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(57) ABSTRACT 

A nuclear density gauge and test method is provided for 
measuring density material in a relatively thin Zone beneath 
a Surface of the material. The gauge comprises a gauge 
housing and a Substantially planar base on Said gauge 
housing adapted to be positioned on a Surface of the material 
Sample. A gamma radiation Source having a characteristic 
primary energy and an activity of no more than 100 micro 
curie is mounted within the housing and cooperates with the 
base for emitting gamma radiation through the base and into 
an underlying material Sample. An energy Selective gamma 
radiation detector is mounted within the gauge housing and 
in laterally spaced apart relation from the gamma radiation 
Source. The gamma radiation detector is operable for quan 
tifying the energy level of the detected gamma radiation. 
Shielding is provided within the gauge housing between the 
Source and the detector for preventing gamma radiation from 
passing directly from Said Source to the detector. An analyzer 
is connected to the detector for detecting gamma radiation 
counts in a predetermined energy Spectrum having a lower 
limit of 0.1 MeV or greater and an upper limit which is less 
than the characteristic primary energy of Said Source. The 
density of the Sample is calculated based upon the gamma 
radiation counts obtained by the analyzer within the prede 
termined energy spectrum. 

51 Claims, 3 Drawing Sheets 
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LOW ACTIVITY NUCLEAR DENSITY 
GAUGE 

Matter enclosed in heavy brackets appears in the 
original patent but forms no part of this reissue specifi 
cation; matter printed in italics indicates the additions 
made by reissue. 

FIELD OF THE INVENTION 

This invention relates to the measurement of density, and 
more particularly to a test instrument and method for mea 
Suring the density of a Sample using gamma radiation. The 
invention is especially Suited for measuring the density in a 
relatively thin Zone below the Surface of a Sample. 

BACKGROUND OF THE INVENTION 

In the asphalt pavement construction industry, portable 
nuclear gauges are frequently used for measuring the density 
of the asphalt pavement. Often, the asphalt paving material 
is applied in relatively thin layers, e.g. on the order of about 
one to two inches in thickness, over a prepared roadbed 
foundation or an existing paved roadway. Consequently, 
there is a need to measure density of the pavement Sample 
in a relatively thin Zone, e.g., one to three inches in depth, 
below the pavement Surface. To this end, nuclear density 
gauges have been developed for directly measuring the 
density of a thin layer of paving material. For example, 
nuclear “thin layer gauges of this type are described in 
commonly owned U.S. Pat. Nos. 4,641,030; 4,701,868 and 
6,310,936. The gauges described in these patents use a 
Cesium-137 (CS) source of gamma radiation containing 
approximately eight millicuries of Cesium-137. Gamma 
radiation that is Compton Scattered from the underlying 
Sample is detected by Geiger-Mueller tubes positioned to 
form two geometrically differing Source-to-detector 
relationships, and the density of the material is calculated 
based upon the gamma radiation counts detected by the 
respective detectors. 

Although the activity of the gamma radiation Source in 
these gauges is quite Small, in the millicurie range, and can 
be safely used by an operator with ordinary precautions and 
care, regulatory agencies impose restrictions on the 
handling, transport, Storage and use of Such gauges, and on 
perSons qualified to operate Such gauges. Consequently, 
there exists a need for a gauge which uses a radiation Source 
of a much lower activity level which is not subject to the 
regulatory requirements of existing gauges. 

It is therefore an object of the present invention to provide 
a nuclear gauge Suited for measuring the density in a 
relatively thin Zone below the Surface of a Sample, and 
which uses a low activity radiation Source. 

It is a more specific object of the present invention to 
provide a gauge which can operate using a gamma radiation 
Source having an activity in the microcurie range, and more 
specifically with an activity of no more than 100 microcurie, 
and more desirably an activity of no more than 50 micro 
curie. Gauges employing these low activity nuclear Sources 
are Subject to fewer and leSS Stringent restrictions and 
regulations, if any. 

Prior attempts to produce nuclear gauges using low activ 
ity (microcurie) radiation Sources have had limited Success, 
primarily because of their limited levels of accuracy. By way 
of example, one prior nuclear gauge using a low activity 
nuclear source is described in commonly owned U.S. Pat. 
No. 4,766,319. The main difficulty in developing a gauge 
based on a low activity gamma radiation Source is that the 
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Signal to noise ratio of the gamma radiation detection is low 
because of the relatively low gamma radiation flux from a 
low activity Source. Background radiation from certain 
naturally occurring radioactive elements (e.g. K-40, U and 
Th) present in the material to be tested generate noise which 
cannot be ignored without Sacrificing the accuracy of mea 
Surement. With conventional gauges using higher activity 
gamma radiation Sources (e.g. a 8000 microcurie Cs-137 
Source), the Signal to noise ratio is high and the background 
radiation does not contribute Significant error. 

SUMMARY OF THE INVENTION 

The present invention provides a nuclear density gauge 
and method which is Suited for measuring the density in a 
relatively thin Zone beneath the Surface of a Sample of 
paving material. The gauge may be designed to measure the 
density in a Zone up to a Specific depth of, for example, up 
to 1 or as much as 3 inches beneath the Surface of the 
material Sample. The gauge uses one or more gamma 
radiation Sources having a total activity of no more than 100 
microcurie. The gauge includes a gauge housing having a 
Surface adapted to be positioned on a Surface of the material 
Sample. The microcurie gamma radiation Source is mounted 
within the housing for emitting gamma radiation through the 
base and into an underlying material Sample. At least one 
energy Selective gamma radiation detector is mounted 
within the gauge housing in Spaced apart relation with 
respect to the gamma radiation Source, with the detector 
being operable for producing Signals representing the energy 
level of the detected gamma radiation. Density calculating 
means is connected to the detector and is operable for 
calculating a value for the density of the material based upon 
detected Signals having an energy level within a predeter 
mined portion of the energy Spectrum of the gamma radia 
tion detected by the detector. In one embodiment, the density 
calculating means includes an analyzer which is connected 
to the detector and is operable for classifying and accumu 
lating Signals from the detector into one or more channels 
corresponding to Said predetermined portion of the energy 
Spectrum. The analyzer may, for example, comprise a mul 
tichannel analyzer which classifies and accumulates signals 
in a plurality of discrete channels over the energy spectrum 
of the gamma radiation detected by the detector, and wherein 
at least one of these discrete channels defines Said prede 
termined portion of the energy Spectrum. 

