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ABSTRACT 

This report describes work performed during the time period from 
January 1, 1980, to June 30, 1980, on the contract for Nondestructive 
Nuclear Analysis Technology for Uranium Resource Evaluation in the 
Safeguards Technology, International Safeguards, and Training Group, 
Q-1, at Los Alamos National Laboratory. The calculational effort was 
concentrated on the development of a generalized computer model to 
simulate the emission, transport, and detection of natural gamma ra¬ 
diation from various logging environments. The model yields accurate 
high-resolution gamma-ray pulse-height spectra that can be used to 
correct both gross gamma-ray and spectral gamma-ray logs. The ex¬ 
perimental effort focused on the analytical chemistry assay of a se¬ 
ries of crushed concrete samples taken from the Department of Energy 
(DOE) Grand Junction calibration models used to calibrate logging 
tools employing active neutron interrogation techniques. The results 
establish the levels of neutron poisons in the test pits. In addi¬ 
tion, the outfitting of a Bendix Field Engineering Corporation/DOE 
logging truck for the field testing of the photoneutron probe is de¬ 
scribed, as is a sodium iodide passive gamma-ray probe used to verify 
the absence of obstructions in a borehole and to locate uranium-bear¬ 
ing ore zones. 

I. GAMMA-RAY SPECTRAL CALCULATIONS 
The response of any instrument is perhaps best 

understood in terms of a mathematical model that 
approximates the measurement process. The spectral 
measurement of radiation fields with scintillation 
counters involves the transport of radiation from 
its emission in the source, through various inter¬ 
posed media, to the detector. Interactions of the 
radiation in the media result in both scattered and 
unscattered flux components impinging on the detec¬ 
tor. The pulse-height spectrum arising from the 
incident-flux spectrum depends on the random nature 
of the scintillation process and the photomultiplier 
response. 

This measurement process can be modeled by the 
Monte Carlo method. However, some model geometries 
result in very weak radiation fluxes incident on the 
detector. In addition, spectral energy resolution 

requirements may greatly accentuate the problem of 
obtaining high-resolution, high-precision pulse-
height spectra. Hence, an alternate technique has 
been chosen to describe the measurement of radiation 
fields. 

The count-rate calculation method to be de¬ 
scribed is straightforward and very flexible in its 
application. The method can yield photon and/or 
neutron pulse-height distributions for general 
geometries and various types of detectors including 
organic and inorganic scintillators, solid-state 
detectors, and gas proportional counters. The 
pulse-height spectrum c(rd,h) observed in a de¬ 
tector in a radiation field given by f(r,n,E) can 
be computed as 

c(rd,h) (1) 



where c(i\j,h) is the number of events in pulse-
height channel h (cnts/s/MeV) when the detector is 
located at point r^ in the model geometry. 

The angular flux Yfr.n.E) (particles/cm /s/sr/ 
MeV) is the number of particles passing through 
point r in the direction a having energy E. The 
angular flux is computed for all points r in the 
model by using a one-, two-, or three-dimensional 
discrete ordinates code. The number of independent 
spatial variables modeled depends on the symmetry 
of the model. The ONETRAN1 and TWOTRAN2 codes 
are currently being used to compute angular fluxes 
of interest in the National Uranium Resource Evalua¬ 
tion (NURE) program. Use of these codes results in 
angular fluxes that are computed only for discrete 
values of the independent variables r, n, and E. 
That is, *('r,n>E) is available only at the spatial 
and angular mesh points specified in the discrete 
ordinates transport problem. The energy domain is 
also subdivided into groups of finite width. Thus, 
Eq. (1) can be written as sums over discrete values. 

c(rd,h) = (2) 
E n r 

The function R(r,n,E,h) is the detector response 
function that relates the pulse height h observed 
for a single incident particle to its point of entry 
r on the surface of the detector, its angle of in¬ 
cidence ft, and its energy E. The discrete nature 
of the angular flux v(r,u,E) implies that the re¬ 
sponse function R(r,n,E,h) need be computed only for 
the discrete values at which 1 is computed. This 
greatly reduces the computing effort required to 
determine (or map) the response function for a given 
detector. Even so, R(r,n,E,h) can still be a very 
idrge matrix, depending especially on the resolution 
required in the energy (£) and pulse-height (h) 

variables. The angular flux spectra of the airborne 
and subsurface gamma-ray transport studies utilize 
an energy structure containing 265 groups and re¬ 
quire pulse-height spectra having 10-keV resolution. 
Thus, a 265-channel by 300-channel matrix is needed 
to describe the response of the detector to gamma 
rays incident on the detector at a single point r 
with a single angle of incidence 3. 

Clearly, then, certain simplifying assumptions 
must be made if high-resolution, high-precision re¬ 
sponse function maps are to be generated in reason¬ 
able computer execution times. If the angular flux 
f(r,n,E) is independent of r* and it, that is, homo¬ 
geneous and isotropic ever the surface of the detec¬ 
tor {as would be the case in a homogeneous, infinite 
medium), then Eq. (2) could be rewritten exactly as 

c(rd,h) = ]>\(r,n,E) ]£ £ R(r,n,E,h) 

Then the double sum 

R(?.S.E.h) 

(3) 

(4) 

specifies a total response that is the sum of re¬ 
sponses resulting from gamma rays incident on the 
surface of the detector at points r and directions 
3. This total response function need be determined 
oniy once for all calculations involving homoge¬ 
neous, isotropic angular flux. Thus, a single de¬ 
tector response function can be used to adequately 
describe the distribution of pulse heights c(r .,h) 
observed in a detector caused by a radiation field 
that is constant in magnitude and direction over the 
surface of the detector. 

