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ABSTRACT 

LBL-19059 

A system containing six cooled, 34 mm diam by 7 mm thick, high-resolution 
Si(Li) detectors designed to maximize the sensitivity for counting X rays in 
the 10-30 keV range to measure trace radionuclides in ~oil samples has been 
successfully fabricated. The detectors were mounted in a paddle-shaped cryo­
stat with a single large beryllium window on each side. This configuration 
provides for efficient anticoincidence background suppression and effectively 
doubles the sensitive detector area because X rays can impinge on the detec­
tors from both sides. To maximize detection efficiency, the thickness of the 
cryostat was held to a bare minimum (25 mm); this caused severe difficulties 
during fabrication of the system. Cutting down the rim of the detectors re­
duced to an acceptable level the microphony caused by movement of the beryl­
lium window that faces the lithium-diffused contact of the detectors. Since 
this system will be used for low level counting, careful testing was performed 
to select materials having the lowest radioactivity. 



INTRODUCTION 

The scientific goals associated with an ultra-sensitive X-/gamma-ray 
spectrometer system for assaying trace radioactivity in soil and ash samples 
contaminated with actinides have been chronicled in a series of previous 
papers. [1-6] An array of cooled large area Si(Li) detectors was designed to 
satisfy these goals. The present paper will discuss the technological deve1- ~. 

opments made during the evolution of this system--a system that is the heart 
of the most sensitive and selective instrument available for nondestructive 
assay of radioactivity in soil and similar samples. 

SILICON DETECTOR SYSTEM DESIGN 

Detector sensitivity is inversely proportional to the time required to 
attain a given statistical precision. It can be shown that 

1 
t « (1) 

p 

where t is the time required to attain a given statistical precision and p and 
b are the peak and background count rates, respectively. High sensitivity 
implies a capability to measure low activity in a short time. In order to 
achieve this capability, the detector system should be designed to maximize p 
and p/b. The peak count rate can be maximized by: 1) using a detector having 
a large sensitive area and high detection efficiency for the photons of inter­
est, and 2) using good detector-to-samp1e geometry. The p/b ratio can be max­
imized by: 1) using a detector having good energy resolution and low sensi­
tivity to background radiation, 2) minimizing the presence of radioactivity in 
every component in the system, and 3) suppressing whatever background is 
sensed. These criteria have all been addressed in our design. 

The principal detector system consists of a plane circular array of six 
large-area, high-resolution Si(Li) detectors mounted in a paddle-shaped cryo­
stat with a beryllium window on each side, as shown schematically in Fig. 1. 
The cryostat, with a thin sample of the soil placed close to each beryllium 
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* window, is sandwiched between two large NaI(Tl) scintillators operating in 
anticoincidence with the Si(Li) detectors to suppress the gamma background 

arising from Compton interactions. To maximize detection and gamma suppres­
sion efficiency for given size entrance windows and anticoincidence scintilla­
tors, the thickness of the paddle-shaped cryostat was held to a bare minimum 
(25 mm). This extremely restrictive configuration caused severe difficulties 
during fabrication of the system. A photograph of the cryostat is shown in 
Fig . 2 while Fig . 3 shows the cryostat sandwiched between the NaI(Tl) scintil­
lators inside a radiation shield . 

6- Si(Lj) 
ARRAY 
I 

Na.I(Tl) 

SOIL SAMPLE 

I 
Na.I(Tl) 
30cm DIA. 
IOcm LONG 

CRYOSTAT 

XBL 85 11-4589 

Fig. 1 Configuration of the Si(Li)-NaI(Tl) X-/gamma-ray spectrometer. The 
principal detector system consists of a circular array of six large­
area Si(Li) detectors mounted lion edge" so photons can impinge direct­
lyon the detectors from both sides. The array, with a sample of the 

• soil placed at each beryllium window, is sandwiched between two large 
NaI(Tl) anticoincidence scintillators which suppress the gamma back­
ground arising from Compton interactions due to radioactivity in the 
soi 1. 