In one Specific embodiment, the predetermined portion of 
the energy spectrum which is used for density calculation 
has a lower limit of 0.1 MeV or greater and an upper limit 
which is less than the characteristic primary energy of the 
Source. The gamma radiation Source may comprise at least 
one Cesium-137 gamma radiation source with a 0.662 MeV 
primary energy. Preferably, the detector is a Scintillation 
detector, and the System may include an analyzer connected 
to the Scintillation detector which is capable of identifying 
the counts which have an energy within the Specified energy 
Spectrum. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Some of the features and advantages of the invention 
having been described, others will become apparent from 
the detailed description which follows, and from the accom 
panying drawings, in which: 

FIG. 1 is an exploded Schematic view of a gauge in 
accordance with one embodiment of the invention. 

FIG. 2 is a Schematic diagram showing the circuitry for 
processing the Signals obtained by the gauge. 
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FIG. 3 is a side elevational view of a gauge in accordance 
with a second embodiment of the invention, shown with the 
Source wheel in the shielded, raised position. 

FIG. 4 is a side elevational view showing the source 
wheel used in the gauge of FIG. 3. 

FIG. 5 is a cross-sectional view of the Source wheel. 

FIG. 6 is a side elevational view of the gauge of FIG. 3, 
shown with the source wheel in the exposed, lowered 
position. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention now will be described more fully 
hereinafter with reference to the accompanying drawings, in 
which preferred embodiments of the invention are shown. 
This invention may, however, be embodied in many different 
forms and should not be construed as limited to the embodi 
ments Set forth herein; rather, these embodiments are pro 
Vided So that this disclosure will be thorough and complete, 
and will fully convey the scope of the invention to those 
skilled in the art. Like numbers refer to like elements 
throughout. 

Theory 
The present invention is based on the Scattering and 

absorption properties of gamma radiation with matter. For 
gamma radiation with energies less than 2 MeV, there are 
two dominant interacting mechanisms with matter. In the 0.1 
to 2 MeV energy range, the dominant mechanism is inelastic 
Scattering (Compton Scattering). For energies less than 0.1 
MeV, the dominant mechanism is photoelectric absorption. 
In the 0.1 to 2 MeV energy range, the amount of gamma 
radiation Scattering (energy degradation) is a function of 
electron density of the material and therefore, density is a 
fundamental measurement property. This results in a nuclear 
attenuation per unit-length mass-density that is less influ 
enced by the material composition. At energies below 0.1 
MeV, the photoelectric absorption of gamma radiation is 
Sensitive to the atomic number of the material and hence to 
the chemical (elemental) composition of the material. 
Therefore, when a gamma radiation Source of Sufficient 
energy is placed near a material, and an energy Selective 
gamma radiation detector is used for gamma radiation 
detection, gamma radiation mainly undergoing Compton 
Scattering can be counted exclusively. With proper 
calibration, the gamma radiation count can be converted to 
an absolute density. 

According to one specific embodiment of the invention, a 
'CS gamma radiation source with a 0.662 MeV primary 
energy is used. However, other gamma radiation Sources 
with different primary energy levels could be employed, 
Such as "Co for example. Gamma radiation interacting with 
the Sample is measured with a detector, which is preferably 
an energy Selective detector configured to detect gamma 
radiation in a predetermined energy spectrum. Gamma 
radiation detectors may be configured in various ways to be 
Selective to a desired energy spectrum. For example, in the 
embodiment shown and described herein, an energy Selec 
tive Scintillation detector is used, Specifically a Sodium 
iodide (NaI) crystal mounted on a photomultiplier tube 
(PMT). When using a ''Cs source, gamma radiation inter 
acting with the Sample with energies in the predetermined 
range 0.1 to 0.4 MeV are counted. In a further specific 
embodiment, gamma radiation with energies in the prede 
termined range of 0.1 to 0.25 MeV are counted. The gamma 
radiation within this energy spectrum is that which has 
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4 
interacted with the underlying material and has been back 
Scattered to the detector. Because of Compton Scattering, the 
radiation posses a lower energy level than the 0.662 MeV 
primary energy of the ''Cs source. For gamma radiation 
sources other than ''Cs, the upper limit would be selected 
in a similar manner based upon the energy distribution for 
the particular Source Selected. 

Apparatus 
One embodiment of a gauge in accordance with the 

present invention is shown in FIG.1. The gauge is indicated 
generally by the reference character 10. The gauge includes 
a base 12 having a Substantially planar lower Surface and a 
gauge housing 14 which cooperates with the base 12 to 
protectively enclose the various components of the gauge. A 
handle 16 extends upwardly from the gauge housing 14 to 
facilitate transporting the gauge. On the upper Side of the 
gauge housing 14 Suitable input-output devices are 
provided, such as the keypad 18 and display 19 shown in the 
drawing. 

Additional components of the gauge are mounted to the 
upper Surface of the base 12. AS shown, located adjacent one 
longitudinal end of the base 12 is a source plate 20. Source 
plate 20 is in the form of an elongate bar. In the illustrated 
embodiment, a Series of three discrete radiation point 
Sources 22 are mounted at Spaced-apart locations to one side 
of the source plate 20. It will be understood that more than 
three discrete point Sources could be used. In an alternative 
embodiment, not illustrated, the radiation Source may be 
continuous and distributed along the entire length of the 
Source plate. Alternatively, the Sources may be arranged in 
a pattern, Such as a circular pattern, Surrounding the detector. 
In any event, the total activity of the gamma radiation 
Sources does not exceed 100 microcurie. In the particular 
embodiment illustrated, the gamma radiation Source is 
Cesium-137 and each individual point source of Cesium-137 
has an activity of no more than 10 microcurie. 
The source plate 20 is preferably mounted so that it can 

