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A technique is provided for assaying the formations 
surrounding a borehole for uranium. A borehole log-
ging tool cyclically irradiates the formations with neu-
trons and responds to neutron fluxes produced during 
the period of time that prompt neutrons are being pro-
duced by the neutron fission of uranium in the forma-
tions. A borehole calibration tool employs a steady-state 
(continuous output) neutron source, firstly, to produce 
a response to neutron fluxes in models having known 
concentrations of uranium and, secondly, to produce a 
response to neutron fluxes in the formations surround-
ing the borehole. The neutron flux responses of the 
borehole calibration tool in both the model and the 
formations surrounding the borehole are utilized to 
correct the neutron flux response of the borehole log-
ging tool for the effects of epithermal/thermal neutron 
moderation, scattering, and absorption within the bore-
hole itself. 

14 Claims, 7 Drawing Figures 
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URANIUM LOGGING IN EARTH FORMATIONS 

CROSS REFERENCES TO RELATED 
APPLICATIONS 5 

This application is a continuation-in-part of U.S. pa-
tent application Ser. No. 785,624 filed Apr. 7, 1977, now 
abandoned. 

BACKGROUND OF THE INVENTION io 
This invention relates to a radioactive logging tech-

nique and more particularly to a prompt fission neutron 
uranium assaying technique. 

When a formation containing a uranium ore is irradi-
ated with fast neutrons, the uranium nuclei react to 15 

neutron bombardment by breaking into smaller nuclear 
fractions which are normally referred to as fission prod-
ucts. The fission of uranium is attended by the emission 
of prompt neutrons immediately upon occurrence of the 
fission reaction and also by the emission of delayed 2 0 

neutrons by the fission products subsequent to the fis-
sion reaction. The prompt fission neutrons are emitted 
at the time of the fission reaction, while the delayed 
neutrons are emitted by the fission products for an ap-
preciable length of time following the fission reaction. 25 

The use of fast neutron irradiation for the detection of 
uranium has also been explored in a paper by Jan. A. 
Czubek, "Pulsed Neutron Method for Uranium Well 
Logging," GEOPHYSICS, Vol. 37, No. 1, Feb. 1972, 
pp. 160-173. Czubek examines several phenomena asso- 30 
ciated with fast neutron irradiation of uranium-bearing 
formations and concludes that three can be employed to 
advantage in uranium detection techniques. Those 
which Czubek proposes for use as uranium content 
indicators are (1) epithermal neutron intensity resulting 35 
from prompt thermal neutron fission of uranium 235, (2) 
delayed thermal neutron intensity from prompt thermal 
neutron fission of uranium 235, and (3) delayed thermal 
neutron intensity from fast neutron fission of uranium 
238. 40 

In U.S. Pat. No. 3,686,503 to Givens et al, there is 
disclosed a borehole logging system for characterizing 
the uranium content of natural earth formations on the 
basis of measurements of delayed neutrons resulting 
from neutron fission of uranium. This patent discloses a 45 
subsurface assaying operation which is carried out by 
locating in a borehole adjacent a formation of interest a 
logging tool which includes a source of fast neutrons 
and a thermal neutron detector. The formation is irradi-
ated with repetitive bursts of fast neutrons; and subse- 50 
quent to each burst and after dissipation of the original 
source neutrons, delayed neutrons resulting from neu-
tron fission of uranium are detected. The output from 
the detector is then recorded in order to obtain a log 
indicative of the uranium content of the formation. 55 

In co-pending U.S. patent application Ser. No. 
868,948, filed Jan. 12, 1978, to Wyatt W. Givens and 
William R. Mills, Jr., and entitled Logging Technique 
for Assaying for Uranium in Earth Formations, there is 
disclosed a borehole logging system employing the 60 
prompt fission neutron (PFN) uranium assaying tech-
nique. Both epithermal and thermal neutron fluxes re-
sulting from the cyclical irradiation of a formation with 
bursts of fast neutrons are measured. These neutron 
fluxes are measured during the time period within each 65 
cycle of operation when prompt neutrons resulting 
from the thermal fission of uranium 235 are expected. 
The ratio of the epithermal neutron flux measurement 

