
Minimizing Errors in Gamma-Ray 
Surf ace-Type Density Gages: 
Existing Gages and New Design Concepts 
WILLIAM L. DUNN and FRANK H. McOOUGALL, North Carolina State University 

Backscatter-type nuclear density gages have been in existence for many 
years. They have been slow in gaining widespread commercial accept
ance because the question of their accuracy has not been satisfactorily re
solved. The work to date on identifying, measuring, and minimizing 
gage errors is reviewed, and suggestions for improving gage accuracy 
on present-generation commercial gages are included. 

The dual-gage principle offers much promise for the improvement of 
the performance of these gages. Optimum dual-gage systems are being 
designed on the basis of maximizing a quality factor that is a function of 
all the gage errors and the measurement volume. Two prototype gages 
have been constructed to aid in this evaluation: one using Geiger-Mliller
type detectors, and the other a Nal(Tl) crystal detector. Results from 
initial testing of both of these systems are presented and indicate that a 
significant improvement in accuracy is possible. 

•THIS PAPER summarizes the present capabilities of gamma-ray surface-type den
sity gages, discusses techniques that may be applied to existing gages to obtain the 
best possible performance, and proposes some new design concepts for developing 
more accurate and efficient gages. 

HISTORY OF NUCLEAR DENSITY GAGE EVALUATIONS 

Since about 1959, nuclear density devices have been available commercially for use 
by state highway departments and by others interested in measuring soil and aggregate 
densities. The Virginia Correlation and Conference was held in July 1965 to correlate 
these devices for variations in measurements among different gages (1). In April 1969, 
the North Carolina State University Nuclear Soil Gauge Workshop-Symposium (re
ferred to as the NCSU Workshop) was held to present methods of improving nuclear
gage calibration techniques (2). Each of these conferences reported certain gage er
rors and provided information leading to the sources of these errors. 

The most significant result of the Virginia Correlation and Conference was the evi
dence showing high sensitivity of density gages to soil composition variations. Stan
dard errors were reported for backscatter and direct transmission gages based on 
least squares fits to straight-line density versus response relationships (1). For 
backscatter-type gages the average standard error was reported as ±11.0pcf, and for 
transmission-type gages the average standard error reported was ±7. 53 pcf. It was 
concluded that the magnitudes of these errors were large enough to warrant further 
research to reduce them to acceptable levels. 

By the time the NCSU Workshop took place, some improvements in commercial 
gages had been successful in reducing the composition errors reported at the Virginia 
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Conference; moreover, the NCSU Work
shop demonstrated the dual-gage air-gap 
technique that minimizes composition 
error so that it is no longer of primary 
concern. The results of the NCSU 
Workshop show that, based on devia
tions from the actual densities of four 
optimum laboratory standards (3), the 
average standard error, or averag e dif
ference between measured and actual 
densities, for backscatter gages was 
±3.81 pcf and for direct transmission 
gages was ±2.60 pcf. However , the 
average standard deviations, or average 
differences in readings among individ
ual gages from their average readings, 
remained essentially the same for the 

TABLE 1 

HISTORY OF DENSITY GAGE ERRORS 

Error 
Definition a 

Average standard error, 
backscatter gages 

Average standard error1 

transm ission gages 
Average standard deviation, 

backscatter gages 
Average standard deviation, 

transmission gages 

Virginia 
Conference 

±11.0b 

• 7. 53c 

2 .0b 

3.lc 

a All errors are measured in pounds per cubic foot (pcf) 
bTwentv-nine gages were used to determine these results. 
cEleven QafJDS we re used to drtli&rm ine these result s 
d Four 91196' were used to douumYne thew· results. 
er wo gages were used to determine these resu lts , 
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NCSU 
Workshop 

±3.Bld 

±2.60e 

2.29d 

3.!Be 

NCSU Workshop as the readings for the Virginia Conference. Table 1 presents a break
down of the errors discussed for both of these conferences. 

One density-gage error, the surface-effect or surface-roughness error, which was 
recognized as existing in surface gages prior to both conferences, was discussed and 
studied during the NCSU Workshop. When compared to the present status of other er
rors, the magnitude of this error often looms as the largest and the most difficult to 
define or measure. 