be readily removed from the base plate 12. In the embodi 
ment shown, the Source plate 20 has two vertically extending 
holes adjacent each end which are adapted to receive 
threaded fasteners, such as bolts 24, and which threadably 
engage Suitably tapped holes 25 formed in the base plate 12. 
This arrangement makes it possible to remove the radiation 
Source, either for replacement or for taking background 
radiation counts, as explained more fully below. It also 
ensures that the Source plate 20 is reliably and consistently 
located at the same position when installed on the base 12, 
Since the distance and geometrical relationship between the 
Source plate 20 and the radiation detector must be consis 
tently maintained for accurate and reproducible results. For 
radiation safety, the source plate 20 may be tethered to the 
gauge to prevent loSS while removed from the gauge. 
An energy Selective detector System is mounted to the 

base 12 adjacent the opposite end from the Source plate 20. 
In the particular embodiment illustrated in FIG. 1, the energy 
Selective gamma radiation detector System includes a 
Sodium iodide crystal 26 and a photomultiplier tube 28 
mounted to the Sodium iodide crystal. When gamma radia 
tion Strikes the Sodium iodide crystal, photons are released, 
varying in intensity corresponding to the energy level of the 
gamma radiation. The photomultiplier tube 28 detects the 
photons and converts them to electrical signals which, in 
turn, are amplified by an amplifier 30 mounted to the 
photomultiplier tube. The amplified Signals are directed, via 
an electrical conductor 32, to a circuit board 34, where the 
Signals are processed as described more fully below. 
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Radiation Shielding 36 is also mounted on the base plate 
12. The shielding 36 is located directly between the source 
plate 20 and the radiation detector assembly to inhibit 
gamma radiation emanating from the gamma Sources 22 
from passing directly from the Sources to the detector. 
Consequently, the only gamma radiation from the Sources 22 
that is received by the detector is radiation which has passed 
through the base 12 into the underlying material Sample, and 
which has interacted with the material Sample before being 
Scattered back upwardly through the base 12 to the Sodium 
iodide crystal 26. Thus, the gauge operates in the “back 
Scatter” mode. Any Suitable material capable of blocking 
gamma radiation can be used as the shielding 36, with lead 
or other dense metals being typical. 

The functional components of the circuit board 34 are 
shown Schematically in FIG. 2. An analog-to-digital con 
verter 38 transforms the amplified analog signals from 
amplifier 30 into digital Signals quantifying the energy level 
of the gamma radiation (photon) count. The output of the 
analog-to-digital converter 38 is directed to an analyzer 
device, which in the illustrated embodiment is a multi 
channel analyzer (MCA) 39 which accumulates the number 
of gamma radiation (photon) counts of different energy 
levels into a plurality of channels, each channel correspond 
ing to portion of the energy level Spectrum. For purposes of 
density calculation, only a predetermined portion of the 
overall energy Spectrum detected by the detectorS is con 
sidered. Thus, only the accumulated counts from one or 
more of the channels corresponding to this predetermined 
portion are considered for the density calculation. For 
example, in one Specific embodiment, this energy spectrum 
has a lower limit of 0.1 MeV and an upper limit of 0.4 MeV 
when a "CS gamma radiation Source is used. In a more 
specific embodiment, the lower limit is 0.1 MeV and the 
upper limit is 0.25 MeV. Other channels of the analyzer 
representing other Slices of the energy spectrum may be 
considered for taking Standard counts or in compensating for 
background radiation. The output of the MCA39 is directed 
to a processor 40 containing a Set of Stored instructions 
Suitable for converting the accumulated gamma radiation 
(photon) counts from the MCA into a density value. The 
processor 40 is operatively connected to the keypad input 
device 18 and to the output display 19. 

Preferably, the Source or Sources of gamma radiation are 
configured So that gamma radiation emanates from a later 
ally extending area or Zone So as to provide for a number of 
individual of pathways along which the gamma radiation 
may travel downwardly into the underlying Sample. The 
resulting backScattered radiation also travels along a number 
of pathways back up to the detector System. In the embodi 
ment illustrated, there are three discrete 10 microcurie point 
sources of '7Cs mounted on the source plate 20, and the 
gamma Sources are oriented along a line generally perpen 
dicular to a line passing directly from the Source plate to the 
detector. Since the detector is capable of receiving radiation 
over its entire area, there are numerous paths of travel for the 
gamma radiation passing downwardly into the underlying 
Sample and being backScattered to the detector System. It 
will be appreciated that similar results would be achieved 
from a Source which extends along the entire length of the 
Source plate 20. To make more efficient use of the detector 
area, the detector System may include a plurality of Smaller 
Sodium iodide crystals and asSociated photomultiplier tubes 
arranged Side-by-side, instead of the Single crystal 26 and 
photomultiplier tube 28 shown in FIG. 1. By providing 
multiple paths of travel in this manner from the Source to the 
detector, the gauge is able to See a larger Volume of the 
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Sample and the error caused by the Surface roughness of the 
Sample is thereby reduced. 

Spectrum Stabilization 
Scintillation detectors are Sensitive to temperature fluc 

tuations. In the digital spectrum produced by the MCA, the 
energy level of the gamma radiation detected by the Scin 
tillation detector is correlated into one of many (e.g. 512) 
channels representing the counts corresponding to a particu 
lar gamma radiation energy level or range. This spectrum 
may be represented graphically as extending in the 
X-direction, with the total number of counts in each channel 
extending in the y-direction. When the temperature 
fluctuates, the Spectrum fluctuates non linearly in the 
X-direction. Therefore, a peak once centered on one channel 
may end up centered on a different channel. If one wants to 
find the gamma radiation (photon) counts in channels 
between Cie, representing the energy Ete, and C, 
representing the energy E, because of these fluctuations, 
the counts obtained from using the “raw' spectrum will have 
uncertainties due to the temperature Sensitivity. An analog or 
digital spectrum Stabilizer is used to Stabilize the Spectral 
drifts resulting from temperature fluctuations in the NaI 
detector. For purposes of spectrum Stabilization, the gauge is 
provided with an additional 1 microcurie ' Am gamma 
radiation reference Source 45 mounted near the detector 26 
in the embodiment shown in FIG. 1. The 0.056 MeV peak 
from the source 45 is used as a reference point by the MCA 
for Stabilization of the Spectrum. 