to the thermal neutron flux measurement is proportional 
to the uranium 235 concentration for a fixed borehole 
diameter and borehole fluid, provided the epithermal 
and thermal neutron flux detectors have the same spac-
ing with respect to the neutron source and further pro-
vided that the neutron fluxes detected by these detec-
tors are measured during the same time period. Any-
thing affecting the thermal neutron flux in the formation 
also affects the epithermal neutron flux as a measure-
ment of prompt thermal fission neutrons from uranium 
235 in the same manner. Therefore, the ratio of the 
responses of the PFN logging tool to epithermal and 
thermal neutron fluxes is independent of variations in 
the neutron generator output and of variations in the 
formation parameters of porosity, density, and thermal 
neutron macroscopic absorption. However, the actual 
epithermal neutron flux to thermal neutron flux ratio 
measured in the borehole with the PFN logging tool 
remains dependent upon the variable borehole parame-
ters such as borehole diameter, borehole fluid, and bore-
hole casing. 

SUMMARY OF THE INVENTION 
In accordance with the present invention, there is 

disclosed a new and improved method and system for 
logging the formations surrounding a borehole for ura-
nium by detecting and counting prompt fission neutrons 
resulting from the thermal neutron fission of uranium 
235. 

More particularly, a prompt fission neutron logging 
tool is lowered into a borehole adjacent a formation of 
interest suspected of containing uranium and is cycli-
cally operated to irradiate such formation with bursts of 
fast neutrons. Both epithermal and thermal neutron 
fluxes are measured by the prompt fission neutron log-
ging tool at equally spaced distances from the pulsed 
neutron source during those periods of time that prompt 
neutrons are being produced from neutron fission of 
uranium in the formation. To correct such epithermal 
and thermal neutron flux responses of the prompt fission 
neutron logging tool for the effects of the epithermal/-
thermal neutron moderation, scattering, and absorption 
characteristics of the borehole itself, a borehole calibra-
tion tool is also lowered into the borehole adjacent the 
formation of interest and is operated to irradiate such 
formation with a steady-state source of fast neutrons. 
Both epithermal and thermal neutron fluxes are mea-
sured by the borehole calibration tool at the same, 
equally spaced distances from the steady-state neutron 
source. The source-to-detectors spacing need not be the 
same in the calibration tool and the prompt fission neu-
tron logging tool. The source-to-detectors spacing in 
the calibration logging tool is selected to give a correc-
tion function of the simplest form. Preferably, before 
logging the formation of interest, the borehole calibra-
tion tool is operated in calibration models having 
known uranium concentrations. The epithermal and 
thermal neutron responses and in particular the ratio of 
the epithermal to thermal neutron fluxes as measured 
with the calibration tool will be single valued over a 
wide range of uranium concentration (zero to several 
lbs UsOs/ft3), provided the borehole and other matrix 
parameters are the same. This is true because for the 
range of uranium concentrations commonly found in 
ore, the contribution of fission neutrons is insignifi-
cantly small and cannot be detected in the presence of 
neutrons from a continuous output source. The actual 
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uranium concentration of the formation of interest as ing the energy of epithermal neutrons to thermal en-
identified by the response of the prompt fission neutron ergy. As illustrated in FIG. 7, a number of epithermal 
logging tool can then be modified by the responses of neutrons entering the borehole at point A are reduced 
the borehole calibration tool in both the borehole and to thermal energy before reaching the epithermal neu-
the calibration models to yield a corrected uranium 5 tron detector in the PFN logging tool resting against 
concentration for the formation of interest. Even more the opposite side of the borehole at point B and, conse-
particularly, a function of the ratio of the response of quently, they do not contribute to the epithermal neu-
the borehole calibration tool in the calibration models tron count of the logging tool. The magnitude of the 
to the response of the borehole calibration tool in the loss of epithermal neutrons due to a hydrogen-rich 
borehole is multiplied by the response of the prompt 10 borehole fluid is strongly dependent upon the borehole 
fission neutron logging tool to produce an indication of diameter or, more particularly, upon the distance d 
the actual uranium concentration in the formation of from the PFN logging tool across the borehole to the 
interest surrounding the borehole. Eliminated from point A. Thermal neutrons are also absorbed in the 
such indication are the adverse effects of the epither- borehole fluid, but the loss of thermal neutrons by scat-
mal/thermal neutron moderation, scattering, and ab- 15 tering and absorption is generally small compared to the 
sorption characteristics of the borehole on the response loss of epithermal neutrons due to moderation to ther-
of the prompt fission neutron logging tool to epithennal mal energy. Other borehole properties such as diameter, 
and thermal neutrons. cased, uncased, etc., also have epithermal/thermal neu-