Radiometric logging is performed in source/ 
detector geometries that virtually never result in 
radiation fields that are truly homogeneous and 
isotropic over the surface of the detector. How¬ 
ever, a large number of geometries yield radiation 
fields that vary only slowly in magnitude and direc¬ 
tion over the detector surface. Included in this 
class of geometries are those encountered in air¬ 
borne and surface surveys,as well as centralized and 
sidewalled borehole logs. Under those conditions, 
a good approximation to the experimentally observed 
pulse-height distribution is given by 

E L Jl r 

(5) 

*(?.n,E) J 



where the first term is the detector response func¬ 

tion as, in Eq. (3), and the second term is an equiv¬ 

alent incident flux obtained by summing the angular 

flux impinging on the detector surface at points r 

from the directions &. If this equivalent flux 

adequately describes the average magnitude and di¬ 

rection of the incident flux, then Eq. (5) should 

yield acceptable estimates of the resulting pulse-

height distribution, assuming the first term in that 

equation is accurately estimated. 

Although the angular flux incident on a detector 

may be nearly constant in magnitude and direction 

for a given source/detector geometry, the response 

of most radiation detectors varies significantly 

with the angle and point-of-incidence of the radia¬ 

tion on the detector surface. This dependence im¬ 

plies that the total response of the detector 

(6) 

must be estimated by summing the responses of the 

detector R(r,3,E,h) to radiation incident from all 

directions n-at all points ? on the detector sur¬ 

face. Thus, the computer code used to determine the 

response function would track the histories of a 

large sample of incident particles started at random 

points on the detector surface with random azimuthal 

and polar angles of incidence. This procedure would 

yield adequate response functions but would require 

very long execution times, owing to the fact that 

particles striking the detector at oblique angles 

of incidence would not often be detected and would 

contribute little to the response function. Also, 

a premium in computer time would be required to de¬ 

termine for each incident particle the appropriate 

values of r* and 3 required to intercept the detector 

volume. 

An alternate technique can be used, however, to 

evaluate the term 

I I R(r.n,E,h) (7) 

Implicit in the technique is the assumption that 

the response of the detector to a single incident 

particle is independent of r <lnd n after that par¬ 

t ic le has intercepted the detector surface and has 
3 4 

interacted at least once in the detector volume. ' 

Thus, it is assumed that the detector response can 

be approximated by 

Rc(o-«cE,h) , (8) 

where R (e=e ,E,h) is the response for a single 

polar angle of incidence e averaged over r and the 

azimuthal angle of incidence t, and o(E,e) is a 

function that modifies the response R for changes 

in efficiency and intercepted area at angles of in¬ 

cidence other than e . This approximation is 

valid for detector swes and particle energies for 

which secondary particle escape probatil I ties are 

well sampled over the entire detector volume. Tnat 

is, the technique used to determine R must sat¬ 

isfactorily simulate the wide range of conditions 

under which secondary particles are created, ab¬ 

sorbed, and lost from the detector for the various 

distributions of incident flux t(r,f!,E) occurring 

in logging geometries. This criterion can be sat¬ 

isfied for most detector shapes and sues of inter¬ 

est by using a broad parallel beam to determine the 

response R . 

The quantity R (e=e/.,E,h) is computed by 

using a Monte Carlo transport code to estimate the 

detector response to a broad parallel beam of par¬ 

ticles incident on a single surface of the detector. 

In the following discussion, we will restrict our 

attention to detectors that are right circular cyl¬ 

inders because the detector response code GAMRES 

currently treats only that geometry. However, the 

technique is generally applicable to detectors of 

arbitrary shape and size. 

The response R (e=e ,E,h) is computed for 

cylindrical detectors by starting incident particles 

with e = 0* and by randomly choosing the starting 

points from a homogeneous distribution over the end 

face of the detector. The polar angle 8 is defined 

such that e = 0* corresponds to a particle direction 

that is parallel to the cylindrical axis of the 

detector and pointed toward the end face. The bias 

in R (e = O.E.h) incurred by using this procedure 

is small if secondary particle creation and 



subsequent absorption or escape is made to occur 

throughout the entire detector volume. This condi¬ 

tion is met by randomizing the particle starting 

points over the area of one end face of the detector 

and by considering only those detectors having a 

length that is no longer than several mean free 

paths of the highest-energy particle for which 

R (e « O,E,h) is being computed. For Nal crystals, 

this limitation in crystal length is about 10 in. 

for the 2.614-MeV gamna rays from the thorium se¬ 

ries. Applying the technique to longer crystals 

results in larger biases in Rc because the portion 

of the crystal that is several mean free paths from 

the starting end face is only rarely sampled by the 

highly attenuated particle flux. These biases be¬ 

come particularly worrisome if cladding or shielding 

surrounding the detector is greatly different in 

density, composition, or thickness for the two ends 

of the crystal. 

The response function Rc(e = O,E,h) has been 

computed for a 3-in. by 3-in. Nal crystal using a 

Voad parallel beam of incident gamma rays. That 

response function map is shown in Figs. 1 and 2, 

which are three-dimensional perspective plots of 

the energy vs pulse-height surface. Both plots use 

logarithmic (base 10) response scales so that the 

features of the surface at high energies such as 

the full-energy peak ant) the first and second es¬ 

cape peaks can be clearly identified. The perspec¬ 

tive of Fig. ? was obtained by rotating the plot of 

Fig. 1 clockwise about the response axis. 

The function o(E,e) is the angular counting 

cross section of the detector, or, simply, the de¬ 

tector cross section. This function relates the 

response of a detector to a uroad parallel beam in¬ 

cident at an arbitrary angle e with the response 

obtained by mapping with a broad parallel beam at 

9 = 0 ° . The detector cross section can be written 

one interaction in the detector volume. The detec¬ 

tor cross section accounts for the variation in de¬ 

tector efficiency and cross section for broad par¬ 

allel beams incident at different angles. Then, 

since the relative pulse-height shape of the re¬ 

sponse is approximately independent of the angle or 

point of incidence (as discussed earlier), the de¬ 

tector cross section u(E,e) can be used with the 0° 

response function R (e = O,E,h) to yield the re-

sponse function for all r and f! as given by Eq. (8). 