During a 4 minute counting time, the MCA collects 
counts, which are then corrected for signal amplitude fluc 
tuations and Stored in a buffer. At the end of counting, the 
MCA gives the stabilized spectrum. 

In an alternative approach, Spectrum Stabilization could 
be carried out without requiring an additional radiation 
Source for reference. A tiny “leak' hole could be provided in 
the Shielding 36 So that a Small fraction of the gamma 
radiation can pass directly from the Source 22 to the detector 
26. In this instance, the 0.662 MeV peak of the gamma 
radiation Source itself can be used as a reference point for 
Spectrum Stabilization. 

Gamma Radiation Background 
In order to obtain an accurate density measurement, it is 

necessary to quantify the background gamma radiation from 
the Sample and its Surroundings. Conventional nuclear den 
sity gauges avoid this issue by using a stronger gamma 
radiation Source (e.g. about 8000 micro Curie) resulting in 
Such a large Signal to noise ratio that the effect of back 
ground radiation can be ignored. With the present invention, 
there are Several possible approaches to compensating for 
background gamma radiation. According to one approach, 
for example, the Source plate 20 can be physically removed 
from the gauge and placed in a location Shielded from the 
detector. Then, the SourceleSS gauge can be operated to 
obtain a gamma radiation count representing the background 
Spectrum. According to another approach, the gauge can be 
constructed with a Source which can be moved from an 
unshielded active position when operated for density 
measurement, to an internally shielded location within the 
gauge when operated for background calibration. One exem 
plary embodiment using this approach is illustrated in FIG. 
3. To avoid repetition, like reference numbers with prime 
notation () added are used to identify elements in this 
embodiment which correspond to elements previously 
described. In this embodiment, the gamma radiation Source 



US RE38,910 E 
7 

22' is located on a disk 52 which is mounted for rotation 
within a shielded enclosure 54. Both the disk 52 (FIGS. 4 
and 5) and the shielded enclosure 54 are made from a dense 
material Such as lead, which is opaque to gamma radiation. 
A shaft 56 connected to the disk 52 extends from the gauge 
housing to allow for rotating the disk. When positioned in 
the shielded position for background counts and Storage, the 
disk is rotated So that the Source 22' is completely enclosed 
by the shielded enclosure, as shown in FIG. 3. When density 
measurements are to be taken, the shaft 56 is rotated 180 to 
position the Source 22' in the unshielded active position 
shown in FIG. 6. In this position, the source 22' is located 
proximate to the lower surface of the base plate 12" so that 
gamma radiation may be directed into a material Sample 
located beneath the base plate of the gauge. 
Gamma radiation background may also be estimated 

“on-the-run based upon a measurement of the gamma 
radiation counts having an energy level at or about 1.460 
MeV. The element potassium has a long-lived radioisotope, 
K-40, that emits 1.460 MeV gamma radiation. Since potas 
sium is present in the minerals typically used as the aggre 
gate for an asphalt paving mix, Compton Scattering of the 
1.460 MeV gamma radiation produces background radiation 
in the energy spectrum which is of interest for density 
measurement. Another approach involves mathematical fit 
ting of the straight-line part of the 0.662 MeV gamma 
radiation peak. The slope of this line can be used to estimate 
the background. Still another approach involves having a 
Separate Smaller detector System for background measure 
ment. This detector may be connected to gauge electronics 
with a cable and placed in the side of the detector that is 
away from the Sources, or may be placed outside the gauge 
enclosure. 

Standard Count 

Nuclear density gauges use radioactive Sources having a 
finite half-life. The source activity decreases with time due 
to disintegration of nuclei. To compensate for the varying 
Source activity, the measured gamma radiation count is 
normalized to the count on a Standard. This count ratio is 
then independent of time. In conventional gauges, this 
Standard is a polyethylene block. The present invention can 
employ any of Several methods for acquiring a Standard 
calibration count. For example, in one approach, the gauge 
can be placed on a Standard plates two to three inches thick 
and of a Surface area one or two times the footprint size of 
the gauge. These Standard plates can be magnesium, 
aluminum, or a combination of magnesium and aluminum, 
and backScatter counts are acquired on each plate. The 
gamma radiation Streaming from Source to detector is com 
pletely Stopped by the Shielding, So that only a backScatter 
reading is acquired, and counts are taken in a particular 
energy window, for example 0.1-0.25 MeV (for a '7Cs 
source with 0.662 MeV primary energy). 

In another approach, a Small bore hole is formed in the 
Shield to provide a direct path for the gamma radiation from 
the Source to the detector So that the detector could See a 
direct beam of gamma radiation of 0.662 MeV energy. The 
net counts in the 0.662 MeV ''Cs peak can be used as the 
Standard count, when the gauge is placed on the Standard 
plate as well as on-the-run. Here, on-the-run means when the 
gauge is placed on a testing material. When the gauge is 
placed on the testing material, the standard count (the net 
counts in the 0.662 MeV primary energy) is taken simulta 
neously with the backScatter density count. 

In Still another approach, a Small Geiger Muller tube is 
incorporated in the gauge housing near the primary Source 
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8 
and is used to ascertain the Standard count. This tube is 
inside the gauge and is not affected by the density of the 
underlying material. 

Gauge Calibration Example 1 

AS with other nuclear gauges, the gauge has to be cali 
brated to convert gamma radiation counts to material bulk 
densities. Preliminary calibration was performed using three 
Solid metal calibration plates: a magnesium plate with Soil 
equivalent density of 109.8 pcf (pounds per cubic foot), a 
composite magnesium/aluminum plate with Soil equivalent 
density of 133.3 pcf, and an aluminum plate with soil 
equivalent density of 161.2 pcf. The gauge was operated in 
the backscatter mode. Counts in a 0.1 to 0.25 MeV energy 
window were used to estimate the density. The background 
radiation from the Sample and its Surrounding was measured 
by obtaining counts when the ''Cs gamma radiation Source 
was removed from the gauge. The gauge was placed on the 
magnesium plate and three 4-minute counts were obtained. 
The average of these counts was calculated as C. The 
gauge was then placed on the magnesium/aluminum plate 
and three 4 minute counts were taken. The average count 
was calculated as C. The Source was reinstalled in its 
operative unshielded position in the gauge and the gauge 
was placed on the magnesium plate and three 4 minute 
counts were collected. The average count was calculated as 
C. The gauge was then placed on the composite 
magnesium/aluminum plate and three 4 minute counts were 
obtained. The average count was calculated as CA. The 
gauge was then placed on the aluminum plate and three 4 
minute counts were collected. The average count was cal 
culated as CA. 
The 4 minute background count C is given by C= 

(Ca+C2)/2. The background corrected counts on the 
magnesium plate was used as the standard count (C) 
where Cia-CM-Cega. 
The count ratio (CR) for each sample was then calculated 

using the following equation: CR =(C-C)/C. 
where C is the count on a particular calibration plate. 
Table 1 shows the data. 