BRIEF DESCRIPTION OF THE DRAWINGS , n
 t r o n moderation, scattering, and absorption characteris-

M tics. Therefore, the resulting effect is that the ratio of 
FIG. 1 illustrates a prompt fission neutron (PFN) the responses of the logging tool to thermal and epither-

logging tool for carrying out the present invention. mal neutrons is reduced as compared to the ideal case 
FIG. 2 illustrates a borehole calibration tool for car- wherein the logging tool and the borehole are of the 

rying out the present invention. same size. j 
FIG. 3 illustrates the behavior of the prompt fission 25 i t is, therefore, a specific aspect of the present inven-

neutron ratio R by means of an experimentally deter- tion to provide a PFN logging technique in which the 
mined calibration curve Rcand two hypothetical curves measured responses of the PFN logging tool of FIG. 1 
Rz. and Rj. to epithermal and thermal neutrons are corrected for 

FIG. 4 illustrates the qualitative behavior of r/, the s u c h epith ermal/thermal neutron moderation, scatter-
ratio of epithennal to thermal neutron response from 30 ingj and absorption effects of the borehole. This tech-
the borehole calibration tool. nique employs the use of the borehole calibration tool of 

FIG. 5 is a timing diagram representative of the cycli- FIG. 2 in addition to the PFN logging tool. More par-
cal operation of the PFN tool of FIG. 1. ticularly, the borehole calibration tool will be similar in 

FIG. 6 illustrates characteristics of example subsur- configuration to the PFN logging tool except that a 
face formations as might be encountered when logging 35 steady-state neutron source will be used in place of a 
with the PFN tool of FIG. 1. pulsed neutron source. This borehole calibration tool is 

FIG. 7 illustrates a PFN logging tool resting against operated in a calibration borehole or models having 
one side of the borehole. known uranium concentrations. All borehole and ma-

DESCRIPTION OF THE PREFERRED ^ t r i x Parameters except uranium concentration are the 
EMBODIMENT same. The borehole calibration tool is then taken mto 

the field along with the PFN logging tool and is oper-
As noted in the aforementioned co-pending U.S. pa- ated in each borehole in which the PFN logging tool is 

tent application of Givens et al, the ratio of the re- operated. The relationship between the ratios of the 
sponses of a PFN logging tool to epithennal and ther- epithermal neutron to thermal neutron responses of the 
mal neutrons is proportional to the uranium 235 concen- 45 borehole calibration tool r, and the PFN logging tool R/ 
tration in the formations surrounding a borehole even is given as follows: 
though formation parameters of porosity, density, and 
thermal neutron macroscopic absorption cross section Rc=RiXfire/n) CO 
may vary. 