* Harshaw/Filtrol, Solon, Ohio 
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XBB 850- 9120 

Fig. 2 Photograph of the paddle-shaped cryostat housing the Si{Li)-detector 
array shown schematically in Fig. 1. The paddle is 25 mm thick and 
has a 14 cm diam, 0.5 mm thick beryllium window on each face. 
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Fig. 3 Photograph of the Si(Li)-Nal(T1) detector system inside a radiation 
shield as shown schematically in Fig. 1. The Si(Li) detector array in 
the paddle-shaped cryostat (Fig. 2), with a sample of the soil on each 
side, is sandwiched between two large NaI(T1) scintillators each of 
which is viewed by an array of six photomultipliers. 

Energy resolution is a key parameter in detector sensitivity. It deter­

mines the peak-to-background ratio p/b as shown in Eq. 1 and is very important 

in determining the extent to which X-ray peaks due to contaminants can be sep­

arated from those due to the natural radioactivity in soil. In addition to 

sensitivity, the resolution affects the capability to assay several radionu­

clides simultaneously. Thus, for example, Pu is often found in combination 
with 241Am and in some instances also with 237 Np • The associated X rays are 

ULs1 (17.22 keV), NpLsl (17.75 keV), and PaL sl (16.69 keV). Separation of 
these peaks, which requires a FWHM resolution better than 500 eV at 17 keV, was 

a major consideration in the design of this detector system and particularly 

in determining the detector size • 

To maximize the sensitivity for counting X rays in the 10-30 keV range, the 

design dimensions of each Si(Li) detector were chosen to be 34 mm diam x 7 mm 

thick. This choice was based on several considerations. To maximize the 

counting rate, detectors of the largest possible area would be preferable, and 

-5-



silicon crystals that would allow fabrication of detectors up to 70 mm in diam­

eter are available. However, for a detector of a given thickness, the capaci­

tance increases linearly with area causing a decrease in the signal-to-noise 
ratio . In principle, the capacitance of the detector could be kept constant by 
increasing the thickness to compensate for an increased area since the capaci­
tance varies inversely with detector thickness. In practice, however, the max­
imum practical distance lithium can be drifted in silicon is about 8 mm; fur­
thermore, detector sensitivity to gamma background increases with thickness. 
Faced with these limitations, and with our energy resolution goal in mind, we 
chose detector dimensions of 34 mm diam x 7 mm thick. 

In the configuration used, the capacitance of each detector is about 16 pF; 
the corresponding pulser FWHM resolution at a peaking time of 35 pS is typital­
ly 350 eV using selected Siliconix U 311 FETs remounted in low loss packages. 
The leakage current of each detector is about 10-13 A at the operating tem­
perature of about 90 o K. The FET operating temperature of about 140 0 K is main­
tained by the dissipation of power in the FET (drain voltage of 3.5 V and drain 
current of 10 rnA) in conjunction with the appropriate thermal barrier between 
the FET and the cold finger. The use of heaters to optimize the FET tempera­
ture in detector arrays (a technique commonly used in smaller systems) is unde­
sirable because of the significant increase in heat load. A photograph of the 
copper cold finger, the silicon detectors and front-end electronics is shown 
in Fig . 4. 

The signal processing system consists of a transistor reset preamplifier[7] 
followed by a pulse- shaping amplifier[8] used with a peaking time of 35 or 
70 pS . The outputs from the six amplifiers are multiplexed into a single ADC 
and routed to separate memory regions in the computer. 

Since the LeI 3 5 is a peak complex, the width of this peak is not a very 
sensitive measure' of detector resolution. In the case of 241Am the NpL e3 
(17.99 keV) component is 20% of the NpL e1 ,3,5 peak. Therefore, as a measure of 
detector resolution, we use the peak-to-valley ratio, the peak being the point 

of highest intensity in the NpL o1 3 5 peak and the valley the point of lowest 
~ , , 

intensity in the valley between that peak and the NpL e2 (17.25 keV) peak. The 
peak-to-valley ratios for the detectors in this array are between 7.5 and 5. 
The FWHM resolution of the 26.4 keV gamma-ray peak from 241Am is about 425 eV. 

