and not amenable to automation, and the
yield of detector-grade material is quite low thus making the detectors relatively expensive.

C. Gallium Arsenide

Gallium arsenide (GaAs) has a bandgap sufficiently large to permit ambient temperature
operation. The most successful detectors have been made from epitaxial materials in which thin
layers are deposited from liquid or vapor phase on a substrate. The thickness of such layers is
normally limited to 50 - 100 lam, so the active volume and the detection efficiency is quite
small. 4 The lower atomic number of this material also impacts its detection efficiency. Energy
resolution performance has not been very good, which is thought to be due to abnormal leakage
currents and Johnson noise.

D. Aluminum Antimonide

Aluminum antimonide (A1Sb) was identified I over fifteen years ago as a compound
semiconductor material that had significant potential as a high-resolution, ambient-temperature
detector. This was determined on the basis of theoretical calculations that showed its hole

mobility to be an order of magnitude larger than CdTe (theoretical hole mobility = 750)• Only



recently has LLNL received funding from the Office of Research and Development to grow these
A1Sb crystals and investigate their potential as detectors. Recent results show that reasonably
large crystals can be grown and the measured hole mobility is on the order of 350.

4. Results with cadmium-teUuride and cadmium-zinc-telluride detectors

We investigated the performance of CdTe and CdZnTe gamma-ray detectors from several
manufacturers. These detectors were approximately 2x2x2 mm in size and selected as high
resolution, spectroscopy grade devices. We assembled standard, low noise electronic
instrumentation to provide a spectroscopy system with the electronic noise contribution to the full
width at half maximum (FWHM) being 1 keV. CdTe detectors from Radiation Monitoring
Devices (RMD), Inc. and Ev Products, and CdZnTe detectors from Aurora Technology
Corporation were characterized and compared. Characteristics such as leakage current, bias
voltage, FWHM, and FWTM (Full Width at Tenth Maximum) were measured and the results are
given in Table 2. Figures 1 and 2 show spectrum measurements of a Co57 source with the
Aurora and RMD detectors.

The Aurora CdZnTe detector gave the best performance with 3.3 keV FWHM at 122 keV and
good peak-to-Compton which indicates good charge collection characteristics. The Ev Products
detector gave the poorest performance with the FWHM > 6 keV at 122 keV. They used a RMD
detector packaged with an Ev Products preamp. The specification they gave for this detector was
4 keV, however, they do not measure FWHM according to IEEE standards. Their FWHM
measurement ignores the low-energy tailing contribution which is caused primarily by poor
charge collection.

TABLE 2

Comparison of 8 cm 3 detectors (I laS time.invariant shaping)

RMD Ev Products Aurora
• , ......

Detector bias (volts) 110 150 850

Detector leakage (Na) >7 >12 <6

FWHM (keV) 3.7 >6 3.3

FWTM (keV) 17.5 ..... 9.0
, ,,,,, ,,

Cost ~ $3,000 ~ $3,000 ~ $300
....... ,,,

The results given above show that the Aurora CdZnTe detector is much superior to the other
detectors and at a fraction of the cost. The difference in costs is due to the difference in the way

the crystals are made. The HPB method results in larger crystals that give higher yields of
detectors.

......... rl ,ill.... , JiiIi I{I



The CdZnTe detector has a higher resistivity as indicated by the higher bias voltage and the
lowest leakage current. The low leakage current improves the energy resolution performance and
the higher bias voltage may improve the hole collection efficiency as indicated by the best
FWTM performance. Aurora has indicated that they are continuing to investigate ways to reduce
the impurities in the CdZnTe crystals and thus improve the hole lifetimes. This would allow
thicker detectors to be made and improve gamma-ray detection efficiency. Aurora also plans to
grow crystals with higher zinc content which should increase the resistivity and allow even higher
bias voltages. The CdZnTe detector we tested had a molecular CA to Zn ratio of 4 to 1.

We also tested some alternative signal processing techniques to detemfine whether the energy
resolution performance of these detectors could be improved. As we stated earlier, ambient-

" temperature, semiconductor materials are known to have poor hole mobility and carrier lifetimes
resulting in slow and variable charge collection. This significantly reduces the energy resolution.
Time-variant filters are a signal processing technique that may improve the gamma-ray peak
shape. A time-variant class of filter is an excellent candidate, because it gives equal weighting
to wide distribution of detector signals caused by poor and variable charge collection. This
approach to pulse processing, to improve energy resolution, is superior to slow-pulse rejection
techniques, because the latter greatly reduces the apparent detection efficiency of the detector.

A time-variant class of filter known as a gated integrator was implemented and tested on the
CdZnTe detector. This resulted in an improved peak shape (more gaussian) and a lower
Compton continuum. The F3VHM obtained with this configuration was nearly the same as the
time-invariant case, but _heFWTM was improved significantly.

Summary

Our assessment of ambient temperature detectors for nuclear safeguards applications shows that
CdZnTe detectors show the greatest potential at this time. From our perspective of applying

' high-resolution gamma-ray spectrometry to plutonium and uranium isotopic measurements,
ambient temperature detectors are limited in their use, because of their current energy resolution
performance. Analysis of plutonium gamma-ray spectra for Pu isotopic information using the
MGA codes requires an energy resolution better than 800 eV at 122 keV. Other plutonium
gamma-ray analysis codes 6'7may be used, but longer counting times will be required and the
accuracy and precision will not be as good as that obtainable with MGA. Analysis of the 100-
keV region of uranium gamma-ray spectra for uranium enrichment is not as complex, so the
energy resolution requirements are not as severe as with MGA. We estimate that an accurate
analysis of the 100-keV region in uranium gamma-ray spectra for uranium enrichment will
require an energy resolution of 1.5 keV at 122 keV.

Our discussions with Aurora Technologies indicate that there is still a possibility for significant
improvement in energy resolution performance of CdZnTe by increasing the amount of zinc to
increase resistivity and by reducing impurity concentrations. We also believe that the higher bias
voltages that can be applied to the CdZnTe detectors improve their charge collections properties
by collecting the holes faster. We expect that this will allow shorter shaping times with less
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Johnson noise, less variation in charge collection times, and greater improvements in the use of
time-variant filters.

We have also discussed with Aurora the possibility of getting a larger CdTe detector. They have
a 5x5x5 mm detector that they are willing to loan us for evaluation. We plan to evaluate its
energy resolution and peak-to-Compton performance. We also plan to conduct measurements of
nuclear materials with it to determine what isotopic information can be obtained with such a

• detector. Also, if an aluminum antimonide detector becomes available soon, we will investigate
its performance characteristics and evaluate its potential for safeguards applications.
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Detector RMD (2x2x2 ram)
Shaping Time 1 Usec
Bias Voltage 110 Volts
Sample Time 30 Minutes
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Figuxe 1. Spectrum of 57Co taken with a 2 x 2 x 2 nun CdTe detector made by RMD.
FWHM at 122 kw was 3.7 keV.
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