Ideally, the use of the PFN logging tool of FIG. 1 50 where, 
having the same diameter as the borehole would maxi- rc=ratio of the epithermal neutron to thermal neu-
mize the response of the tool to epithermal and thermal tron responses of borehole calibration tool in the 
neutrons. In actual operation, however, both field bore- calibration models and is single valued, 
holes and calibration model boreholes are larger than r/= ratio of epithermal neutron to thermal neutron 
the logging tool and, unless centralizing means is pro- 55 responses of borehole calibration tool in the field 
vided, the logging tool will rest against one side of the borehole and is variable, 
borehole as illustrated in FIG. 7. The epithermal neu- R/=ratio pf epithermal neutron to thermal neutron 
tron response of the logging tool to the formation on the responses of PFN logging tool in the field bore-
same side of the borehole as the logging tool is greater hole, and 
than the response to the formation on the opposite side 60 R^=ratio of the epithermal neutron to thermal neu-
of the borehole. The epithermal PFN neutrons pro- tron responses of the PFN logging tool in uranium 
duced by uranium in the formation on such opposite calibration models. 
side of the borehole must traverse the borehole itself A correction to the response ratio Rj as expressed in 
before being detected and counted by the logging tool- Equation (1) can best be understood by referring to 
The fluid within the borehole through which these 65 FIG. 3. The curve Rc represents the actual PFN tool 
epithermal neutrons must travel may be water or dril- calibration as obtained in calibration models having 
ling mud, for example. These fluids contain a high con- identical borehole and matrix parameters except ura-
centration of hydrogen which is very effective in reduc- nium concentration. The ratio R,- of the PFN logging 
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tool to the uranium 235 concentration in the formations 
surrounding the borehole includes effects of the bore-
hole parameters of diameter, fluid, casing, etc. To ob-
tain the ratio corresponding to uranium concentration 
in the formation, the PFN logging tool ratio R; must be 5 
corrected for the effects of changes in borehole parame-
ters. As the borehole size becomes larger than the cali-
bration borehole for a fixed uranium 235 ore grade, 
more epithermal neutrons are moderated to thermal 
energies before reaching the PFN logging tool. Conse- 10 
quently, the response ratio R, of the PFN logging tool in 
the larger borehole is decreased as represented by the 
RL curve in FIG. 3. Likewise, as the borehole size be-
comes smaller than the calibration borehole for a fixed 
uranium 235 ore grade, the response ratio R, is increased 15 
as represented by the Rs curve in FIG. 3 due to more 
epithermal neutrons reaching the PFN logging tool. 

In accordance with the expression of Equation (1), a 
function of the ratio of the responses rc/r, of the bore-
hole calibration tool can be used to correct the R, re- 20 
sponse ratio of the PFN logging tool for the differing 
epithermal/thermal neutron moderation, scattering, 
and absorption effects due to changes in borehole diam-
eter, borehole fluid, etc., in the field. There will be one 
value for the ratio rcin the calibration models; however, 25 
the ratio r, will vary due to changing borehole parame-
ters encountered in the field. Referring to FIG. 4 it can 
be seen that the ratio r, is equal to the ratio rc when the 
combination of borehole parameters, diameter, fluid, 
etc., are equivalent to those of the calibration models. 30 
As the field borehole becomes larger than the borehole 
of the calibration models, the ratio r, asymptotically 
approaches a minimum value rm,„. As the field borehole 
becomes smaller than the borehole of the calibration 
models, the ratio rapproaches a maximum value rmax. 35 
This maximum value occurs when the borehole is the 
same size as the borehole calibration tool itself. 

Both the PFN logging tool and the borehole calibra-
tion tool will now be described in detail in conjunction 
with FIGS. 1 and 2 respectively. 40 

PFN Logging Tool (FIG. 1) 
A formation to be investigated or assayed for ura-

nium content is shown at 10 in FIG. 1. It is traversed by 
a borehole 11. Assaying is carried out by lowering the 45 
PFN logging tool 12 into the borehole to the level of 
the formation 10. The PFN logging tool 12 is suspended 
in the borehole 11 by means of a logging cable 17. In 
one embodiment, the tool includes a neutron source 13 
that is preferably an accelerator-type, 14-Mev source 50 
which comprises a neutron generator tube. Pulsing of 
the neutron generator tube is carried out in response to 
a trigger pulse supplied by the uphole system. The out-
put of the neutron generator tube is a burst of fast neu-
trons spaced in time for irradiation of the formation 10. 55 

As noted in the aforementioned patent to Givens et 
al, delayed fission neutrons from the fission reaction of 
uranium are measured after the original source neutrons 
have dissipated, which is in the order of a few millisec-
onds. However, prompt fission neutrons are produced 60 
within microseconds after the neutron burst from the 
source of fast neutrons. 