The detector cross section o(E,e) can be com¬ 

puted numerically for a right circular cylin¬ 

der. This function is shown in Fig. 3 for a 

l-l/L'-in. by 9-in. cylindiical Nal detector. The 

energy vs theta surface rises dramatically at low 

energies owing to the increased detection effi¬ 

ciency at those energies for all angles of inci¬ 

dence. In addition, there is a gradual increase in 

the detector surface area that is normal to the in¬ 

cident beam as the angle of incidence increases 

from 0° to 90°. This increase is due, of course, 

to the fact that at 8 = 0" the beam falls only on 

the small end face of the crystal, whereas at 

9 = 90°, the Deam f a I i s normally on the large 

cylindrical surface of the crystal. 

Inserting Eq. (8) into Eq. (5), v»e obtain a 

good approximation to experimentally observed 

pulse-height distributions using the expression 

c(r.,f O.E.h) 

(10) 

I 

A(s) c(E,e) (9) 

Experience has shown that even Better results can 

be obtained if the e-dependence of the incident 

angular flux is used as a weighting factor in the 

sum over the response function; that is, 

r.ere A(e) is the detector surface area that is 

C'-rai to the incident Deam at angle e, and c(E,e) 

; trie angular detector efficiency, that is, the 

''.cibility of a particle of energy E incident on 

•-. detector surface at an angle e having at least 

c(?d.h) o(E,e)Rc(o.O,E,h) 

(11) 



where the sum over the angular flux now represents 
averages of the spatial and azimuthally dependent 
flux for each polar angle of incidence e. This ex¬ 
pression for the pulse-height distribution is more 
accurate because the strong polar dependence of the 
response function is more directly coupled with the 
polar dependence of the incident flux. 

The enfolding expression in Eq. (11) will be 
used to obtain estimates of the pulse-height dis¬ 
tributions observed in both the airborne and sub¬ 
surface geometries. While other enfolding tech¬ 
niques may yield more accurate estimates for cer¬ 
tain geometries and detectors, preliminary results 
indicate that Eq. (11) will yield adequate pulse-
height spectra for the logging geometries of inter¬ 
est. Likewise, the use of a broad parallel beam for 
response function determination may be inferior to 
other beam/detector configurations for certain de¬ 
tector sizes and shapes. However, the agreement 
between computed and measured pulse-height spectra 
for the airborne and subsurface geometries has been 
good in the initial comparisons. 

The scheme for calculating pulse-height distri¬ 
butions c(r.,h) using Eq. (11) is summarized 
schematically in Fig. 4. The one-dimensional dis¬ 
crete ordinates transport code ONETRAN is used to 
compute the angular flux values 'f(r,n,E) for the 
logging geometry of interest, while the analogue 
Monte Carlo transport code GAMRES is used to deter¬ 
mine the detector response R (e = O,E,h). Values of 
.'(r,3,£) for different geometries and R (e = O,E,h) 
for different detectors are stored in separate files 
that serve as input to the folding code ENFOLD. 
This code computes the detector cross section o(E,e) 
and performs the summations indicated in Eq. (11) to 
determine the theoretical pulse-height distribution 
c(?d,h) for a given detector location ?.. Thus, 
this generalized procedure permits easy calculation 
of pulse-height spectra for different detectors 
(varying in type, shape, and size) and different 
logging geometries (varying in configuration, com¬ 
position, and size). 

Examples of pulse-height distributions generated 
in this way are shown below. The flux spectra 
?{r . O,E,h) observed at the center of an 11.43-cm-
(4.5-in.-) diam, air-filled, uncased, infinitely 
long borehole are shown in Figs. 5-7 for a potassi¬ 
um, uranium, and thorium (KUT) source, respectively. 

The source was distributed homogeneously in the for¬ 
mation (p « 2.138 g/cm3, P » 0.3, S « 1.0) sur¬ 
rounding the borehole and corresponded to a dry-
weight concentration of 16.48 per cent potassium, 
4.37-ppm uranium, and 13.4-ppm thorium, respective¬ 
ly. Pulse-height distributions observed in a 
1-1/2-in. by 7-in. Nal detector centered coaxially 
in the borehole are shown in Figs. 8-10. The de¬ 
tector is within a 2.25-in.-o.d. probe shell having 
a 1/8-in.-thick iron wall. The formation and bore¬ 
hole parameters are identical to those used to com¬ 
pute the flux spectra of Figs. 5-7. These pulse-
height spectra are written on a disk file so that 
further processing of the spectra can be performed 
to provide information on the change in spectral 
shape caused by varying borehole and/or detector 
parameters. 

The accuracy of the count rate calculation meth¬ 
od is demonstrated in Figs. 11-14. The first three 
figures compare theoretical pulse-height distribu¬ 
tions with those observed in the potassium, uranium, 
and thorium borehole calibration models of the De¬ 
partment of Energy (DOE) Grand Junction facility. 
The KUT models are used as standards for calibration 
of gamma-ray spectral logging equipment. Each of 
the theoretical pulse-height distributions was syn¬ 
thesized from the individual potassium, uranium, and 
thorium spectra of Figs. 8-10. Radioelement concen¬ 
trations were assigned to each model from dry-weight 
chemical assays performed on samples taken from each 
model. These concentrations were used as weighting 
factors in synthesizing the composite pulse-height 
spectra of Figs. 11-13. 

The calculation simulated as closely as practi¬ 
cable the calibration models, the logging probe, and 
the Nal detector contained in the probe. The radio-
elements were assumed to be homogeneously distrib¬ 
uted in the formation surrounding the borehole. The 
pulse-height distributions were computed and meas¬ 
ured with the logging probe sidewalled. 

