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ABSTRACT 

Research on semiconductor radiation detectors is described. We 
developed computational models to calculate the energy band structure, 
carrier mobility, and carrier lifetime of proposed detector materials, 
and a computer spectrum simulation that accurately predicts the potential 
performance of the materials as detectors. 

We also report on a self contained, field-portable spectrometer for 
laboratory-grade pulse-height analysis of gamma-ray spectra suitable for 
use under extreme environmental conditions and isolated locations by 
personnel not trained in electronics. 

INTRODUCTION 

Effective control of nuclear materials depends on the accurate 
detection, identification, and quantification of radioactive isocopes. The 
ability to perform these operations depends on the radiation detector and 
the spectrometer system that processes the signal from the detector. We 
are developing detectors at LLL for use in nuclear fuel inventory control; 
on-line monitoring in fuel reprocessing plants and uranium mills; 
quantitative analysis of intentional or accidental releases of radioactivity 
via gaseous discharges, cooling effluent, or particulate matter; and nuclear 
materials control in field conditions. These operations require detectors 

* 
This work was performed under the auspices of the U.S. Energy Research & 

Development Administration, under contract No, W-7405-Eng-48. 

- 1- t* 
DISTRIBUTION OF 1HIS DOCUMENT IS UNLIMITED 



with high resolution and sensitivity, and are often best met with £:eld-
portable spectrometer systems. We report the research on semiconductor 
detectors at LLL and the development of a state-of-the-art pulse-height 
analyzer for use in field conditions. 

RADIATION DETECTORS 

An **ideal*' detector generates an analog signal that is an exact rep
resentation of the Y" r ay energy incident upon the detector. In practice, 
the interaction between the y ray and the detector (including such effects 
as Compton scattering and annihilation quanta generation) modifies consid* 
erably the energy actually deposited in the detector. This deposited energy 
causes ionization that must be sensed by external electronics. In the case 
of semiconductor detectors, this ionization is collected at the terminals 
of the detector and integrated for each event. Present detectors distort 
the sensing of this very small signal, and produce a significant spread in 
the indicated v-ray energy. 

Scintillator detectors can be relatively large (up to 1 m 3 ) , can be 
operated at ambient temperature, and have thus found wide application. 
However, their resolution is comparatively poor, making radioisotopic iden
tification and quantification more difficult or impossible because of their 
inability to separate adjacent Y rays and to discriminate against background 
counts. Semiconductor germanium detectors, by contrast, have excellent 
energy resolution (up to two orders of magnitude better than the scintil
lators) but are limited by their vacuum and cryogenic requirements which 
make their application to portable systems very difficult. New semicon
ductor detector materials without these disadvantages are being researched. 

Approach to Detector Research 

We need to know which characteristics of a material affect its per
formance as a detector; how new detector materials are besc identified; 
and if an improved detector material will perform better than available 
scintillators. This last question is complex because factors such as rel
ative photoelectric/GompLon interaction probability must be considered in 
addition to efficiency and resolution. Other complicating factors include 
size, fragility, stability, convenience, and cost. 

The material properties of greatest importance are the atomic number 
of the detector material, the effectiveness with which the ionized charge 
can be transported, the presence of background ionization (noise), and the 
uniformity of response over the total volume of the detector. 

For the efficient detection of 'y rays, a high atomic mincer element 
is needed be :auje the cross-section for the photoelectric interaction is 
proportional to Z 5. Thus, we consider promising only those elements in 
which Z is greater than 48. The reduction of background ionization requires 
the use of large bandgap, Eg, (greater than 1.3 eV) semiconductors and in
sulators. However, the increase in bandga^ is related to an increase in 
crystal ionicity, which increases polar lattice scattering, severely limits 
charge carrier mobility, and thus indicates a limit of Eg less than 2.0 eV. 
These conditions (Z greater than 48 and 1.5 eV < Eg < 2.0 eV) place re
strictive limits on new materials. An even stronger restriction is the 
charge collection requirement of these materials. Charge collection depends 
on the mobility of the charge carriers (electrons and holes) and on the rel
ative excited-state lifetime of these carriers. 
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A survey of the information on semiconductor mobilities and lifetimes 
shows very few promising materials aside from germanium and silicon. Of 
these other materials, considerable emphasis has been placed on cadmium 
telluride and gallium arsenide with more recent work being done on mercuric 
iodide. [1-3] However, little information on carrier mobility or lifetime 
is available for many of the compound semiconductors having measured optical 
energy bandgips in the desired range. Some of these materials, such as 
bismuth tri-lodide, may show promise as detector materials. However, sub
stantial effort, time, and money would be required to grow each material 
and evaluate it in terms of its potential use as a detector. 