To carry out this measurement of prompt fission 
neutrons within milliseconds after each neutron burst, 
there is provided an eipthermal neutron detector 14 and 65 
a thermal neutron detector 15. In the preferred embodi-
ment as illustrated in FIG. 1, the source 13 is operated 
between 304 and 10,000 bursts per second, each burst 

having a duration of about 5 to 100 microseconds as 
shown by the period Kb- At a preferable burst rate of 
1,000 bursts per second, the neutron output of the 
source 13 will produce in the order of 108 neutrons per 
second. A waiting period tw follows each neutron burst 
to allow the 14-Mev neutrons from the source to mod-
erate to the thermal energy level of about 0.025 ev. A 
sufficient waiting time period t^ has been found to be 
about 50 to 100 microseconds. During the remaining 
time period tc before the next neutron burst, the number 
of neutrons detected by the epithermal neutron detector 
14 and the thermal neutron detector 15 is counted by 
the uphole system. The uphole system is gated so as to 
count the detected neutrons during the 800- to 945-
microsecond counting period tc following each waiting 
time period tw. More details of this cyclical activation of 
the borehole logging tool and the counting of neutrons 
detected during the tc counting period of each cycle will 
now be described. 

The PFN logging tool 12 comprises a steel, alumi-
num, or other suitable housing supported by the cable 
17. This cable is driven from the drum 16 by the motor 
22 and the connection 23. Slip rings 24 and brushes 25 
are employed to couple the conductors of cable 17 to 
the uphole recording system for the transmission of 
signals and voltages. Trigger pulses generated by the 
time base generator 40 are periodically applied by way 
of conductors 28, slip rings 24, brushes 25, cable con-
ductors 19, and downhole transformer 20 to actuate the 
control unit 18a for the production of high-voltage 
pulses required to cyclically activate the neutron source 
13. In the preferred embodiment, this neutron source is 
an accelerator-type employing a neutron generator tube 
having a target and an ion source. A neutron source of 
this type is manufactured by Kaman Nuclear of Colo-
rado Springs Colo. The high-voltage supply 186 pro-
vides high-voltage D.C., preferably 80 to 150 kilovolts 
at about 100 microamps, to the target 13a of the neutron 
source. The control unit 18a, in response to pulses from 
the time base generator 40, applies high-voltage pulses 
to the ion source 136, preferably in the range of 1,000 
pulses per second. These pulses are of about 3 kilovolts 
in amplitude and 5 to 100 microseconds' duration. This 
provides a 108-neutron/second output from the neutron 
source. A preferable trigger pulse rate is 1,000 pulses 
per second. 

Power for the remaining electronics of the logging 
tool is supplied by the downhole power source 27. 
Power to this downhole source is supplied from the 
uphole power source 26 by way of conductors 28, slip 
rings 24, brushes 25, cable conductors 19, and downhole 
transformer 20. For simplicity, connection is not shown 
between the downhole power source 27 and the other 
downhole electronics such as the preamplifiers 29 and 
30 and the amplifiers 31 and 32. 

The neutron detectors 14 and 15 are concentrically 
mounted (by support structure not shown) with respect 
to each other about an axis parallel to the borehole wall 
so as to be equally sensitive to the epithermal and ther-
mal neutron die-away measurements of the formation 
surrounding the borehole. The epithermal neutron de-
tector 14 preferably is a helium-3 detector in cylindrical 
form covered with a shield that absorbs thermal neu-
trons, such as, for example, cadmium. The thermal neu-
tron detector 15 preferably is a plurality of helium-3 
detectors concentrically spaced about the epithermal 
neutron detector 14, with their outputs joined together. 
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The outputs from neutron detectors 14 and 15 are 

applied by way of the preamplifiers 29 and 30, amplifi-
ers 31 and 32, cable conductors 33 and 34, uphole con-
ductors 35 and 36, and pulse height discriminators 37 
and 38 to the gated count rate meters 41 and 42, respec- 5 
tively. Pulse height discriminator 37 is adjusted to pass 
to the count rate meter 41 those pulses produced by 
epithermal neutrons detected by the epithermal neutron 
detector 14. Pulse height discriminator 38 is adjusted to 
pass to the count rate meter 42 those pulses produced by 10 
thermal neutrons detected by the thermal neutron de-
tector 15. Trigger pulses from the time base generator 
40 are applied to delay and gate generators 43 and 44, 
both of which produce gating pulses for the duration of 
the desired prompt fission thermal neutron counting j5 
period tc, this period preferably beginning about 50 to 
100 microseconds after each neutron burst and extend-
ing until the beginning of the next neutron burst as 
illustrated in the example of the preferred embodiment 
of FIG. 5. 20 

These gating pulses are applied to the count rate 
meters 41 and 42 for enabling the counting of epither-
mal and thermal neutrons, respectively, during the pre-
ferred counting period tc. 