MATHEMATICAL MODELING OF NUCLEAR DENSITY GAGES 

Previous research sponsored by the Highway Research Board has r e sulted in the 
formulation of mathematical models for nuclear density gages. One of these calibra
tion models for backscatter gages is used in this study as the basis for defining gage 
errors and for presenting a dual-gage technique for minimizing these errors. The 
model was taken from a report by Gardner and Roberts ~) and is presented here as 

R = c 10a + bC + cP (1) 

where R is the gage response; C and P are the Compton and photoelectric interaction 
probabilities respectively; and a, b, and c are model constants determined for each 
gage configuration by a least squares analysis of data taken on calibration standards. 
The Compton interaction probability, C, is directly proportional to density and only 
very slightly dependent on chemical composition, whereas the photoelectric interaction 
probability, P, is directly proportional to density and is strongly composition
dependent. These parameters are defined as follows: 

C 

p 
n Z 5 '°' wi i p LJ --

i = 1 Ai 

where p is the soil density, Wi, Zi, and Ai are the weight fraction, atomic number, 
and atomic weight respectively of element i, and n is the number of elements. 

(2) 

(3) 

In this model, the density dependence and the composition dependence of nuclear 
density gages are effectively separated. This fact leads directly to formulation of a 
dual-gage principle for solving two calibration models simultaneously for p while elim
inating P and thus minimizing the dependence on composition. The mathematics of 
such dual-gage solutions for density are discussed elsewhere ~ ). 
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DISCUSSION OF GAGE ERRORS 

Nuclear density gages offer some obvious advantages over their non-nuclear coun
terparts. These advantages include speed of measurement, ease of measurement, 
reproducibility, and, in the case of backscatter gages, nondestructiveness. Errors 
in nuclear density measurements caused by (a) the inherent uncertainties in counting 
rate measurements, (b) the effect of variations in composition among different soils, 
and (c) the effect of rough and irregular soil surfaces have been identified, defined, 
and studied in a National Cooperative Highway Research Program project. In this 
section these errors will be discussed individually and a means of combining them in
to a quality factor, by which gages can be compared, will be presented. 

Counting Rate Measurement Error 

A series approximation for the logarithm of density may be used to obtain a qua
dratic equation either for a single gage or for a dual gage using two calibration models 
(!). This equation is of the form 

Ap 2 + Bp + C = 0 (4) 

where p is density and A, B, and C are functions of the model constants and of the gage 
response(s) and are given by Gardner et al. (4) for a dual-gage combination. Equation 
4 can be solved for density to yield -

-B ± (B 2 
- 4AC)-½ 

p = 2A (5) 

The statistical nature of radiation counting places an uncertainty on each gage re
sponse, R, which is denoted by a(R). The propogation of these uncertainties results 
in an uncertainty in the value of density obtained from the responses. A measure of 
this uncertainty is given by the counting rate measurement error, defined as 

(6) 

where n is one for a single gage and two for a dual gage, and ap/aRi is calculated from 
Eq. 5, that is 

Response, R, is usually defined by 

2B(oB/oRi) - 4A(oC /oRi)] 

(B 2 
- 4Ac//2 

R = ~ 
r 

(7) 

(8) 

where r is the measured counting rate on the sample to be tested and f is a measured 
counting rate on a reference sample. The use of this ratio response is designed to 
minimize system instabilities, which should affect both counting rates in the same 
manner. Thus r and f are not truly independent and in the region r, r '? 10,000 total 
counts; where a(r) ~ 0.0lr, it is assumed that, in Eq. 6, 

a(Ri) = 0.01 Ri (9) 

Thus, the counting rate measurement error is an indication of how sensitive a gage is 
to normal fluctuations in measured responses. 
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Composition Error 

Gardner and Roberts (3) presented the argument, called the dual-gage principle, 
that if two gage calibration mode ls were solved simultaneously for density, while elim
inating the term P, the composition dependence should be reduced. If f,, represents 
the dens ity of sample i determined by the dual -gage principle and if Pi r epresents the 
actual density of sample i, then a composition error, crc(P), can be defined as 

(10) 

where m is the number of samples ~ 4. Therefore, this error is a measure of how 
sensitive a dual gage is to variations in sample composition and/or how well the model 
fits the actual responses . This error is also a standard error if the samples chosen 
are representative of the standard deviations of density and composition variations 
found in soils and if the approximation that density and composition can be assumed 
linear functions of gage response can be made. 

The photoelectric absorption interaction probability is strongly energy-dependent, 
becoming negligible near 0.2 MeV for most materials. The Compton scattering inter
action probability is only slightly energy-dependent for gammas of less than 0.2 MeV. 
Because of this physical situation, it is believed that it is possible to reduce composi
tion error significantly by energy discrimination (6) . Energy discrimination may be 
performed in two major ways. With a gamma-ray-spectrometry system, those pulses 
(responses from detected gammas) falling below the voltage corresponding to the energy 
discrimination level are neglected, and the remaining response is used as the response 
to determine density. With a GM tube system, energy discrimination may be performed 
using energy filters, such as iron sheets, wrapped around the GM tube. Such filters, 
which are carefully selected, will absorb essentially all of the gamma rays below the 
desired energy level. 