We have taken an alternate approach and have developed a number of 
computational models to select new materials for consideration and to com
pare their ultimate effectiveness with available detectors. The computa
tional approach involves two portions. First, we developed the models and 
computer codes needed to calculate the energy band structure, carrier 
mobility, and carrier lifetime of these materials. The results of these 
computations provide the previously unknown data needed to determine the 
potential use of the material as a detector. Second, we developed codes 
for simulating the actual performance of the materials as detectors. These 
are comprehensive codes that provide for the y-ray physics interactions and 
detector geometrical effects, and also include the effects of non-idealized 
charge transport in the material. 

Calculated and Experimental Results 

Band structures and mobilities were calculated with the cedes for sev
eral materials. The results suggest that potential detector materials in
clude cadmium selenide, bismuth tri-iodide and tin selenide-sulphide 
[SnSe S(2-x)J" These materials have calculated charge transport properties 
better than mercuric iodide, which is already a useful detector for x rays 
and low energy y rays. 

The computer spectrum simulation (partially described in an earlier 
publication [4]) predicts quite accurately the performance of present 
detectors. An example of the accuracy of such a simulation is shown in 
Fig. 1, which compares the simulated and experimental spectra for a cad
mium telluride detector with a mixed 5 7CO and 2l*1Ara source. 

An example of the parametric studies that have been conducted is mer
curic iodide detector resolution as a function of thickness and charge 
collection efficiency for 1 3 7Cs. The results indicate that an improvement 
factor of 50 in charge collection is needed for good deteccor resolution 
if reasonable efficiency is to be retained. 

Actual growth and application of new detector materials is a necessary 
portion of our detector development program. Extensive growth of new mate
rials has been delayed pending the final results of our analytical effort. 
However, significant results have been obtained at LLL with mercuric iodide 
detectors [5] and work is continuing fov special applications. An indica
tion of the present state-of-the-art in mercuric iodide detector performance 
is shown in Fig. 2. The spectrum is for 1 3 7Cs and was taken with, a mercuric 
iodide detector 0.77 cm2 by 0.2 mm thick. The crystal was grown and kindly 
supplied by Heinz Scholz of Phillips Research Laboratories, Aachen, Germany. 

Reference to a company or product i;2Tie Hoes not imply approval or rec
ommendation of the product by the University of California or the U.S. 
Energy Research and Development Administration to the exclusion of others 
that may be suitable. 
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Fig. 1. t>n experimental spectrum taken with a 20-ram3 cadmium telluride 
detector for a mixed 5 7Co and 2 I t :Am source (A) , arid a computer 
generated simulation of the same spectra (B). 
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Fig. 2. A l 3 7Cs spectrum taken with a 0.77-cm2 » 
iodide detector operating at 700 V Dias. 

0.2-mnt-thick mercuric 



interesting features include resolution better than that of a soaium icdide 
scintillator and the presence of a fluorescent x-ray escape peak below the 
66i'.-keV-Y ray because of the thinness of the detector. While significant 
de/elopment work remains, this is indicative of the performance that can 
be expected with high-Z semiconductors. 

GAMMA SPECTROMETER SYSTEMS 

The Lawrence Livermore Laboratory Hazards Control Department has spe
cific need for field-portable equipment in dealing with nuclear accidents. 
However, available equipment cannot identify specific isotopes in field 
conditions without labotatory-grade instruments requiring large batteries, 
power convertors, and vehicles. The Hazards Control Department thus proposed 
building a field-portable spectrometer capable of sophisticated pulse-height 
analysis. The prototype, completed in fall 1973, is completely portable, 
self-contained, and has some of the computation ability of computer analyzers 
(Fig. 3). 

Description 

The spectrometer contains a 256-channel pulse-height analyzer that dis
plays the spectra in energy (keV) units; a 50 x 50-mm internal sodium iodide 
detector: a charge amplifier; a high voltage supply for the detector; a data 
recording camera; a 40-digit numerical display coupled with a 30 * 50-mm 
cathode-ray tube graphical display; and rechargeable batteries. It is 204 
x 280 x 560 ram and weighs 19 kg: small enough to be carried on a commercial 
airline and light enough for one person to transport comforably. The unit 
meets the MIL standard S10B transportation specification for hand carried 
equipment. 

Figure 4 is a photograph of the control panel. Because the instrument 
is designed for a specific purpose, there are few controls. (Laboratory 
instruments are designed to work in many modes and to interface with other 
sy.items. We compromised this flexibility for simple operation and con
struction purposes.) The small number of controls makes the weatherproof 
sealing more effective. Keyboard switches are waterproof, and easier to 
use than rotary switches. The unit will operate in temperatures of -30° 
to 70°C in 95% humidity, and is "splashproof. " For operators wearing 
bulky gloves, a special tool is provided to depress the keyboard switches 
and to adjust the potentiometers. 