TABLE 1. 

Plate Density 4-min count 4-min background Count Ratio 

Mg 109.8 574525 4O458 1.OOO 
Mg,Al 333.3 562293 41798 0.9771 
Al 161.2 54.8285 O.0508 

The calibration counts are used to determine the calibra 
tion constants by fitting to a Standard equation of the form 

Where A, B, and C are the fitting coefficients or calibration 
constants and D is density. 
The best fit gave the following values for the three 

calibration constants. 
A=0.8245 
B=1.4036e-3 and 
C=-0.2932 

Gauge Calibration Example 2 

A portable calibration unit can be produced with Sand 
wiched 1-inch thick Mg and 1-inch thick A1 minimum 
plates. The 1-inch plate of Mg itself is formed by two 
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0.5-inch plates. The plateS preferably have a Surface area 
about one to two times the footprint of the gauge. 

Background Count: Place the plates flat on the ground 
with the 1-inch Mg plate facing up. Place the gauge, with the 
Source removed or in the Shielded position, on the plate. 
Acquire counts for 4 minutes (C). 

Standard Count: Place the plates flat on the ground with 
the 1-inch Mg plate facing up. Place the gauge, with the 
Source install or in the unshielded operative position, on the 
plate. Acquire counts for 4 minutes (C). The standard 
COunt Cia-Ctdraw-Chgas 
Mg Count for Calibration: C=C., 
MgA1 Count for Calibration: Now remove the top 0.5- 

inch Mg plate. Place the gauge, with Source installed and 
active, on the plate and acquire counts for 4 minutes 
(CMA1.raw) MgA1 Count CMgA1CMgA1, raw-Chgd: 
A1 Count for Calibration: Now turn the plates so that the 

1-inch A1 plate is facing up. Place the gauge, with Source 
installed and active, on the plate and acquire counts for 4 
minutes (CA1.,). A1 Count CA1=CA1-C. 

The counts as acquired above may now be used as 
described in Calibration Example 1 to obtain calibration 
COnStantS. 

Density Calculation 
The calculation of the density of a material Sample is 

preferably carried out by a Suitably programmed micropro 
ceSSor or by any other functionally equivalent device, Such 
as an application Specific integrated circuit or a general 
purpose computer. The gauge is placed on the Sample to be 
measured and a count is obtained for a Suitable period of 
time, Such as 2 to 4 minutes. From the MCA, stabilized 
counts for the particular portion of the energy spectrum of 
interest are obtained. Then using the density equation and 
calibration constants obtained as described in the Calibration 
Examples above, a value for the density of the Sample may 
be obtained. This value is displayed to the user on the 
display 19 of the gauge. 

In a preferred implementation of this method, the calcu 
lations are carried out on the accumulated gamma radiation 
(photon) counts repeatedly at a frequent intervals as the 
counting proceeds, Such as everyone to two Seconds, treating 
each as a frequency packet, and a digital filtering algorithm 
is utilized to decrease the Statistical variation of the packet. 
Instead of waiting until the end of a 2 to 4 minute count to 
display the density value, this approach makes it possible to 
provide to the user an almost real-time display of the 
calculated density value while the count is Still proceeding. 
The density values may be displayed to the user graphically 
as a function of time, as shown in FIG. 1. AS the digitally 
filtered density value Settles down to a steady State, the user 
may decide to accept the calculated density value as being 
Sufficiently accurate, and to discontinue the measurement 
procedure without waiting until the end of the full two or 
four minute count. Thus, this calculation method can reduce 
the time required for taking density measurements and can 
thereby increase efficiency and productivity. 

According to a further modified embodiment of the 
invention, it is possible for the user to adjust or to Set the 
depth of field of the gauge So that density measurements can 
be obtained from a Specific depth into the underlying 
material, Such as a depth of up to one inch or up to three 
inches. This is achieved by adjusting the Source to detector 
geometry. In particular, in this modified embodiment, the 
Source can be adjustably positioned at one of Several dif 
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ferent distances from the gauge. In the embodiment shown 
in FIG. 1, this can be achieved by fastening the Source plate 
20 to the base 12 at one of several different preselected 
locations, provided by alternative sets of tapped holes 25' in 
the base for receiving the bolts 24 used to fasten the source 
plate. Alternatively, the location of the detector could be 
adjusted in relation to a fixed Source location. 
Many modifications and other embodiments of the inven 

tion will come to mind to one skilled in the art to which this 
invention pertains having the benefit of the teachings pre 
Sented in the foregoing descriptions and the associated 
drawings. Therefore, it is to be understood that the invention 
is not to be limited to the specific embodiments disclosed 
and that modifications and other embodiments are intended 
to be included within the Scope of the appended claims. 
Although specific terms are employed herein, they are used 
in a generic and descriptive Sense only and not for purposes 
of limitation. 

That which is claimed: 
1. A nuclear gauge for measuring the density of a material, 

Said gauge comprising: 
a gauge housing having a Surface adapted to be positioned 

on a Surface of the material Sample; 
at least one gamma radiation Source within Said gauge 

housing having a characteristic primary energy and 
having a total activity of no more than 100 microcuries, 
Said at least one Source being positioned for emitting 
gamma radiation through Said housing Surface and into 
an underlying material Sample, 

at least one energy Selective gamma radiation detector 
mounted within the gauge housing in Spaced apart 
relation with respect to Said at least one gamma radia 
tion Source, Said gamma radiation detector being oper 
able for producing Signals representing the energy level 
of detected gamma radiation; and 

density calculating means connected to Said detector and 
operable for calculating a value for the density of the 
material Sample based upon detected Signals having an 
energy level within a predetermined portion of the 
energy Spectrum of the gamma radiation detected by 
Said at least one detector. 