Energy discrimination may have one distinct disadvantage ; it may increase the 
surface-effect error. Because low energies will be discriminated out, the effective 
sample depth will be decreased because most low energy gammas come from greater 
depths in the soil. The decrease in effective sample depth may tend to increase surface
effect error as will be indicated in a later section. Results of current research indi
cate that the magnitude of this increase in surface-effect error offsets the advantage 
of discrimination against low energies. 

Surface-Effect Error 

Rough, warped, or irregular soil surfaces provide poor seating for a gage , and this 
introduces the surface-effect error. It is impractical to attempt to reproduce every 
type of surface condition that is likely to be encountered and to somehow measure er
rors caused by each of these, but it is possible to simulate a surface-effect error by 
calculating the difference between a density measurement, f,, taken flush on a smooth 
sample surface and a measurement, p', taken at some small distance, h, above the 
sample surface . Thus a surface-effect error is defined as 

Ese = \p - t>'(h) \ (11) 

where his arbitrarily taken as 1/is in. This surface-effect error gives an indication of 
how sensitive a gage is to the irregularities of soil surfaces. 

One possibility that is being evaluated for reducing the surface-effect error is colli
mation of source and detector and angle of incidence of the collimators into the sample. 
By collimation is meant the use of lead (or other) shielding to exclude all gamma rays 
except those leaving the source or approaching the detector along a particular path of 
fixed dimensions. 

In a physical sense, the surface-effect error can be thought of as being caused by 
small heterogeneities or density differences at the sample surface. Therefore , colli-
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mation is used to increase the effective sample depth to minimize the surface hetero
geneity and to attempt to "see" more of the gamma rays from far below than from near 
the surface. It is significant to note that in order to get a representative density mea
surement for the soil sample one would want the gamma rays to reach, and be detected 
from, all portions of the sample and, therefore, effectively carry more information 
about the density. 

A .Quality Factor Technique for Combining Gage Errors 

Combining all of the major gage errors into one representative error is difficult be
cause composition and counting rate measurement errors are normally distributed but 
surface-effect error is not. The authors have developed a quality factor that is a num
ber describing, by its magnitude, the quality of a gage in terms of the three major gage 
errors and the measurement volume. A combined normal error , crn(p), is defined as 

(12) 

The total error, Et, is defined here as 

(13) 

If we define the level, L, as the lowest probable total error and the range, D, as the 
difference between the lowest and highest probable total errors we have 

(14) 

(15) 

From the report by Gardner and Roberts ~), an effective sample depth, x, was defined 
as 

X 
1 
k (16) 

where K is a constant determined from a least squares fit to response versus sample 
depth data for a particular gage . A volume factor, V, is then defined as 

(17) 

where w is the effective sample width measured (usually taken as 4 in.), d is source
detector separation, and 288 is an arbitrarily selected maximum effective sample vol
ume measured in cubic inches. 

We can now define the quality factor, QF, as 

(18) 

where the positive sign is taken when Lis positive and the negative sign when Lis nega
tive. The factor 2 in Eq. 18 is used to normalize the equality factor to 1.0 for a gage 
having V = 1.0, Es = 1 pcf, and an(p) = 1 pcf. 

Finally, it shoufd be noted that the quality factor is not strictly a combined error, 
but a figure of merit for selecting among gages based on their accuracy and measure
ment volume (the gage with the highest quality factor is the preferred gage). The def
inition of the quality factor represents an initial attempt to combine gage errors; there
fore, it may be subject to some refinement after it has been tested more extensively. 
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OPTIMUM USE OF EXISTING GAGES 

General Practices 

There are several techniques that may be employed to reduce the errors in existing 
gages. Some of these are already in common practice, but will be included here for 
completeness. 

It is considered good engineering practice to account for any drifts or instabilities 
in counting rate measurements by defining the gage response as the ratio of a test count 
to a standard count. Changes that might occur in the equipment or the electronics or 
any decrease in source intensity with time, for the most part, should affect the stan
dard count in the same proportion as the test count so that the ratio of the two will not 
change. Most commercial gages are accompanied by reference standards on which 
standard counts should be taken relatively often. 