Mounting the detectors "on edge", i.e., so photons can impinge directly on 
the detectors from both sides, not only provides for anticoincidence background 
suppression but also effectively doubles the sensitive detector area. To 
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Fig. 4 Photograph of the copper cold finger, the silicon detectors and front­
end electronics. 

achieve the same effective area with single-side ent~ would double the detec­

tor capacitance and the electronic noise would consequently increase by about 

120 eV. Another significant benefit of the double-sided sensitivity is the 

diminished background because less cryostat material is required for the more 

compact system. Since photons impinge directly on the detectors from both 
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sides, the lithium-diffused contact was made relatively thin, - 20 ~m compared 

to the - 200 ~m thickness typically found in thick lithium-drifted silicon de­

tectors. Details of this thinning process have been reported previously.[9] 

Removal of most of the rim of the detectors as shown in Fig. 5 was an im­

portant step in reducing the microphony in the system to an acceptable level. 
In a standard "grooved" Si(Li) detector (Fig. 5, left), the outer rim, which 

is at negative bias voltage (- 1000 V), is close to the central lithium contact " 

area that is connected to the very sensitive preamplifier input FET gate and, 

therefore, only a few tens of millivolts below ground potential. The FET gate 

is effectively not only the small wire but also the entire lithium contact area 
of the detector. This gate has capacitance to the beryllium window and to all 

other nearby materials including a capacitance to the rim of the detector, 

which we call the fringing capacitance. The fringing capacitance is of rela-
tively little concern in most conventional spectrometers. However, in our sys-

tem one beryllium window is very close to the lithium-diffused face of the de-

tectors and extremely sensitive to sound-induced vibration. Movement of this 

beryllium window, which acts as a ground shield of a three-terminal capacitor, 
causes modulation of the fringing capacitance and the induced charge flow to 

the FET preamplifier results in very large microphonic signals. Cutting down 

the rim of each detector (Fig. 5, right) greatly reduces the fringing capaci-

tance. This greatly reduces capacitance modulation due to window vibrations 

thereby substantially decreasing the microphony. The shallow rim also provides 

a convenient place to hold the detectors against the cold finger with clamps 
made of Lexan. 

The benefit of good energy resolution is seen in the X-ray spectrum of a 
contaminated soil sample containing 77 pCi/g 239,240pu and 7.1 pCi/g 241Am 

(Fig. 6). The UL a1 , NpL a1 and the ULy1 ' NpL y1 peaks are sufficiently resolved 
to permit direct assay of Pu and Am. 

As the number of detectors in a cryostat increases, the detector surface 

stability becomes increasingly important because of the additional handling and 

cycling each detector is subjected to. Hydrogenated amorphous silicon deposit­

ed in an RF plasma sputterer in an argon atmosphere containing 7% H2 was used 

to passivate the surfaces of these detectors; these a-Si coatings produce very 

stable low-leakage surfaces without introducing additional noise when the de­

tectors are operated close to liquid nitrogen temperature.[10] 

The choice of silicon over germanium for this type of detector application 

has been discussed in detail in an earlier paper.[ll] Briefly stated, silicon 
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Fig. 5 The left portion shows a standard "grooved" Si(Li) detector with the 
beryllium window near the lithium-diffused contact. Movement of the 
window modulates the fringing capacitance which has - 1000 V across 
it. Cutting down the "high voltage" rim as shown on the right greatly 
reduces the fringing capacitance thereby substantially reducing the 
microphony. This modification also provides a convenient place to 
clamp the detector to the cold finger. 

detectors are preferable because of their much lower sensitivity to gamma back­

ground and because the K X-ray escape probability is negligible in silicon de­
tectors. An additional practical reason for the choice of silicon over germa­

nium is that high-resolution germanium detectors must be shielded from infrared 
radiation whereas silicon detectors require no shielding. If germanium detec­

tors were used, the thickness of the cryostat would have to be increased sig­
nificantly to allow for a cold shield; this would conflict with a central de­

sign goal of minimizing the thickness of the cryostat. 