The comparisons between theoretical and experi¬ 
mental pulse-height distributions presented in Figs. 
11-13 are absolute. No normalization of the theo¬ 
retical count rate curves has been made. The 
agreement between theory and experiment is generally 
very good. All three comparisons exhibit a dis¬ 
crepancy at low pulse-height values caused by dif¬ 
ferences in the nonlinearity of the experimental Nal 



crystal and that assumed in the computer model. 
Measurement of the actual nonlinearity function for 
the -letector crystal of interest and use of this 
fund ion in the computer model would eliminate this 
discrepancy in pulse-height scaling between the 
theoretical and experimental distributions. 

Examination of Fig. 11 reveals that the potas¬ 
sium, uranium, and thorium grade assignments in the 
potassium model are perhaps too low, assuming that 
the syntheized theoretical spectrum is accurate. 
The energy resolution assumed for the Nal detector 
in the computer model appears to be slightly greater 
than that of the actual crystal, accounting for some 
of the discrepancy between the pulse-height distri¬ 
butions in the 1.46-MeV 40K peak. 

The agreement between the theoretical and ex¬ 
perimental pulse-height distributions is best for the 
uranium model. The computed distribution predicts 
the response to better than 5 per cent for the 
1.765-HeV peak of the uranium series. The diver¬ 
gence of the curves for pulse heights greater than 
about 2.6 MeV is due to the presence of an LED gain 
stabilization peak in the experimental spectrum, 
which, of course, is not simulated in the computer 
model. 

The thorium model yielded the greatest discrep¬ 
ancy between theoretical and experimental spectra. 
The small disagreement for the 2.615-MeV peak of the 
thorium series is due, once again, to the slightly 
larger value of detector energy resolution assumed 
in the computer model. The apparent discrepancies 
near 1.1, 1.3, and 1.8 MeV correlate strongly with 
the occurrence of lines in the uranium series. This 
implies that the uranium concentration assumed in 
the calculation was too low, given that the computer 
model accurately predicts the response to the ura¬ 
nium series (as demonstrated in Fig. 12). These 
results serve to illustrate the usefulness of the 
count-rate calculation method as an aid in assigning 
radioelement concentrations to calibration models 
in a self-consistent manner. 

The comparisons of theoretical vs experimental 
Dulse-height distributions shown in Figs. 11-13 are 
srcbably not the optimal way to evaluate the accu¬ 
racy of the calculated spectra. Subtle differences 
ir, detector energy resolution and nonlinearity be¬ 
tween the actual detector and the simulation make 
arecise comparison of the pulse-height spectra 

difficult at best. These problems can be mitigated 
by comparing window count rates rather than channel 
count rates, because the former tend to average out 
small variations in the pulse-height spectra re¬ 
sulting from differences between the actual and 
simulated detector resolution and nonlinearity. 

A comparison between theoretical and experi¬ 
mental window count rates is shown in Fig. 14 for 
surface gamma-ray spectral logging. The experimen¬ 

ts 
tal window sensitivities were taken by Lovborg 
with a 3-in. by 3-in. cylindrical Nal detector on 
the concrete calibration pads constructed at Riso 
National Laboratory in Denmark. The pads contain 
known potasjium, uranium, and thorium concentrations 
with the uranium and thorium in secular equilibrium 
with their daughters. The detector was placed on 
the surface of the pads for data taking. The com¬ 
puter model simulated the actual physical configura¬ 
tion as closely as possible. In particular, the 
3-in. by 3-in. Nal detector was modeled well with 
regard to energy resolution and pulse-height non-
linearity. 

The theoretical KUT window sensitivities agree 
very well with the experimental values. The poorest 
agreement occurs for the thorium sensitivity, where 
the theoretical value is 1.1 per cent smaller than 
the experimental value. Data taken more recently 
by Lovborg (but as yet unpublished) in a worldwide 
round-robin study at many calibration facilities 
suggest that a sensitivity of about 3.31 cnts/s/per 
cent for potassium and 0.125 cnts/s/ppm for thorium 
are more accurate average values. If this is so, 
then the agreement between the theoretical and ex¬ 
perimental sensitivities improves to 2.1 per cent 
for potassium, 1.4 per cent for uranium, and 4.0 
per cent for thorium. 

II. PROTOTYPE PHOTONEUTKON LOGGING PROBE 
A. Analytical Chemistry Assays of Calibration 

Models 
In a previous report, an anomalous result in 

the data obtained with the Los Alamos photoneutron 
uranium well-logging probe for model A-5-Bottom 
(A-5-B) was described. Only 30 to 35 per cent of 
the expected counting rate was observed in the 
model with either air or water as the borehole 
fluid. Iimediately after these data were obtained, 
a log of A-3 was repeated, which indicated that the 



calibration of the probe had not changed. Thus, it 

appeared that one or more properties of A-5-B were 

grossly different from those of models A-l, A-2, 

and A-3. 

A series of crushed concrete samples, obtained 

at the time the models were poured, was sent to Los 

Alamos by Bendix Field Engineering Corporation 

(BFEC). A list of the samples is given in Table I. 

The designation A-2-T refers to the top zone of 

model A-2. Sample numbers have also been assigned 

to account for cases in which more than one sample 

was tested in a given zone. 

The analytical chemistry measurements on the 

samples discussed above were all performed by Los 

Alamos Group CM6-1. The measurement program pur¬ 

sued had two fundamental goals: 1) confirm the 

assigned uranium ore-grade for model A-5-B and 2) 

determine the presence or absence of any neutron 

poisons in A-5-B that might depress the measured 

photoneutron-probe signal. 