If the mathematical model (Eq. 1) is used to calibrate a gage, some improvement of 
model fit may be possible if background is removed from the total count response. 
This is evident when it is realized that the model gives zero response for zero density, 
a condition that can be met experimentally only if net counts are used to define the 
gage response. 

A practice that minimizes surface-effect error is that of preparing the soil surface 
so that it is as smooth as possible and free of extraneous material. Similarly, the bot
tom of the gage should be kept clean and undamaged. 

The significance of using proper calibration standards cannot be over-emphasized. 
The choice of calibration standards should be based on the optimum box concept (3), 
that is, the minimum number of standards that covers the full range of all the impor
tant variables. The variables of significance for density gage standards are density 
and chemical composition. 

Dual-Gage Air-Gap Nomograph Calibration 

Results of the NCSU Workshop indicate that the best calibration technique applied 
to backscatter-type commercial gages to date is the dual-gage air-gap nomograph cali
bration (2). This calibration technique, when applied to a set of optimum laboratory 
standards, almost totally eliminates the composition error. The mathematics of the 
dual-gage principle and the least squares fit required for the nomograph calculation 
can be found elsewhere (2, 3, 4). The experimental procedure requires flush and air
gap gage readings on each of four laboratory standards; further improvement of the 
technique is possible using an optimum air gap. 

Results of NCSU Workshop evaluations indicate that direct transmission-type gages 
are more accurate than present backscatter gages, showing smaller surface-effect and 
composition errors (2). However, application of the dual-gage air-gap nomograph cali
bration makes backscatter gages more competitive with transmission gages because of 
a reduction in composition error. For direct transmission gages significant improve
ment in errors is not likely, but for backscatter gages there is room for further im
provement by using the dual-gage principle. 

An Optimum Air-Gap De termination 

Air-gap measurements are now often used with backscatter gages. The present 
method (4) of determining the air-gap height to be used is based on minimizing the com
position error. A better method would be to find the optimum air-gap height on the 
basis of quality factor; an evaluation of such a method follows. 

The data used to perform this optimum air-gap study were taken from the model by 
Gardner et al. (4) and consisted of responses taken on each of four blocks "with a Troxler 
nuclear density -gage at ¼ inch intervals from a flush position on the blocks to a total 
gap distance of 3 inches." The four blocks used were tufa, chalk, limestone, and gran
ite, all representative of the range of densities and compositions in highway soils. The 
study was conducted in the following manner: 
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TABLE 2 

QUALITY FACTORS FOR EACH DUAL-GAGE AIR-GAP COMBINATION 

Dual-Gage 
Air-Gap 

Combination 
(in .) 

0 and 1/, 
0 and½ 
0 and'/., 
0 and 1 
0 and 1 '/ , 
0 and 1 '/, 
0 and 1'/, 
0 and 2 
0 and 2'/., 
0 and 2'/, 
0 and 2'/, 

Tufa 

0.1315 
0.2094 
0.2554 
0.3026 

_a 
_a 

0.4180 
0.4445 
0.4596 
0.4414 
0.4576 

Chalk 

0.1294 
0.1842 
0.2064 
0.2199 
0.2817 
0 .3155 
0.3396 
0.3639 
0.3752 
0.3634 
0.4133 

Quality Factors 

Lime • 
stone 

0.1467 
0.2175 
0.2260 
0.2435 
0.2922 
0.3159 
0.3342 
0.3505 
0.3596 
0.3468 

a 

Granite 

0.1533 
0.2002 
0.2603 
0.2910 
0.3202 
0.3285 
0.3356 
0.3305 
0.3367 
0.3451 
0.3264 

Average 

0.1402 
0.2028 
0.2370 
0 .2643 

0.3568 
0.3724 
0.3828 
0.3742 

aone of the gage responses was larger than the corresponding maximum response of the calibration 
model and, thus, no solution for density using the calibration model was available . 

1. Model constants for each 
air-gap height from O to 2. 75 
in. were determined based on 
the calibration model (Eq. 1). 

2. The calibration model 
for the flush gage was used 
with the models of each air 
gap gage to form 11 different 
dual-gage combinations. 

3. The quality factor for 
each dual-gage combination 
was determined for each of the 
four standard blocks. 

4. The quality factors were 
averaged over the four blocks. 

The results of this study are 
given in Table 2 where the qual
ity factors for all dual-gage 

combinations are given. To determine optimum air-gap height, the average quality 
factors were used because, in general field work, soils of various densities and com
positions will be tested. The maximum average quality factor, 0.3828, is associated 
with the optimum air-gap height, 2¼ in. 