2. A gauge according to claim 1, wherein Said density 
calculating means includes an analyzer connected to Said at 
least one detector and operable for receiving Said Signals 
therefrom, said analyzer including means for classifying and 
accumulating Signals in one or more channels corresponding 
to Said predetermined portion of the energy spectrum. 

3. A gauge according to claim 2, wherein Said analyzer is 
a multichannel analyzer for classifying and accumulating 
Signals in a plurality of discrete channels over the energy 
Spectrum of the gamma radiation detected by Said at least 
one detector, and wherein at least one of Said discrete 
channels defines Said predetermined portion of the energy 
Spectrum. 

4. A gauge according to claim 1, wherein Said predeter 
mined portion of the energy Spectrum of the gamma radia 
tion has a lower limit of 0.1 MeV and an upper limit which 
is less than the characteristic primary energy of Said Source. 

5. A gauge according to claim 4, wherein Said at least one 
Source comprises at least one Cesium-137 gamma radiation 
Source with a 0.662 MeV primary energy. 

6. A gauge according to claim 5, wherein Said predeter 
mined energy Spectrum falls within the range of from 0.1 
MeV to 0.4 MeV. 

7. A gauge according to claim 5, wherein Said predeter 
mined energy Spectrum falls within the range of from 0.1 
MeV to 0.25 MeV. 
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8. A gauge according to claim 1, wherein Said at least one 
gamma radiation Source comprises a plurality of point 
Sources, each in Spaced apart relation from one another and 
from Said detector. 

9. A gauge according to claim 8, wherein Said point 
Sources are arranged in a common plane Substantially par 
allel to Said base. 

10. Agauge according to claim 1 wherein Said at least one 
energy Selective gamma radiation detector comprises a 
Sodium iodide crystal and a photomultiplier tube operatively 
asSociated with Said crystal. 

11. A gauge according to claim 1 including an additional 
gamma radiation Source having a characteristic primary 
energy and an activity of no more than 50 microcurie, Said 
additional Source being mounted within Said gauge housing 
and positioned So that gamma radiation can pass directly 
from Said additional Source to Said detector. 

12. A gauge according to claim 1, additionally including 
background radiation detection means operable for calcu 
lating a value representing the ambient background gamma 
radiation, and wherein Said density calculating means coop 
erates with the background radiation detection means for 
calculating a value for the density of the material Sample 
which is corrected for ambient background radiation. 

13. A gauge according to claim 12, wherein Said back 
ground radiation detection means includes means to permit 
placement of Said at least one Source in a location shielded 
from Said detector So that the detector can detect gamma 
radiation originating other than from Said Source. 

14. A gauge according to claim 2, additionally including 
Stabilization means associated with Said analyzer for cor 
recting for temperature Sensitivity of Said detector. 

15. A gauge according to claim 14, wherein Said Stabili 
Zation means includes means responsive to reference signals 
in at least one other Selected channel of Said analyzer, Said 
at least one other Selected channel representing an energy 
level outside of Said predetermined portion of the energy 
Spectrum. 

16. A gauge according to claim 15, wherein Said Stabili 
Zation means includes an additional gamma radiation Source 
having a characteristic primary energy different from that of 
Said at least one Source, and wherein Said at least one other 
Selected channel corresponds to the characteristic primary 
energy of Said additional Source. 

17. A gauge according to claim 1, including a shielded 
enclosure located within Said housing and a disk rotatably 
mounted within the Shielded enclosure, and wherein Said 
gamma radiation Source is mounted to Said disk, the disk 
being rotatable to move the Source from a retracted Shielded 
position within the shielded enclosure to an exposed position 
for measurement. 

18. A gauge according to claim 1, wherein Said density 
calculating means includes means operable for calculating 
density values repeatedly during a predetermined counting 
time, and including a display device cooperating with Said 
density calculating means and operable for displaying the 
calculated density values as a function of time during Said 
predetermined counting time. 

19. A nuclear gauge for measuring the density of a 
material, Said gauge comprising: 

a gauge housing; 
a base on Said gauge housing adapted to be positioned on 

a Surface of the material Sample, 
at least one gamma radiation Source within Said gauge 

housing having a characteristic primary energy and 
having a total activity of no more than 100 micro 
curies, Said at least one Source being positioned for 
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12 
emitting gamma radiation through said base and into an 
underlying material Sample, 

at least one energy Selective gamma radiation detector 
mounted within the gauge housing in Spaced apart 
relation with respect to Said at least one gamma radia 
tion Source, Said gamma radiation detector being oper 
able for producing Signals representing the energy level 
of detected gamma radiation; 

Shielding within Said gauge housing and located between 
Said at least one Source and Said at least one detector for 
blocking gamma radiation from passing directly from 
Said Source to Said detector; 

an analyzer operatively connected to Said detector for 
receiving Said Signals therefrom, Said analyzer includ 
ing means for classifying and accumulating Signals in 
one or more channels over the energy Spectrum of the 
detected gamma radiation; and 

density calculating means connected to Said analyzer and 
operable for calculating a value for the density of the 
material Sample based upon the accumulated Signals in 
one or more of Said channels Selected to represent a 
predetermined portion of the energy spectrum of the 
gamma radiation detected by Said at least one detector. 

20. A gauge according to claim 19, wherein both Said 
Source and Said detector are mounted to Said base. 

21. A gauge according to claim 20, including a mounting 
plate upon which Said at least one Source is located, the 
mounting plate being detachably connected to a predeter 
mined location on Said base to permit removing the Source 
from the gauge housing. 

22. A gauge according to claim 21, including a tether 
connecting the Source plate to Said base So that it cannot 
become lost or Separated when removed from Said base. 

23. A gauge according to claim 19, including a Shielded 
enclosure located within Said housing and a movable Source 
mount within the Shielded enclosure, the Source mount 
allowing movement of the Source from a retracted Shielded 
position within the Shielded enclosure to an exposed 
unshielded position for taking measurements. 