The initial uranium concentration measurements 

were performed by x-ray fluorescence (XRF) using 

standards prepared with New Brunswick Laboratory 

(NBL) reference material in crushed concrete 

matrices. The results of these measurements are 

given in Table II as micrograms per gram of the 

element listed. Because the XRF measurement system 

TABLE I 

CRUSHED CONCRETE SAMPLES USED IN 

ANALYTICAL CHEMISTRY TESTS AT LOS ALAMOS 

TABLE II 

ELEMENTAL CONCENTRATIONS OF CRUSHED 
CONCRETE SAMPLES IN ug/g 

Model, Zone 

A-2-T 
A-2-C 
A-3-T 
A-5-T 
A-5-T 
A-5-C 
A-5-B 
A-5-B 
A-6-B 
A-6-B 
A-6-T 
A-6-T 
D-Barren 
O-Barren 
D-Ore 
D-Ore 
Si l ica-1 
Sil ica-2 
A1ZO 3 

D Model 

Sample Number 

32279 
32205 
32286 
31185 
31187 
32251 
31178 
31180 
31192 
31194 
31199 
31201 
47718 
47720 
47682 
47700 

_ 
_ 

_ 

031178 

031180 
031185 

031187 

03119? 

031191 
031199 

031201 

032205 

032251 

032279 

032286 

047682 

047700 

047718 

047720 

SILICA] 

SILICA? 

is 
4 
4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

a 
4 

4 

4 

4 

0ETECT10N 

LIMITS 5 

£1 
5 

9 
4 

10 

4 

6 
4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

5 

ca 
4 
4 

4 

4 

4 
4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

s 

Cu 
9 

12 
19 

12 

27 

20 

17 

9 

23 

10 

42 

12 
2444 

2453 

21 

35 

40 
43 

9 

Nb 
19 

19 

19 

19 

19 

19 

19 

19 
19 

19 

19 

19 

19 

19 

?8 

19 

19 

19 

19 

m 470 

420 
14 

14 

14 

14 
14 

14 
14 

14 

14 

14 

18 
14 

14 

14 

14 

14 

14 

Pb 
39 

36 

22 
34 

19 

40 
24 

32 

40 

10 

16 

11 

37 

33 

22 

17 

4 

4 

5 

Sn 
9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 
9 

9 

9 

9 

9 

10 

u 
14 
14 

14 

14 

14 

2! 

16 

14 

20 

14 

14 

14 

14 
14 

14 

14 

4325 

6433 

15 

As 
914 

743 

13 
4 

15 

4 

7 

4 
4 

9 

4 

4 

10 

16 
4 

' 

4 
4 

Se 
4 

4 

4 

4 

4 

4 

4 

4 
4 

4 

4 

4 

A 

4 

4 

4 

37 

49 

U 
730 

710 

470 

4B0 

500 

560 

420 

490 
540 

6 

20 

ib 

590 

670 
7 

4 

4 

i 

is automated, 11 other elements were also analyzed 

simultaneously. Referring back to Table I, tne 

results are generally as expected witn ore zones 

having substantial uranium content ana barren zones 

containing very low levels of uranium. A few or 

the samples contained measurable quantities of 

other elements, for example, A-5-B, nickel and ar¬ 

senic; D-ore, copper; silica 1 and 2, tungsten and 

selenium. The high tungsten value is due to grind¬ 

ing the silica 1 and 2 samples in a tungsten-carbide 

mortar prior to analysis. 

The uranium results are compared to the as¬ 

signed ore grades in Table III. In general, the 

XRF results for uranium are lower, but A-5-B agrees 

very well. As a further check, samples from A-5-T 

and A-2-C were each analyzed by isotope dilution 

mass spectrometry (IDMS). In this method, the sam¬ 

ples tre dissolved in a mixture of hydrochloric, 

nitric, and hydrofluoric acidc and a known amount 

of U is added as a standard. The results are 

again compared to the assigned ore grades in Table 

IV. Three smaller samples were analyzed from each 

larger sample and are listed individually in the 

table. The purpose of this procedure is to assess 



TABLE I I I TABLE V 

COMPARISON OF ASSIGNED ORE GRADES AND 

LOS ALAMOS X-RAY FLUORESCENCE MEASUREMENTS ON 

CRUSHED CONCRETE SAMPLES FROM 

CALIBRATION MODELS AT GRAND JUNCTION 

Model , Zone 

A-2-C 

A-5-T 

A-5-B 

A-6-P 

A-6-T 

D-Ore 

U g / g U308 ) 

Assigned Ore Grade 

757 * 42 

780 * 32 

824 ± 91 

700 * 149 

688 * 73 

797 * 55 

Los Alamos XRF 

637 

560 

849 

625 

537 

743 

inhomogeneities in the larger samples. The resu l t s 

fo r A-5-8 and A-2-C are in reasonable agreement 

w i th the assigned ore grades and do not show ser¬ 

ious inhomogeneit ies. The measurements of A-5-T, 

on the other hand, do not agree and the smaller 

sample JDMS resu l t s ind icate considerable inhomo-

genei ty . I t is d i f f i c u l t to assess these resu l t s 

independently wi th the photoneutron probe since 

A-5-T contains boron carb ide, and the expected 

ATOMIC EMISSION SPECTROSCOPY ANALYSIS OF 

CRUSHED CONCRETE SAMPLES FOR LITHIUM, 

BORON, CADMIUM, BARIUM, AND GADOLINIUM 

ON CRUSHED CONCRETE SAMPLES FROM 

CALIBRATION MODELS AT GRAND JUNCTION 

EXPRESSED IN ug/g* 

Model, Sample 
Zone Number L i 

A-5-B 

A-5-T 

A-6-B 

A-6-T 

A-2-C 
A-5-C 
A-2-T 
A-3-T 
D-Ore 

D-Barren 

31178 
31180 
31185 
31187 
31192 
31194 
31199 
31201 
32205 
32251 
32279 
32286 
4 7682 
47700 
47713 
47720 

S i l i c a 
S i l ica 

25 
25 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
?0 
20 
20 
2<J 

400 
400 
300 
250 

10 
10 
15 
15 
16 
IS 
15 
10 
15 
15 
10 
10 

: 10 
c lU 

Cd 

20 
20 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

500 
700 
800 
800 
800 
700 
600 
600 
800 
700 
800 
800 
700 
800 
700 
700 

•; 1 0 

< 10 

Gd 

50 
50 
50 
50 
50 
50 
50 
50 
bO 
50 
bO 
bO 
50 
50 
5U 
5U 
50 

*A < symbol represents the limit of detection. A M 
other results have a precision cf *50 per cent. 