Commercial Gage Combinations 

In a further effort to illustrate how existing gages can be used in an optimum man
ner, the results of a limited study of commercial gages in dual-gage combinations are 
now presented. Data to determine gage errors on a pyrex sample were taken for each 
of four commercial gages at the NCSU Workshop. Table 3 gives the surface-effect 
errors calculated for each single gage, for each air-gap dual gage, and for all possible 
combinations of the individual gages. It is obvious from the table that the dual-gage 
surface-effect errors are smaller than the corresponding single-gage surface-effect 
errors in every case except one (B and C ). 

The four commercial gages can be arranged into six different dual-gage combina
tions. These six combinations are compared on the basis of their gage errors and 
their quality factors in Table 4. It is notable that the quality factor for one of these 
dual-gage combinations, A and C, is comparable to those given in Table 2 for air-gap 
dual gages. Thus, possibly a good way to use existing gages is to use two different 
commercial gages as a dual-gage system, thus utilizing the dual-gage principle (1, i). 

NEW DESIGN CONCEPTS 

New design concepts are being consid
ered for improving gage errors and ver
satility. It is hoped that from these con
cepts will emerge a new generation of 
nuclear backscatter density gages. Two 
prototype gages have been constructed: 
one containing Geiger-Muller (GM) tube 
detectors and the other containing a 
Nal(Tl) crystal detection system capable 
of energy discrimination. The GM tube 
system is more suited to routine field 
work, whereas the Na! system is research
oriented to give insight to the understand
ing and evaluation of gage errors. 

The calibration standards used cur
rently by the authors in their research are 

TABLE 3 

SINGLE- AND DUAL-GAGE SURFACE-EFFECT ERRORS 
FOR COMMERCIAL GAGES 

Gage or Gage Combinations 

A 
B 
C 
D 
A with air gap 
B with air gap 
C with air gap 
D with air gap 
A and B 
A and C 
A and D 
Band C 
Band D 
C and D 

Surface-Effect Error, E8 e 
(pcf) 

12.2 
13.0 

6.7 
12.3 
8.5 

12.5 
6.1 

11.7 
3.6 
1.1 
3.1 

10.8 
2.5 
4.5 



magnesium, chalk, limestone, and alu
minum. These particular standards are 
18 by 18 by 6 in. except for limestone, 
which is 17by 14by 9 in. These dimen
sions have been shown to be effectively 
infinite volumes for the usual ranges of 
gage design parameters. By closely ap
proximating the box concept, these stan
dards represent an improvement over 
most of the standards currently in use (1), 

Geiger-Miiller Tube Detection System 

Research is being conducted using a 
gage, as shown in Figure 1, in which the 
following parameters can be varied: 

TABLE 4 

EVALUATION OF COMMERCIAL DUAL-GAGE 
COMBINATIONS 

Dual-Gage Ese "n(P) VFa 
Combination (pcf) (pcf) 

A and B 3.55 5.87 1.0 
A and C 1.06 3.18 1.0 
A and D 3.06 4.88 1.0 
Band C 10.84 9.85 1.0 
Band D 2.49 5.87 1.0 
C and D 4.47 6.68 1.0 
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QF 

0.1738 
0.3335 
0 .2086 
0.0546 
0 .1779 
0.1518 

avolume factor taken as 1.0 because no data were available to determine effec-
tive ~mple volumes, 

gamma-ray source energy, E; detector efficiency as a function of energy, E(E); source
detector separation, d; and source collimation length, s. The GM tube detector is 
well suited for use in commercial gages because of its ruggedness, stability, and low 
cost. The study of this prototype gage is concerned with varying these gage param
eters to observe their effects on gage errors and measurement volume, and to find an 
optimum dual gage on the basis of maximum quality factor and feasibility of commer
cial production and use. 

