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The choice of the basic parameters of y-ray devices is discussed in relation to the problems of building
heat physics.

The most rational criterion for choosing the optimal parameters of radioisotopic devices and the corresponding mea-
suring conditions is the quantity of information obtained as a result of the experiment. The quantity of information is re-
lated to the concept of entropy [1], the value of which, in contrast to its use in thermophysical problems as a measure of
indeterminacy, serves to characterize the problem. The entropy H is defined as:

H=a)Y P, log.P;, 1)
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where Pj is the probability of the i-th possible solution of the problem. In particular, when all possible solutions of the
problem are equiprobable, (1) becomes

H = log,n. (2)

In this case, the entropy has a maximum value, i.e., the indeterminacy of the solutions of the problem is greatest.
If the probability distribution is continuous, then (1) may be written

X2
H=— g P (x)log, P (x) dx, (3)
2
where P(x) is the probability density of x. For the complete solution of a specific problem, we need to obtain the infor-

mation G in a quantity numerically equal to the entropy H. Hence, in its most general form, the entropy will character-
ize numerically the possible accuracy needed for solving the problem, irrespective of the method used in its solution.

If the problem consists in the determination of a physical quantity &, varying from &, through &, with the same er-
ror AE over the whole interval &, — £, then, by (2), its characteristic entropy
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In this case, the quantity of information is conveniently characterized by the number of gradations [2]
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For a constant relative error + over the interval of variation, the number of gradations is written
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Similarly, the number of gradations gj of the detected intensity may be found, and this must satisfy the condition:

g = . (N

Below are shown some possible applications of the above to the choice of required parameters of radioisotopic de-
vices.

To choose the optimal parameters it is first necessary to estimate the expected measuring error, For radiometric
measurements, the basic sources of exror are: a) statistical fluctuations of the radiation — the statistical error; b) insta-
bility of the apparatus; ¢) effect of background and its variation in time; d) nonlinearity of the relation between the in-
tensity of radiation I, g and the detectable value Ig.

The statistical error can, in principle, be reduced to any value by the choice of corresponding source activity and
measuring time. It is convenient in practice to make the statistical error of the same order of magnitude as the total error
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due to all other sources, since it may be expensive to reduce the statistical ervor — by decreasing the output or increas-
ing the radiation hazard.

The instability of the measuring equipment depends on the setup, measuring conditions, and method of detection.
Modern radiometric apparatus, which measures the intensity of radiation by counting pulses in gas discharge and scintil-
lation detectors working in the integral regime at room temperature, gives an accuracy of 0. 3-1% for single measure-
ments, The background effect, which in the course of a working day changes by 5-10%, may be less than 1% if the low-
est measured intensity is 10 times greater than the background.

The nonlinearity of the measuring channel is determined by the resolving time 7 and also by the dead time of the
counter and counting equipment. The usual correction for this error is

Lgg= L/(1 — = 1), ®)

in which 7y is determined experimentally, for example by the two-source method [3]). The need to introduce a correc-
tion for nonlinearity raises the level of random errors, since the relative value of these errors is proportional to the non-
linearity and equal to from 1-10% of it (due to the inaccuracy in the determination of 7, and triple coincidences).

This restricts the upper limit of the count rate by requiring a nonlinearity of 5-10% for an accuracy of 1-3%.

Thus, the total error of a single measurement may be less than 1-2% only in particularly favorable conditions.
Considering that to calculate density or moisture content requires a minimum of three measurements, including calibrat-
ing, the mean total measuring error of a single determination may be estimated at 3%. The statistical error, the recom-
mended value for which is not more than 1%, comprises a small fraction of the total error. In the majority of cases it is
therefore permissible to assume the relative error constant over the range of variation of the parameter to be determined,
and to use (6) to calculate the number of gradations, while estimating the sensitivity of the method as:

()/1%)

When the relation between the parameter to be determined and the measured value is close to linear, the sensitivity of
the method may be estimated by means of an integral characteristic — the coefficient of relative differentiation

b, = Iy, | (10)