TABLE IV 

COMPARISON OF ASSIGNED ORE GRADES AND LOS ALAMOS 

ISOTOPE DILUTION MASS SPECTROMETRY 

MEASUREMENTS ON CRUSHED CONCRETE SAMPLES 

FROM CALIBRATION MODELS AT 

GRAND JUNCTION 

Model, 
Zone 

A-5-B 

A-5-T 

A-2-C 

Sample 
Number 

31178 

31185 

32205 

Sample 
Weight 
(mg) 

100 
24.8 
29.2 

100 
25.0 
23.6 

100 
24.7 
25.8 

(IDMS) 
ug/g 
U3°8 

844 
895 
852 

625 
591 
700 

730 
744 
784 

Assigned 
Ore 

Grades 

829 

780 

757 

signal cannot be predicted on the basis of the mea¬ 

surements obtained from models A-l to A-3. Al¬ 

though some uncertainty remains in the uraniun, 

assay of A-5-T, this series of measurements does 

indicate that A-5-B is reasonably wel I character¬ 

ized with respect to uranium content. 

Thus, we are led to pursue the only other ap¬ 

parent explanation: the presence of neutron poi¬ 

sons in A-5-B. To this end, the samples listed in 

Table I were crudely analyzed for the presence of 

lithium, boron, cadmium, barium, and gadolinium by 

atomic emission spectroscopy. The results of these 

measurements are presented in Table V. The most 

interesting feature of the table is that both A-5-T 

and A-5-B have relatively high concentrations of 

boron. The top section was purposely loaded with 

B4C to assess the effects of boron on uranium as¬ 

say by active neutron interrogation, but the bottom 

section was thought to have only trace quantities. 



The boron assay of A-U-T and A-5-B was repeated at 

higher precision and gave values of 285 and 335 

ug/g (±20 per cent), respectively. 

A-5-B was designed to measure the effect of 

bulk density on uranium assay by active neutron 

interrogation. The density of the model was in¬ 

creased relat ive to A - l , A-2, and A-3 by substi¬ 

tuting corundum for sand in the concrete mix. A 

sample of the corundum was obtained from Grand 

Junction, analyzed, and found to contain 570 ug/9 

boron (±20 per cent). Thus, the anomalous results 

obtained in A-5-B ouring the November 1979, cal i¬ 

bration tests are now well understood. The sup¬ 

pression of the signal in A-5-B relative to A-l,2,3 

was due to a boron contaminant introduced in the 

matrix material. The assessment of the effects of 

neutron poisons on probe performance is somewhat 

clouded by the differences observed between the 

assigned ore grade and the analytical chemistry 

measurements for A-5-T. I t is clear, however, that 

boron concentrations of a few hundred parts per 

mil l ion signi f 'cant ly suppress the response of the 

photuneutron probe to uranium. 

3. Sodium-Iodide Probe 

In addition to the primary photoneutron probe 

for direct uranium logging, a sodium-iodide-based, 

passive gamma-ray probe has been deployed. The 

gamma-ray probe has served two main purposes: ver¬ 

ifying the absence of obstructions in a borehole 

and as an aid to locating and verifying uranium-

bearing zones. 

Because of the high level of radiation associ¬ 

ated with the photoneutron probe, i t is important 

that the probe not become lodged irretr ievably in a 

borehole. To minimize the possibi l i ty of trapping 

the photoneutron probe, a "dummy" probe of similar 

weight (43 kg) and dimensions (6.7-c™ diam by ?.3-m 

long) is lowered into, and then retrieved from, each 

borehole. A gauge monitors the strain on the log¬ 

ging cable as the probe travels in the borehole. 

The strain gauge automatically shuts off the winch 

i f the logging cable becomes slack (zero i t ra in ) or 

too strained (about 110 kg). After a scan with the 

dummy probe is successfully completed, the photo¬ 

neutron probe can be used with minimal concern 

about becoming lodged. 

I t was decided that with a reasonable effort 

the dummy probe could be outf i t ted with a Nal 

detector and associated electronics. With this 

addition, the preliminary scan of the borehole pro¬ 

vides a good indication of the location of probable 

uranium-bearing zones. The Nal probe that has 

evolved is shown schematically in Fig. 15. A 

5.1-cm-diam by 5.1-cm-long Nal crystal is used. 

The dowphole electronics package is a s l ight ly mod¬ 

i f ied version of the electronics developed for the 

fast-neutron detector in the photoneutron probe. 

Because the passive gamma-ray data are of less 

interest than the active neutron data, l i t t l e ef fort 

was expended on the calibration and analysis scheme 

for the Nal probe. However, KUT logging is provided 

in addition to gross gamma count'ng. Stripping ra¬ 

tios are not determined as precisely as possible. 

Also, gain s tab i l i t y under high rounting-rate condi¬ 

tions is not as good as desired, but this is not A 

serious l imitation for our purposes. A calibration 

of 0.176 counts/s/ppm uranium in the stripped ura¬ 

nium window (1650 keV to ?390 keV) was obtained JS-

mg a 496-ppm-uranium DOE calibration model near 

Grants, New Mexico. Reference 10 contains a cali¬ 

bration for a 5.1-cm-diam by 12.7-cm-long Nal detec¬ 

tor obtained by BFEC/DOE at the Grand Junction, 

Colorado, calibration f ac i l i t i e s . If this calibra¬ 

tion constant is scaled simply for the rat io of 

crystal lengths, i t becomes 0.201 counts/s/ppm ura¬ 

nium. This is in good agreement with the LOS Alamos 

cal ibrat ion, especially since more exact scaling for 

length would tend to move the calibration "instants 

toward better agreement. 