Stored in the lid of the unit is a folding tripod for the detector, 
the data recording camera, five boxes of film, and an ac power charging 
cord. A side panel permits access to the detector; setting switches for 
the time and date clocks; the ac power receptical and fuse; and a spool of 
detector cable. Rechargeable batteries provide the 80 to 250 mA needed to 
power the 300 medium scale integrated circuits for 10 to 20 h. (Current 
drain and battery life vary with the use of the graphical and numerical 
displays.) An ac source recharges the batteries in about eight hours, or 
can power the unit continuously. 

Operation 

The system is more easily calibrated Lhan othtjr pulse-height analyzers. 
The gain control is set to an approximate range of interest and data is 
acquired from a calibration source. Keyboard switches are used to adjust 
the energies in the numerical display to match the energies of the known 
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Fig. 3. Photograph of the complete spectrometer system, showing the storage 
compartment tor Che detector and the tripod and data recording 
camera which are carried in the lid. 
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Fig. 4. Front panel of the spectrometer, showing the easy to use keyboard 
and the graphical and numerical displays. 

-8-



source. A different source is checked, and if its energy peak is not correct, 
a minor adjustment in the analog to digital converter (ADC) zero may be nec
essary to compensate for detector nonlinearity. If the zero is changed, 
the process must be repeated. 

Two markers, A and B, can be moved channel-by-channel across the graph
ical display, showing the channel energy and counts on the numerical dis
play. The area between the markers may be integrated with one of two key
board switches: one performs straight integration, the other subtracts a 
straight line background approximation drawn between the markers. Another 
button registers the peak ouergy on the graphical display. 

The date and time of aay are shown on the numerical display. A polaroid 
camera records the information on both displays (Fig. 5). 

The analyzer can be set to stop acquiring data when the live time 
reaches any time from 1 to 99 999 s, or when the memory reaches a full scale 
of 100 000 counts in any channeJ. 

The detector is intended for operation in its protective well, but can 
be hung from the tripod, which is carried in the cover. Other types cf 
detectors, such as germanium or mercuric iodide, may be used if compatible 
with the charge sensitive preamplifier. High voltage to the detector is 
supplied on the same cable as the returned signal and must be capacitively 
coupled if the user is not interested in using the high voltage provided. 

SECOND GENERATION SPECTROMETER SYSTEM 

Many changes were suggested by potential users of the spectrometer, 
and as a result, the prototype will not be produced. Instead, these changes 
are included in the design of a second generation analyzer now under con
struction. The more important features of the second generation analyzer 
are listed below. 

• 1024- or 256-channel operation 
• Four groups of 256 channels, which may be moved, added, or sub

tracted 
• Eight MHz ADC clock rate 
• Optional use of newly developed semiconductor radiation detectors 
• Log or linear display 
• New energy multiplier circuit of the form: Displayed energy of 

channel - (channel No.)(keV/channel const) + keV offset 
• SX70 Polaroid camera to photograph the displays; fully automatic 

operation produces ten photos in 20 s if desired 
• FSK telemetered data output to an analog tape recorder or through 

the telephone system 
• The analyzer will stop on preset live-time, on preset count in a 

specific channel, or on overflow in any channel. 
• The amplifier gain is shown on the numerical display and is con

trolled in seven binary steps from the keyboard. 
• Coincidence input for sophisticated measurements 
• 48 digit numerical lif'it emitting diode display 
• Only one calibration run is necessary to set energy readout. 
• The sodium iodide detector is rugged and protected against temperature 

changes. 
• The fiberglass case is waterproof and unbreakable. 
• The analyzer meets military transportation specifications. 
• The unit is lighter. 
• The unit is protected from salt spray environments. 
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Fig. 5. Photograph of the graphical and numerical displays, taken with the 
polaroid camera mounted in the lid of the spectrometer. 
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Figure Captions 

Fig. 1. An experimental spectrum taken with a 20-mm3 Cadmium Telluride 
detector for a mixed 5 7Co and 2l*lAm source (A), and a computer 
generated simulation of the same spectra (B). 

Fig. 2. A 1 3 7Cs spectrum taken with a 0.77-cm2 x 0.2-mm-thick mercuric 
iodide detector operating at 700 V bias. 

Fig. 3. Photograph of the complete spectrometer system, showing the storage 
compartment for the detector and the tripod and data recording 
camera which are carried in the lid. 

Fig. U. Front panel of the spectrometer, showing the easy to use keyboard 
and the graphical and numerical displays. 

Fig. 5. Photograph of the graphical and numerical displays, taken with the 
polaroid camera mounted in the lid of the spectrometer. 
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