Let us consider the choice of maximum permissible source energy for radiographic methods starting from the re-
quired accuracy of values of pd and the possible accuracy of absorption measurements. From (6) and (7) the following
approximate relation may be obtained:
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Let us calculate from (11) the maximum energy for narrow-beam radiography as a function of pd for a ratio of the
measuring accuracy 8 to the permissible error & in the determination of pd 6;/6¢ = 3 (i.e., for an accuracy of the val-
ue determined of 1%). For pd = 5, 10, 25, 50, 75, 100, the energies in MeV are respectively: for water 0.02; 0. 03;
0.17; 1.185; 2.5; 4.0; and for concrete 0. 03; 0.05; 0.19; 1.0; 2.5; 4.0, For wide-beam radiography, analogous data
may be obtained using the approximation k = exp(—peffpday) for given (od),y. the values of po¢r being calculated or de-
rived experimentally.

Other things being equal, a reduction in the energy of the source used increases the absorption coefficient, which
in its turn increases the sensitivity. Moreover, in some types of y-ray detector (scintillation counters) the sensitivity in-
creases with decreasing energy of the y-quanta detected. From this point of view, it is profitable to use low-energy sourc-
es. Furthermore, a decrease in source energy enhances the effect of variation of the chemical composition of the object
investigated and of local inhomogeneities on the results of the measurements. The increased absorption for reduced source
energy lowers the statistical accuracy of the measurements, so that for large thicknesses a substantial increase in source
activity becomes necessary. In the y-ray scattering method, reduced source energy results in a decrease in depth of mea-
surement.

Source activity is calculated for the optimum count rate; as shown above, the minimum count rate must be at
least one order greater than the background, and the maximum must lie within the limits of permissible nonlinearity of
the measuring channel. The product of the count rate and measuring time must cortespond to the calculated statistical
detection error (for a permissible error of 1% not less than Ity = 10 000 counts).

The base measurement (distance between source and detector) in radiographic depends on the dimension of the ob-
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ject in the direction of radiography and the dimensions of the collimator, and sometimes on the arrangement of the ex-
perimental setup in the vicinity of the object investigated. If the experiment permits the thickness of the object to be
fixed arbitrarily, it is more profitable to use a harder source, and the criterion for the choice of thickness is the neces-
sary sensitivity of the measurements in accordance with (11).

TABLE

Sensitivity as a function of base measurement for scattering method

Weight by Sensitivity for values of base (mm)
volume of — ‘
object (n/ms) 160 214 260 ' 310 ' 360 ‘ 410
14000 (.87 0.47 0.24 0.14 0,07 0.05
12000 0.17 0.57 0.30 0.18 0.10 0.06
10000 0.96 0.61 0.33 0.21 0.13 0.08
8000 0.96 0.63 0.35 0.24 0.15 0,10

In the scattering method there is a rather complex relation between base measurement, sensitivity, and depth of
measurement. For measurements in the region of low weight by volume (up to 1000 kg/ms) the pre-inversion region with
a low base (up to 80 mm) is used and for large weight by volume, the
post-inversion region with a high base (up to 500 mm). In this case,
the base is usually determined by the maximum sensitivity and, more
rarely, by the depth of measurement. The thickness of the object in-
vestigated must be greater than the depth of measurement, The de-
pendence of the sensitivity on the base for the scattering method is
shown in the table for several weights by volume (post-inversion re-
gion). Figure 1 shows the dependence of the depth of measurement on
the base.

I

a6

a6

To increase the sensitivity and reduce the resolving time, it is
2 6 0 1% 8 A  useful to employ several counters connected in parallel, combined in
a single cassette, in place of a single counter with a large cathode
area. The spectral sensitivity of the counters is calculated for the de-
tected spectrum, which depends on the method of measurement, the
chemical composition of the material investigated, and the mean
source energy. Thus, for example, in the narrow-beam method (with collimator), it is expedient to use a detector sen-
sitive to high energies, such as a gas discharge counter with a copper or steel cathode. In the scattering method, on the
other hand, detectors with increased sensitivity in the region of soft radiation are used (e.g., a gas discharge counter
with a tungsten cathode). For wide-beam measurements it is most suitable to use a detector sensitive to the hard part of
the spectrum, when the functional relation between detected radiation and measured parameter formally approximates
the narrow-beam law.