C. Logging Vehicle Preparation 

A four-wheel drive truck, on loan from BFEC/DOE 

in Grand Junction, was outf i t ted for the f ie ld t r i ¬ 

als of the Los Alamos pholoneutron probe. The truck 

was only par t ia l ly equipped wtien received. The en¬ 

closed truck bed had been outf i t ted with air condi¬ 

tioning and 110 V ac outlets fed by a gasoline-pow¬ 

ered generator. The truck-bed enclosure was empty 

except for a variable-speed winch containing approx¬ 

imately 1000 is of four-conductor (4 HO) logging 

cable. 

A strain gauge and cable depth counter were 

added to the winch at Los Alamos. There existed a 

f ac i l i t y for detecting strain on the cable; how¬ 

ever, there was no readout of the strain, and the 

mechanism saturated at a strain less than the weight 

of our probe. The strain sensing mechanism was 



strengthened so that i t would not saturate unt i l 

about 140 kg. (Our probe weighs -43 kg.) An elec¬ 

tronic device was designed and fabricated to sense 

the mechanical strain gauge and produce an LED 

readout. This same device allowed for the setting 

of a minimum and maximum strain beyond which the 

winch is automatically shut of f . When we received 

the truck, the winch was out f i t ted with a mechanical 

device containing a light-coupled pair viewing a 

slotted wheel for detecting cable motion. This de¬ 

vice sent out a pulse for each 3 mm of cable move¬ 

ment. We designed and fabricated a device to count 

these pulses (noting direction of cable travel) and 

prc/ide a readout of the probe depth and probe rate 

of t ravel . A new speed controller was installed on 

the winch motor to allow more stable operation at 

low speeds. 

The lower section of the photoneutron probe, 

containing the gamma source, resides in a depleted 

uranium storage cask weighing about 750 kg. A sys¬ 

tem was devised for transporting the cask to the 

logging site and positioning i t over the hole to be 

logged. Inside the truck the cask rests on a sup¬ 

port plate mounted on two ra i ls that extend out 

over the rear bumper. During t ransi t , the cask is 

capped with a l id out f i t ted with a l i f t i ng eye, the 

support plate is bolted into place, and the cask is 

st-apped to the truck bed. This can be seen in 

Fig. 16. Once the logging vehicle is in position 

near the hole, a triangular support and leveling 

plate is positioned over the hole. The bolts and 

straps holding the cask during transit are removed, 

and i t is rol led along the ra i ls to a position out¬ 

side the truck over the rear bumper platform. The 

entire cask is l i f ted from the movable plate onto 

the leveling plate using a crane mounted on the 

rear bumper. The crane chosen by Los Alamos is a 

Hiab model 250, and is capable of smooth motion in 

several directions allowing convenient transfer of 

the cask to and from the truck (see Fig. 17.) 

After positioning the cask over the hole, the l i d 

is unbolted and l i f ted back onto the truck using 

the crane. At this time, a pulley, through which 

the logging cable is threaded, is mounted on the 

end of the crane boom. The upper portion of the 

probe is attached to the logging cable and lowered 

onto the lower portion using the crane and winch. 

After coupling the two halves of the probe, a trap 

door in the bottom of the cask is opened and the 

probe is lowered into the hole using the winch. 

A complete computer system was installed in the 

truck at Los Alamos. Me chose to use a Nuclear 

Data Corporation model ND660, LSI-11-based multi¬ 

channel analyzer. A Uual-floppy-disk drive is 

included for system software storage and recording 

of logging data The computer is interfaced to a 

Digital Equipment Corporation LA120 keyboard/line 

printer. This is used for program in i t i a l i za t i on , 

l is t ings, and a simple plot of the data as i t is 

acquired. The signals are passed from the probe 

controller box to the computer using standard NIM 

modules. The relay rack containing tne computer, 

disk drives, CRT, NIM bin, probe control ler, and 

depth gauge readout is mounted together with the 

line printer onto a plate that is shock mounted to 

the truck (see Fig. 18.) 

The logging truck borrowed from BFEC, Grand 

Junction, and outf i t ted by Los Alamos, has been 

used for three f ie ld t r ia ls of our photoneutron 

logging tool . Other than insuff icient electr ical 

noise isolation/suppression between devices, the 

system was found to be rel iable and convenient to 

use. 
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Fig. 1. The response function map calculated for a Fig. 2. 
7,62-cm-diam by 7.62-cm-long (3-in. by 
3-in.) cylindrical Nal scintillator for 
incident photons having energies in the 
range of 15 keV to 2.94 keV. Both the en¬ 
ergy (E) and pulse-height (PH) axes 
visible. Note that the 
logarithmic (base 10). 

are 
response axis is 

The response function map of Fig. 1 viewed 
from a different perspective. The map has 
been rotated clockwise about the response 
axis relative to Fig. 1. 

ONETRAN GAMRES 

ENFOLD 

PRINTED 
OUTPUT 

AND 
PLOTS 

Fig. 3. The detector cross section for a 3.81-cm-
diam by 22.86-cm-long (1-1/2-in. by 9-in.) 
cylindrical Nal detector. 