Three different gamma-ray sources are being studied at present: Ba-133, Cs-137, 
and Co-60 with low, medium, and high gamma-ray energies respectively. The sources 
are easily interchanged so that only one source is contained in the gage during gage op
eration. A 3/is-in. diameter by 2-in. long hole from the source to the gage bottom is 
used for collimation as shown in Figure 1. The collimation is normal to the sample 
surface. GM tube efficiency, dE), depends on the tube-wall material and thickness 
as well as on the gamma-ray energy to be detected. This is a more complex param
eter than the others because detector efficiency is, in general, a complicated function 
of energy. Any GM detector has an efficiency spectrum and it is actually this spectrum 
that is being studied. By using GM tubes of different wall materials and/or thicknesses, 
one can vary the efficiency for detecting high- and low-energy gamma rays. At pres
ent, three GM tubes are being used in this study and they are denoted by the numbers 
1, 3, and 4. Tubes 1 and 3 have similar de tection efficiency spectra, but tube 4 is 
coated on its inner wall with platinum to increase its low-energy efficiency. The pos
sibility of shielding either tube 1 or tube 3 with a high-atomic-number material to de
crease its low-energy efficiency is being investigated, and a Monte Carlo computer 
code to calculate GM tube efficiency spectra as a function of energy is being prepared. 
The distance between the source and the detector is adjustable from 4 to 12 in. 

t-4" ---1 

T 
4" I- 2" -I 

3/4"T • source 
detector ii l" 

,~ d ~ 
Figure 1. Geiger-Muller tube prototype gage. 



48 

TABLE 5 

TEN BEST DUAL-GAGE COMBINATIONS OBTAINED IN INITIAL 
EXPERIMENTAL PROGRAM WITH GM TUBE PROTOTYPE GAGE 

Gage 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Dual-Gage 
Combination 

C060104-C060043 
C060104.- C 137043 
C060104-C060043a 
C060104-C137041 
C 137084-C060043 
C060104-C060044 
C137084-C060043b 
C060104-B 133044 
C137084-C137043 
C137083-C060043a 

Ese 

0 .23 
0.19 
1.92 
1.02 
0 .20 
0.11 
0.42 
0.39 
0.32 
2.16 

0 .99 
1.05 
0.89 
1.05 
1.21 
1.25 
1.17 
1.19 
1.23 
0 .99 

VF 

0 .94 
0.95 
0. 94 
0 .9 5 
0 .94 
0.95 
0.94 
0.95 
0.94 
0 .94 

QF 

1.03 
0.99 
0 .92 
0.90 
0 .85 
0 .85 
0.85 
0 .85 
0 .83 
0.82 

aJhe source collimation length for the second configuration was 11/e in. instead of S/e in. , as for 
all other configur tions. 

boata for the conft9uration C060043 were taken twice and these results are for the second set 
of data , 

A gage configuration will con
sist of any single combination of 
the four gage parameters, and 
a dual gage will refer to any com
bination of two gage configura
tions. A seven-character nota
tion will be used to describe a 
configuration, the first four 
characters specifying the source, 
the next two characters the 
source-detector separation, and 
the last character the GM tube 
used. Thus C 137083 is the nota
tion describing the configuration 
consisting of the Cs-137 source 
and tube 3, separated from each 
other by 8 in. A source colli
mation length of 5/s in. has been 

used for all configurations in this initial experimental program. 
To determine an optimum dual-gage design from the prototype system, an initial 

experimental program was undertaken in which 23 separate gage configurations were 
tested. These were then paired into their 253 possible dual-gage combinations, and 
the three gage errors, the measurement volumes, and the quality factors for all dual 
gages were calculated. This section will be devoted mainly to a discussion of the re
sults of this initial experimental program. 

On the basis of maximum quality factor, the ten best dual gages, out of the 253 pos
sible , ar e given in Table 5. Of these, six can be eliminated from fur ther cons idera
tion (gages 2, 4, 5, 7, 8, and 10) because they involve the use of two sources and it 
would require excessive expense and shielding to produce them commercially. 

As can be seen from the table, the quality factor is controlled more by the com
bined normal error, O-n(P), than by the surface-effect error, Ese· Thus, for instance, 
the gage with Et = 1.92 ± 0.89 pcf (No. 3) is chosen over the gage with Et = 0.32 ± 1.23 
pcf (No. 9). One reason for this is that for a given gage, the surface-effect error may 
be reduced by proper care of the soil surfaces, whereas the other errors are functions 
of the gage parameters and are, therefore , not reducible. Also, there is probably 
more error in the determination of surface -- effect error (because of the necessity to 
interpolate the gage response at 1/rn in.) than in the determination of combined normal 
error, and thus surface-effect error is used mainly to indicate relative sensitivity of 
gages to surface roughness. 

Several trends have been noticed in reviewing the results of this initial experimental 
program. 

1. The ten best dual gages all had one small source-detector separation (4 or 5 in.) 
and one large source-detector separation (8, 9, or 10 in.) indicating that the optimum 
use of the dual-gage principle probably involves the us.e of two substantially different 
source-detector separations. 