4

Fig. 1. Radiation intensity I as a function of
depth of measurement h for different bases:
1 —base = 300 mm; 2 —400; 3 — 500.

Working with integrating circuits may introduce an additional error, on account of the non-correspondence of the
time constant T of the integrating system and the rate of change of the parameter investigated (detection time), which
has a special value for measurements on objects moving relative to source and detector,

To obtain an error no greater than 1%, the detection time must be not less than 57 seconds, and the lowest count
rate to ensure the necessary statistical accuracy is

[r > 3. 10°/282 counts/min, (12)
where 8§ (%) is the mean square relative error due to fluctuations.

As an illustration, let us comsider the application of the above principles to the choice of the optimum parameters
of a setup to determine correct to 1% moisture content by layers of a lightweight concrete, with a weight by volume of
about 800-1000 kg/m?®. The moisture content varies from 0-40%, i.e., the solution of the problem, according to (5),
requires gg = 20 gradations. We assume that the accuracy of measurement of the absorption coefficient 1/1; is 3%. The
desired accuracy, in accordance with (11), is reached for p¢r =~ 0, 2, The energy of a Tu!™ source corresponds to this
coefficient. The permissible minimum count rate is 10 000 counts/min (taking the time for a single determination of
the radiation intensity to be 1 minute). We estimate the maximum count rate at 110 000 counts/min, assuming a pos-
sible density range of, in this case, 600 kg/m®. For such a count rate, a nonlinearity of 5% is assured if the resolving
time of the equipment is less than 30 psec. We therefore use a scintillation and conversion arrangement. A collimated
counter-with a 35 X 25 Nal (T1) phosphor has a background of about 1000 counts/min. In order to guarantee the required
count rate for radiography of the sample, a source activity of 10 mg equivalent of Ra is selected.
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When working with narrow-beam radiography. it is convenient to use a semi-logarithmic plot pd = —1/u In K, To
construct the calibration curve it is sufficient to measure K for one standard sample with known pd. I, is usually deter-
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Fig. 2. Construction of graph for
wide-beam measurements with a
limited number of experimental
points,

mined by direct irradiation of the detector. This is extremely undesirable,
since measurement of a high intensity may introduce a considerable error on
account of the nonlinearity of the measuring channel and fatigue in the photo-
multiplier. 1;/Ig may be measured in place of Ij/1,, where Iy is determined
for a standard sample with known ppd.

A wide-beam device is usually calibrated at several points lying within
the probable measuring interval. To obtain the complete plot of K = f(pd) with
a limited number of standard samples, the following graphical procedure may
be used. It is known that for source energies of 0.3-3. 0 MeV and detectors in-
sensitive 1o energies below 0.1 MeV the relation has the form X = Agexp(—~p; -
« pd) = (Ag — L)exp(—ptgpd).

From the results of two or three measurements (points a, b on Fig. 2) at
maximal values of pd, when the second term is practically zero, a straight
line 2 may be projected to intersect with the y-axis. Measurements at low pd
give points ¢ and d. The auxiliary exponent 3 is drawn from the ordinate (A; —
— 1) through the two ordinates e and f, equalto the difference between the experi -
mental points ¢ and d and the points ¢y and d; on exponent 2. The difference
of exponents 2 and 3 is the required function K = f(pd). This method requires
the minimum number of experimental points and at the same time gives a
check on the quality of the calibration measurements.

in calibrating a device using scattered radiation, it should be borne in mind that over a wide range of weights by
volume for instruments with a large base (post-inversion) the relation I = f(p) is represented by a straight line in the co-
ordinates In I — p and for instruments with a small base (pre-inversion) by a straight line in linear coordinates. This per-
mits the use of two or three calibration samples with extreme values of the weight by volume.
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