Fig. 4. Flow chart of method for calculating pulse-
height distributions. 
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POTASSIUM SPECTRUM 
CENTRALIZED GEOMETRY 

10': 

10*: 

4-lff^ 

proba diametsr * 225" 
crystal i i* t - IS" x 7' 

BOREHOLE PARAMETERS 
diameter - 4.5" 

fluid ' air 
casing « none 

URANIUM SPECTRUM 
CENTRALIZED GF.OUETRY 

probe diameUr • 225" 
crystal size - IS" x 7 

BOREHOLE PARAMETERS 
diameter = 4.5" 

fluid = air 
casing » none 

GAMMA-RAY ENERGY (UtV) CAMUA-RAY ENERGY (MeV) 

Fig. 5. Calculated f lux spectrum at the center pf 
an 11.43-cm-diam (4 .5- in . ) , a i r - f i l l e d , un-
uncased, in f in i te l y long borehole. The 
borehole is surrounded by sandstone having 
a density of 2.14 g/cm3 and a dry-weight 
potassium concentration of 16.48 per cent. 

Fig. 6. Flux spectrum calculated for a uranium 
source dry-weight concentration of 4.37 
ppm. A l l parameters other than the source 
were identical to those for Fig. 5. 

ltfq 

I 
3 

10": 

THORIUM SPECTRUM 
CENTRALIZED GEOMETRY 

IO-

protw dlMMUr * 225" 
cryiUI i i » - IS" * 7' 

BOREHOLE PARAMETERS 
diameter - 45" 

fluid - air 
casing * none 

GAMMA-RAY ENERGY (MeV) 

Fig. 7. Flux spectrum calculated for a thorium 
source dry-weight concentration of 13.4 
ppm. A l l parameters other than the source 
were identical to those for Fig. 5. 

POTASSIUM SPECTRUM 
Centralized Geometry 

5 * 
E 

u>*-

prote diameter * 2JS5" 
crystal s i i e - 1.5" x T1 BOREHOLE PARAMETERS 

diameter = 4.5" 
fluid - air 

casing - none 

02 a* o« as is 12 u i s 
GAMMA-RAY PULSE HEIGHT (MeV) 

Fig. 8. Theoretical pulse-height spectrum for a 
3.81-cm-diam by 17.78-cm-long (1-1/2 in . 
by 7-in.) Nal detector centered coaxially 
in a 11.43-cm-diam (4-1/2- in, ) , a i r f i l l e d , 
uncased borehole. The detector was con¬ 
tained within a probe having 0.32-cm-thick 
(1/8-in.) iron walls and a 5.72-cm o.d. 
(2-1/4 i n . ) . The pulse-height spectrum 
corresponds to the f lux spectrum of Fig. 5 
for a potassium source. 
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URANIUM SPECTRUM 
Centralized Geometry 

, , ich 

S iffS 

probe diameter =• 225" 
cryiUI size = 1.S" x 7" 

BOREHOLE PARAMETERS 
diameter = 4.5" 

fluid - air 
casing * none 

THORIUM SPECTRUM 
Centralized Geometry 

probe diameter » 2.S5" 
crystal size = 1.5" v 7" 

-? Vt: 

BOREHOLE PARAMETERS 
diameter » 4.5" 

fluid = air 
casing « none 

GAMMA-RAY PULSE HEIGHT (MeV) GAMUA-RAY PULSE HEIGHT (MeV) 

Fig. 9. Pulse-height spectrum computed for a ura¬ 
nium source dry-weight concentration of 
4.37 ppm. Al l parameters, other than the 
source, were identical to those for Fig. 8. 

Fig. 10. Pulse-height spectrum computed for a tho¬ 
rium source dry-weight concentration of 
13.4 ppm. Al l parameters other than the 
source were identical to those of Fig. 8. 

K MODEL 
Sidewalled Geometry 

Ut-. - Theory 
. Experiment 

0.* 0* 12 US aO 2.4 

Pulse Heifht (MeV) 

U MODEL 
Sidewalled Geometry 

2"10" 

- Theory 
. Exper iment 

0.4 0.8 \2 1.6 2.0 
Pulse Heijht (MeV) 

Fig. 11. Comparison of theoretical and experimental 
pulse-height spectra observed in the K 
model at the DOE Grand Junction calibra¬ 
tion f a c i l i t y . The computed spectrum was 
synthesized from K, U, Th spectra similar 
to those of Figs. 8-10, assuming radio-
element concentrations determined from 
sampling the K model and performing chemi¬ 
cal analysis. 

Fig. 12. Comparison between theoretical and experi¬ 
mental pulse-height distributions observed 
in the DOE Grand Junction U model. As in 
Fig. 11, the comparison is between abso¬ 
lute count rates, that i s , no normaliza¬ 
tion has been performed on the count rate 
values. 
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T MODEL 
Side walled Geometry 

4*10" 
0.4 0* U \A Z0 

Pulse Height (MeV) 
£4 2J 

Fig. 13. Theoretical vs experimental pulse-height 
spectra observed in the DOE Grand Junction 
thorium model. The spectra of Figs. U-13 
assume the probe is sidewalled in the 
borehole. 

KUT Windov Sensitivities 

Airborne Geometry 

Experiment 
(Lovborg) 

Theory 
(Evans) 

(cnts/i/Sk) 

3.17 

3.38 

Su 
(cnts/s/ppmll) 

0.288 

0.284 

ST 
(cnti/i/ppmTh) 

0.130 

0.120 

ELECTRONICS 

TUNGSTEN B A L L A S T -

V 

Fig. 14. Comparison of theoretical vs experimental F ig. 15. Sodium iodide logging probe used for v e r i -
KUT window sensi t iv i t ies for surface fying the absence of borehole obstructions 
gamma-ray spectronetric surveys. and as an aid in locating uranium-bearina 

ore zones. 



Fig. 16. Inside of logging truck showing raoio-
acttve source storage cask boHed and 
strapped to the truck bed for transfer to 
or from logging s i te. 

Fig. 18. View of computer system ano upnoie elec¬ 
tronics mounted inside the logging truck. 

Fig. 17. View of bumper-mounted crane used for 
transferring the source cask from the 
truck to the borehole and back. 
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