24. A gauge according to claim 19, wherein Said at least 
one detector comprises a Scintillation detector. 

25. A gauge according to claim 24, wherein Said Scintil 
lation detector comprises a Sodium iodide crystal and a 
photomultiplier tube operatively associated with Said crys 
tal. 

26. A gauge according to claim 19, wherein Said detector 
comprises first and Second Scintillation detectors positioned 
within Said housing at two geometrically differing Source 
to-detector relationships. 

27. A gauge according to claim 26, including means for 
adjusting the Source-to-detector Spacing of at least one of 
Said first and Second Scintillation detectors. 

28. Agauge according to claim 19, including an additional 
gamma radiation Source having a characteristic energy and 
an activity of no more than 50 microcurie, Said additional 
Source being mounted within Said gauge housing and posi 
tioned So that gamma radiation can pass directly from Said 
additional Source to Said detector. 

29. A gauge according to claim 19, including a channel 
formed in Said shielding for providing a path for gamma 
radiation to pass directly from Said at least one gamma 
radiation Source to Said detector. 

30. A nuclear gauge for measuring the density of a 
material, Said gauge comprising: 

a gauge housing; 
a base on Said gauge housing adapted to be positioned on 

a Surface of the material Sample, 
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at least one gamma radiation Source within Said gauge 
housing having a characteristic primary energy and 
having a total activity of no more than 100 microcuries, 
Said at least one Source being positioned for emitting 
gamma radiation through said base and into an under 
lying material Sample, 

at least one energy Selective gamma radiation detector 
mounted within the gauge housing in Spaced apart 
relation with respect to Said at least one gamma radia 
tion Source, Said gamma radiation detector being oper 
able for producing Signals representing the energy level 
of detected gamma radiation; 

shielding within Said gauge housing and located between 
Said at least one Source and Said detector for blocking 
gamma radiation from passing directly from Said 
Source to Said detector; 

an analyzer operatively connected to Said detector for 
receiving Said Signals therefrom, Said analyzer includ 
ing means for classifying and accumulating Signals in 
one or more channels over the energy Spectrum of the 
detected gamma radiation; 

background radiation detection means connected to Said 
analyzer and operable for calculating a value represent 
ing the ambient background gamma radiation, 

density calculating means connected to Said analyzer and 
operable for calculating a value for the density of the 
material Sample based upon the accumulated Signals in 
one or more of Said channels Selected to represent a 
predetermined portion of the energy spectrum of the 
gamma radiation detected by Said at least one detector, 
and wherein Said density calculating means also coop 
erates with Said background radiation detection means 
for calculating a value for the density of the material 
Sample which is corrected for ambient background 
radiation; and 

Stabilization means associated with Said analyzer for 
correcting for temperature Sensitivity of Said detector, 
Said Stabilization means including means responsive to 
reference Signals in at least one other Selected channel 
of Said analyzer, Said at least one other Selected channel 
representing an energy level outside of Said predeter 
mined portion of the energy Spectrum. 

31. A gauge according to claim 30, wherein Said Stabili 
Zation means includes an additional gamma radiation Source 
having a characteristic energy different from that of Said at 
least one Source and having an activity of no more than 50 
microcurie, Said additional Source being mounted within 
Said gauge housing and positioned So that gamma radiation 
can pass directly from Said additional Source to Said detector 
to thereby produce Said reference Signals, and wherein Said 
means responsive to reference Signals is responsive to the 
characteristic energy level of Said additional gamma radia 
tion Source. 

32. A gauge according to claim 30, wherein Said Stabili 
Zation means includes a channel formed in Said Shielding for 
providing a path for gamma radiation to pass directly from 
Said at least one gamma radiation Source to Said detector to 
thereby produce Said reference Signals, and wherein Said 
means responsive to reference Signals is responsive to the 
characteristic energy level of Said at least one gamma 
radiation Source. 

33. A gauge according to claim 30, including a shielded 
enclosure located within Said housing and a movable Source 
mount within the Shielded enclosure, the Source mount 
allowing movement of the Source from a retracted Shielded 
position within the Shielded enclosure for taking background 
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14 
radiation measurements to an exposed unshielded position 
for taking density measurements of the material. 

34. A nuclear gauge for measuring the density of a 
material, Said gauge comprising: 

a gauge housing; 
a base on Said gauge housing having a lower Surface 

adapted to be positioned on an exposed upper Surface 
of the material Sample, 

at least one gamma radiation Source having a character 
istic primary energy and a total activity of no more than 
100 microcurie, Said at least one Source being mounted 
within Said housing and cooperating with Said base for 
emitting gamma radiation through the base and into an 
underlying material Sample, 

a Sodium iodide crystal gamma radiation detector 
mounted within the gauge housing and in Spaced apart 
relation from Said gamma radiation Source, 

a photomultiplier tube operably connected to Said Sodium 
iodide crystal detector and being operable for generat 
ing an electrical Signal proportional to the energy of the 
gamma radiation detected by Said Sodium iodide detec 
tor, 

Shielding within Said gauge housing and located between 
Said Source and Said detector for shielding gamma 
radiation from passing directly from Said Source to Said 
detector; 

an analyzer connected to Said photomultiplier tube and 
operable for detecting gamma radiation counts in one 
or more channels over the energy spectrum of the 
detected gamma radiation; and 

density calculating means connected to Said analyzer and 
operable for calculating a value for the density of the 
material Sample based upon the accumulated Signals in 
one or more of Said channels Selected to represent a 
predetermined energy Spectrum having a lower limit of 
0.1 MeV or greater and an upper limit which is less than 
the characteristic primary energy of Said Source. 

35. A gauge according to claim 34, wherein Said Source 
comprises a "Cs gamma radiation source with a 0.662 
MeV primary energy and an activity of no more than 50 
microcurie. 

36. Agauge according to claim 34, including an additional 
gamma radiation Source having a characteristic primary 
energy and an activity of no more than 10 microcurie, Said 
additional Source being mounted within Said gauge housing 
and positioned So that gamma radiation can pass directly 
from Said additional Source to Said detector, and wherein 
Said analyzer comprises a digital multichannel analyzer 
having a spectrum Stabilizer utilizing the primary energy 
peak of Said additional Source. 