BERYLLIUM ENTRANCE WINDOWS 

To maximize the effective detector system aperture, a single large berylli­

um window, instead of small individual windows for each detector, was used on 

each side of the circular array. The 14 cm diam, 0.5 mm thick window extends 
1 cm beyond the array perimeter thereby permitting the use of large-area sam­

ples. One of the windows is demountable to allow relatively easy access to the 
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Fig. 6 X-ray spectrum from a contaminated soil sample. The UL and NpL X rays 

are due to the decay of Pu and Am, respectively. The two LsI X-ray 
peaks, 0.5 keV apart, are sufficiently resolved to permit direct assay 
of Pu and !\m. 

internal electronic components and detectors. To decrease the radiative heat 
load, aluminum was evaporated onto the inner (vacuum) surface of the beryllium 

to lower the emissivity. 

Although a single large beryllium window provides significantly more trans­
mission for low-energy photons from a diffuse source than separate windows over 

each detector, large beryllium windows present several serious problems. One 
of the major problems is finding beryllium sufficiently free of radioactivity. 

Since the uranium content in most of the available beryllium is far higher than 
desired for use in this system where a substantial quantity of beryllium is 
present near the detectors, a large number of samples had to be analyzed to 

find acceptable window material. Both X-ray fluorescence analysis and the LBL 

low-background gamma-ray counting facility were used to analyze the beryllium 
samples . The uranium content in the beryllium samples analyzed varied from 

< 2 ppm (our limit of measurement for these sheet-shaped samples) to 150 ppm; 

the uranium content in the beryllium used for the windows is < 2 ppm. 
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Attaching the beryllium window to the cryostat vacuum jacket was another 
major problem. The large area, thin window bows under vacuum causing great 

strain on the periphery of the window. This bowing also caused concern that 

the relatively brittle beryllium would eventually crack. In fact, during test­

ing of one of our window designs a small crack developed in the center region 
of the window. This window was subsequently annealed, patched and used suc­

cessfully in the system. 

The cost of these beryllium windows is also very high (- ~4,OOO/window). 

The mechanical problems caused by the bowing could be reduced by using , thicker 

beryllium windows, but the cost increases almost linearly with thickness. Fur­
thermore, the additional material would increase the amount of uranium near the 

detectors. 

We regard the use of these beryllium windows as only an interim solution to 
the problem of finding large-area windows that provide high transmission of 

relatively low-energy photons. This is especially true in situations where the 
presence of natural radioactivity is a concern. Consequently, we are currently 

experimenting with alternatives such as composites reinforced with Kevlar 
aramid. 

CRYOSTAT MATERIALS 

Since this system was to be used for low level ' counting, careful testing in 

the LBL low-background gamma-ray counting facility was performed on all materi­

als being considered for use in the system to select materials having the low­
est possible radioactivity. The copper cold finger, the stainless steel vacuum 
jacket surrounding the detector array and the beryllium windows comprise most 

of the material near the detectors. Oxygen-free high conductivity copper is 

the only structural metal consistently found to be free of activity to our lim­
its of measurement and was the only material considered for the cold finger. 
We first fabricated the vacuum jacket from aluminum, but ultimately decided to 

switch to stainless steel because the slight 60Co contamination i n stainless 

steel was considered less of a problem in this application than the thorium 
contamination found in most aluminum. Furthermore, the additional strength of 

stainless steel significantly reduces the bowing of the vacuum jacket under 
vacuum. 
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CONCLUSION 

A spectrometer consisting of a circular array of six large-area, high-reso­

lution Si(Li) detectors mounted so photons can impinge directly on the detec­

tors from both sides has been successfully fabricated despite great difficul­

ties caused by the desire to restrict the thickness of the cryostat to an abso­

lute minimum. The sensitivity of this system permits measurement of an activi­
ty level of 1 pCi of 239pu in 1 g of soil. The technology for fabricating 

these Si(Li) detector arrays may now be considered reasonably well developed. 