2. Generally, the lower the source energy, the greater the effective sample depth; 
however, the use of one source energy in place of another produces no consistent large
scale improvements in quality factor. 

3. The combinations of detectors most often found in the better dual gages are 1 
an_d 4 or 3 and 4. Tubes 1 and 3 have markedly different low-energy efficiencies from 
tube 4, and thus indications are that the optimum use of two detectors would involve 
ones having different low- and high-energy efficiency spectra. 

A comparison of the results based on these new designs with similar results for 
existing commercial gages will indicate the magnitudes of the improvements being 
made in gage accuracy. For example four commercial gages were tested for the NCSU 
Workshop (2) on the same test samples as the GM tube prototype gage. Gage errors 
and quality factors are given for combinations of these gages in Table 4. Also, quality 



49 

factors for a commercial gage used as an air-gap dual gage are given in Table 2. The 
quality factors for the best commercial dual gages known to the authors are approxi
mately one third as large as the quality factor for gage No. 1 in Table 5. 

Gamma-Ray Spect.l'ometry Sys tem 

The use of a gamma-ray spectrometry system is an approach aimed at isolating the 
surface-effect error while minimizing the composition and counting rate measurement 
errors. Counting rate measurement error is minimized by minimizing the terms 
op/ 3Ri and a(Ri) in Eq. 6. Composition error is reduced by use of energy discrimina
tion, made possible by use of spectrometry. The electronic system used to find an 
optimum discriminator level and to c~librate each gage configuration consists of a 
small Nal(Tl) crystal coupled with a photomultiplier and a 512-channel pulse-height 
analyzer. This system is shown in Figure 2. The detector has the capability of pro
ducing a pulse that is proportional to the energy lost by the photon being detected . The 
pulse-height analyzer can sort the pulses into channels of a certain energy range. 

The prototype gage, shown in Figure 3, was designed to provide a low background 
to total response ratio and as many variable gage parameters as possible. The pos
sible gage configurations include combinations of different source energies, source
detector separations, source and detector collimation angles , and air-gap hei ghts 
when desired. The detector collimator is 1 in. in diameter and 1½ in. long; the 
source collimator is 3/i6 in. in diameter and 1 ½ in. long. A gage configuration may 
be defined with a specific discrimination level. 

The spectrometry system in its prototype form is not practical for field work in the 
manner currently employed by portable gages because the Nal detector is not suffi
ciently rugged and the associated electronics are expensive and susceptible to changes 
in ambient conditions. However, the system can be used in carefully controlled con
ditions or in nonportable units. The possibility of the use of such a system depends on 
the demand for the accuracy that it provides. 

The number of dual-gage possibilities for this particular system is too large to pos
sibly give complete treatment to all of them. Therefore, means of reducing the num
ber of combinations have been devised. A pilot gr oup of five single gages was evalu
ated and single- and dual-gage quality factors were obtained. The results of the study 
are given in Table 6. 

The most significant r es ult of the pilot group ene rgy dis crilnination analysis sum
marized in Table 7 was that, in every gage evalua ted, ener gy discrimination reduced 
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Figure 3. Prototype gage for gamma-ray spectrometry system. 

TABLE 6 

PILOT GROUP NO . 2, SINGLE-GAGE CONFIGURATIONS 

Gage Source Detector Source-Detector Source Angle Angle Separation No. (deg) (deg) (in.) Type 

1 45 45 4.00 Cs-137 
2 30 45 4.50 Cs-137 
3 15 15 4.75 Cs-137 
4 30 15 5.50 Cs-137 
5 45 45 6.00 Cs-137 

TABLE 7 

PILOT GROUP NO . 2, BEST SINGLE-GAGE RESULTS 

Measured Quantity 2 3 4 

Lowest surface error 11. 5a 6 . 8 2 . 5 3. 3 
Energy range o-0ob 0-80 0-110 0-11'0 

Lowest combined normal error o. 7 1. 2 0.8 1. 1 
Energy range 150-290 90-290 0-210 150-1000 

Lowest counting rate measure-
ment error 2. 3 1. 5 1. 4 1. 5 

Energy range 150-290 150-290 150-290 150-290 

Best effective sample depth 3. 4C 3. 7 5. 9 5. 9 
Energy range 0-90 0-90 0-90 0-80 

Be st qua Ii ty factor 0.19 0.31 0.66 0.46 
Energy range 0-80 0-80 0-110 150-290 

aAII errors are measured in pcf. 
cEffective sample depth is measured in inches. 

bAII energy ranges are in keV (kilo electron volt) . 
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each gage error, improved ef
fective sample depth, and greatly 
improved overall gage perfor
mance . When the values in Ta
ble 7 are compared to values 
obtained for the full energy range 
representing nondiscriminating 
existing gages, an improvement, 
usually a factor of two or more, 
is noted. Quality factor im
provements ranged from 10 to 
50 percent for four gages (the 
fifth gage was not evaluated in 
the full energy range). 