37. A gauge according to claim 34 including a bore hole 
formed in Said shielding for providing a path for gamma 
radiation to pass directly from Said Source to Said detector. 

38. Agauge according to claim 34 including a Source plate 
removably mounted to Said base, and wherein Said gamma 
radiation Source comprises a plurality of discrete Sources, 
each having an activity of no more than 10 microcurie and 
being mounted to Said Source plate Spaced apart from one 
another. 

39. A gauge according to claim 34 including a Shielded 
enclosure mounted within Said housing, and Source holder 
asSociated with the Shielded enclosure and upon which Said 
Source is mounted, said Source holder being mounted for 
moving the Source between a retracted Shielded position 
located within the Shielded enclosure and an exposed opera 
tive position where gamma radiation may pass through Said 
base. 
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40. A method for measuring the density of a material, 
comprising: 

directing gamma radiation into the material from at least 
one Source having a characteristic primary energy and 
a total activity of no more than 100 microcuries; 

detecting gamma radiation which has interacted with and 
been backScattered by the material and quantifying the 
energy levels of the detected gamma radiation; 

Selecting gamma radiation counts having an energy level 
within a predetermined portion of the energy Spectrum 
of the detected gamma radiation; and 

calculating a value for the density of the Sample based 
upon the Selected gamma radiation counts within Said 
predetermined portion of the energy spectrum. 

41. A method according to claim 40, wherein said step of 
detecting gamma radiation comprises generating Signals 
representing the energy levels of detected gamma radiation; 
and wherein Said Step of Selecting gamma radiation counts 
comprises classifying and accumulating the Signals in one or 
more channels of an analyzer over the energy spectrum of 
the detected gamma radiation; and Selecting one or more of 
the channels representing only a predetermined portion of 
the energy Spectrum of the gamma radiation. 

42. A method according to claim 41, wherein Said Step of 
Selecting one or more channels comprises Selecting channels 
representing gamma radiation with an energy having a lower 
limit of 0.1 MeV and an upper limit which is less than the 
characteristic primary energy of Said Source. 

43. A method according to claim 42, wherein the Source 
is Cesium-137 with a 0.662 MeV primary energy, and said 
Step of Selecting comprises Selecting channels representing 
gamma radiation with an energy of from 0.1 MeV to 0.4 
MeV. 

44. A method according to claim 42, additionally includ 
ing detecting background radiation and correcting the value 
for the density of the material Sample to account for ambient 
background radiation. 

45. A method for measuring the density of a material, 
comprising: 

directing gamma radiation into the material from at least 
one Source having a characteristic primary energy and 
a total activity of no more than 100 microcurie; 

detecting gamma radiation which has interacted with and 
been backScattered by the material and generating 
Signals representing the energy level of the detected 
gamma radiation; 

classifying the Signals according to their energy level and 
accumulating Signal counts in respective channels of an 
analyZer; 

Selecting accumulated Signals in one or more Selected 
channels of the analyzer representing a predetermined 
portion of the energy Spectrum of the detected gamma 
radiation; and 

calculating a value for the density of the Sample based 
upon the Selected accumulated Signals, and, 

displaying a calculated density value for the material. 
46. A method according to claim 45, wherein said step of 

classifying and accumulating Signals is carried out over a 
predetermined period of time, and wherein Said calculating 
Step and Said displaying Step are carried out repeatedly 
during Said predetermined period of time. 

47. A method according to claim 45, wherein said calcu 
lating Step includes the Step of digitally filtering the Signals 
to decrease the Statistical variation in the calculated density 
values. 
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48. A nuclear gauge for measuring the density of a 

material, Said gauge comprising: 
a gauge housing, 
a base gauge housing having a lower Surface adapted to 

be positioned On an underlying Surface of the material 
Sample, 

at least One gamma radiation Source within Said gauge 
housing having a characteristic primary energy, Said at 
leaSt One Source being positioned for emitting gamma 
radiation through Said base and into an underlying 
material Sample, 

at least One energy Selective gamma radiation detector 
mounted within the gauge housing in Spaced apart 
relation with respect to Said at leaSt One gamma radia 
tion Source, Said gamma radiation detector being Oper 
able for producing Signals representing the energy level 
of detected gamma radiation, 

15 

Shielding within Said gauge housing and located between 
Said at least One Source and Said detector for blocking 
gamma radiation from passing directly from Said 
Source to Said detector, 

a multichannel analyzer Operatively connected to Said 
detector for receiving said Signals therefrom, Said 
analyzer including means for classifying and accumu 
lating Signals in a plurality of discrete channels, each 
channel corresponding to a portion of the energy level 
Spectrum of the detected gamma radiation, 
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3O 
density calculating means connected to Said analyzer and 

operable for calculating a value for the density of the 
material Sample based upon the accumulated Signals in 
One or more of Said channels selected to represent a 
predetermined portion of the energy spectrum of the 
gamma radiation detected by Said at leaSt One detector, 

35 

Stabilization means aSSOciated with Said analyzer for 
correcting for temperature Sensitivity of Said detector, 
Said Stabilization means including means responsive to 
reference Signals in at least One Other selected channel 
of Said analyzer, Said at least One Other Selected chan 
nel representing an energy level Outside of Said prede 
termined portion of the energy Spectrum. 

49. A gauge according to claim 48, wherein Said Stabili 
zation means includes an additional gamma radiation 
Source having a characteristic primary energy different from 
that of Said at least One SOurce, and wherein Said at least One 
Other Selected channel corresponds to the characteristic 

50 primary energy of Said additional Source. 
50. A gauge according to claim 48, including a Shielded 

enclosure located within Said housing and a disk rotatably 
mounted within the Shielded enclosure, and wherein Said at 
leaSt One gamma radiation Source is mounted to Said disk, 

55 the disk being rotatable to move the Source from a retracted 
Shielded position within the Shielded enclosure to an 
exposed position for measurement. 

51. A gauge according to claim 48, additionally including 
background radiation detection means connected to Said 

60 analyzer and Operable for calculating a value representing 
the ambient background gamma radiation, and wherein Said 
density calculating means also COOperates with Said back 
ground radiation detection means for calculating a value for 
the density of the material Sample which is corrected for 

65 ambient background radiation. 
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