The major problem remaining is that of finding a better material for the large­

area windows. 
A modified version of this Si(Li) detector array is now being developed for 

measurements in vivo of internal body actinide depositions. In this system the 

space constraints are less severe and the X rays enter the detector from only 
one side. 

ACKNOWLEDGMENTS 

We would like to thank A.R. Smith for his extensive work in determining 
the radioactivity levels in materials being considered for use in the detector 
system and R.D. Giauque for the X-ray fluore . cence analysis of the beryllium. 

H.A. Sommer provided assistance with silicon detector fabrication and P.N. Luke 
and W.L. Hansen aided in the development of the hydrogenated amorphous silicon 

passivation. J.A. Anderson fabricated most of the mechanical parts of the cry­
ostat. E.E. Haller contributed valuable advice during early stages of this 

project. We would also like to recognize the editorial assistance of P. Pehl 
and the general assistance of V.D. Donelson. 

This wo~k was supported in part by the Director's Office of Energy Re­
search, Office of Health and Environmental Research and the Office of Nuclear 
Sciences of the Basic Energy Sciences Program, U.S. Department of Energy under 
Contract No. DE-AC03-76SF00098. Reference to a company or product name does 
not imply approval or recommendation of the product by the University of 
California or the U.S. Department of Energy to the exclusion of others that 

may be suitable. 

-12-



• 

REFERENCES 

[lJ M.G. Strauss, I.S. Sherman, E.J. Swanson and R.H. Peh1, IEEE Trans. Nuc1. 
Sci., NS-25, No.1, 740 (1978). 

[2J I.S. Sherman, M.G. Strauss and R.H. Peh1, IEEE Trans. Nuc1. Sci., NS-27, 
No.1, 695 (1980). 

[3J M.G. Strauss, 1.S. Sherman and R.H. Peh1, IEEE Trans. Nuc1. Sci., NS-28, 
No.1, 244 (1981). 

[4J R.H. Peh1, M. G. Strauss and I.S. Sherman, ANS Trans., 39, 95 (1981). 

[5J M.G. Strauss, 1.S. Sherman and R.H. Peh1, Nucl. Instr. and Meth., 193, . 
203 (1982). 

[6J M.G. Strauss, I.S. Sherman, C.T. Roche and R.H. Peh1, Presented at the 
6th Symp. on X- and Gamma-Ray Sources and Applications, Ann Arbor, MI 
(1985). (To be published in Nuc1. Instr. and Meth.) 

[7J o • A. Lan dis, C.P. Cork, N.W. Madden and F.S. Goulding, IEEE Trans. Nuc 1. 
Sc i ., NS-29, No.1, 619 (1982). 

[8J D.A. Landis, F.S. Goulding, R.H. Peh1 and J.T. Walton, IEEE Trans. Nucl. 
Sci., NS-18, No.1, 115 (1971). 

[9J J. T. Walton, H.A. Sommer, D.E. Greiner and F.S. Bieser, IEEE Trans. Nuc1. 
Sci., NS-25, No.1, 391 (1978). 

[10J J.T. Walton, R.H. Peh1, Y~K. Wong and C.P. Cork, IEEE Trans. Nuc1. ~ci., 
.NS-31, No.1, 331 (1984). 

[11J I.S. Sherman, M.G. Strauss and R.H. Peh1, Health Physics, 47, No.5, 711 
(1984) • 

-13-

.', .:1. 



This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



... 
LA WRENCE BERKELEY LABORA TOR Y 

TECHNICAL INFORMATION DEPARTMENT 
UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

v'- ~ __ 