The medium energy range 
provides the best counting rate 
measurement errors because 
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TABLE 8 

PILOT GROUP NO. 2, BEST DUAL-GAGE COMBINATIONS 

Du:\I-Gngc 
Comblnauona 

1. lL and 5M 
2. 2F and 5F 
3. 2L and 5L 
4. 5F and lL 
5. 3M and 4M 
6. 2F and 5M 
7 . IL and 4M 

Surf.n.cc 
Er rorb 

4 .3 
0 .3 
1.5 
0.6 
2.7 
4 .8 
3.0 

Counting 
Rate 

Errorb 

1.3 
2 .2 
2.1 
2.3 
2.1 
1.5 
2.0 

Compos ition 
Errorb 

0.02 
0.61 
0 .05 
0 .26 
0. 58 
0 .19 
1.04 

Quality 
Factorb 

0.464 
0.451 
0.445 
0.437 
0.419 
0.412 
0.401 

aThe letter codes indicate the following energy ranges: L = 0 210 keV; M = 150-290 keV; 
H = 150-1000 ktN; and F = 0-1000 keV. The number indicates the single gage defined in 
Table 6. 

bAII errors are measured in pcf, 

the slope of the calibration curve is steepest. X-ray contributions at the low energy 
end and direct transmission gamma rays at the high energy end tend to flatten the slope. 
The low energy range clearly yields the best results for effective sample depths and 
surface-effect errors in accordance with concepts discussed in the section on surface
effect error. The most surprising result is that composition error, which includes 
some statistical fluctuations and model-fit error, is lowest in the high-energy region 
for only one gage, which does not confirm the advantage of energy discrimination de
scribed in the section on composition error. The quality factor is best in the low en
ergy range for four out of five gages because of the strong combined effect of surface
effect error and effective sample depth. It appears from Table 7 that use of energy 
discrimination against high energies provides a significant improvement over use of 
the full energy range for this prototype gage system. 

The design parameter of collimation clearly improves effective sample depths and 
surface-effect errors. Three of the surface-effect errors from Table 7 are lower than 
the best commercial gage evaluation in Table 3. All of the effective sample depths 
from Table 7 are comparable to or higher than those evaluated by Gardner and 
Roberts (3). 

The dua l-gage results of Table 8 indicate that all of the gage errors have been re
duced to less than one pcf except for counting rate measurement error. The quality 
factors obtained are markedly better than those obtained by existing gages as given in 
Table 4. The use of energy discrimination is further supported because the best dual 
gage in Table 8 is one utilizing discrimination. 

Optimization of gage performance by the dual-gage principle combined with the new 
gage parameters of energy discrimination and collimation leads to a substantial reduc
tion of gage errors and improvement in overall gage performance. Use of the new de
sign parameters and only single -gage calibrations proved to provide the best perfor
mance, however, and provide indications of a promising outlook on further improvements. 

CONCLUSIONS 

Three density gage errors have been defined and combined into a quality factor tech
nique for evaluating gage performance . Methods to improve the accuracy of existing 
gages have been examined. However, the possibility exists that the application of 
these techniques will not sufficiently reduce all gage errors. 

It is apparent that a new generation of nuclear backscatter density gages with marked 
improvement in gage accuracy is possible. New applications for their use might also 
emerge, one being the measurement of iron content in a two-component system by re
versing the dual-gage process to solve for P, the composition parameter, while elimi
nating the density dependence. 

The significant result of the evaluations presented herein is that backscatter gages , 
already the most convenient density gages available , can also be made the most accurate 
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by the optimwn design of a dual-gage system. Dual-gage designs subject to surface
effect errors of 1 pcf or less and combined normal errors of 1 pcf or less should soon 
be available. 

Two gage systems have been reviewed and analyzed: one a fairly uncomplicated one, 
and the other more complex, yet more versatile. Of course, whenever possible, the 
simplest gage design will be preferred over any complex system unless the application 
for which the gage will be used requires accuracy or capabilities that only the complex 
system can provide. The user must eventually decide for himself what he will require, 
and it is highly probable that he will soon be able to obtain a gage that fits his practical 
needs and accuracy requirements. 
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