The epithermal neutron count fed to count rate meter 2s 
41 during each count period tc is a measure of the 
prompt thermal fission neutrons produced by thermal 
neutron fission of uranium 235. The thermal neutron 
flux in the formation is the source of the fission process 
of uranium 235. Anything affecting this thermal neutron 3Q 
flux also affects the epithermal neutron count as a mea-
surement of prompt thermal fission neutrons from ura-
nium 235. To correct the epithermal neutron count for 
the effects on the thermal neutron flux of bulk density, 
slowing-down time, and thermal neutron lifetime (di- 3 5 
rectly related to the thermal neutron macroscopic ab-
sorption cross section of the formation), there is 
utilized a ratio detector 45 to divide the epithermal 
neutron count from count rate meter 41 by the thermal 
count from the count rate meter 42. 

FIG. 6 illustrates the epithermal and thermal neutron 
fluxes as a function of time for a uranium ore-bearing 
formation and a barren formation, where both the ore-
bearing and barren formations have the same macro-
scopic absorption cross section. The die-away rates 
measured by the epithermal and thermal neutron detec-
tor systems will be the same, provided the detector 
systems are properly located with respect to the neu-
tron source. For this condition, i.e., both detector sys-
tems measuring the same die-away rate, the division of 
the epithermal neutron count or count rate by the ther- 5 0 

mal neutron count or count rate is represented by the 
following relationship: 

40 

45 

Cepi/C,her=K NU (2) 
55 

where, Nu= number of uranium 235 atoms per cubic 
centimeter, provided both the thermal and epithermal 
neutron detector systems measure the same die-away 
rate and further provided that the thermal and epither-
mal neutron count rate meters are gated to count neu- 60 
trons during the same counting period tc. K is a constant 
term representing the ratio of the epithermal and ther-
mal neutron detector efficiencies times the uranium 235 
fission cross section. It can be seen that the ratio is zero 
for a barren formation and is directly proportional to 65 
the uranium concentration in a uranium-bearing forma-
tion. Upon further calibrating the ratio detector 45 in 
accordance with the constant term K, an output is pro-

vided to recorder 46 representative of the uranium 235 
concentration in the formation. 

Ratio detector 45 may be of a conventional type as 
disclosed on pages 338 and 339 in ELECTRONIC AN-
ALOG COMPUTERS, Gravino A. Korn and Theresa 
M, Korn, McGraw-Hill Book Company, Inc., New 
York, 1956. It will be apparent to those skilled in the art 
that the ratio detector 45 can be calibrated in terms of 
the constant K by the proper selection of feedback and 
biasing resistors to give the uranium concentration in 
desired units of lbs UsOs/ft3, kilograms UsOs/meter3, 
etc. The constant is determined by measuring the ratio 
of the two detectors' efficiencies over a range of Ura-
nium 235 concentrations as illustrated by the experi-
mentally determined calibration curve Rc in FIG. 4. 

Calibration Tool (FIG. 2) 
The configuration of the borehole calibration tool 50 

of FIG. 2 is like that ofthe PFN logging tool 12 of FIG. 
1, with the exception that the pulsed neutron source 13, 
associated high-voltage supply 18b, and control elec-
tronics 18a of the PFN logging tool are replaced with a 
steady-state neutron source 51 and power supply 52. 
Such a steady-state neutron source may preferably be of 
the americium-beryliium type. 

The uphole recording system for the borehole cali-
bration tool will be the same as that used with the PFN 
logging tool, with the exception that the time base gen-
erator 40 and delay and gate generators 43 and 44 of the 
PFN logging tool will not be utilized. 

The borehole calibration tool 50 is calibrated by mea-
suring the ratio rc in one or more calibration boreholes 
or models having known uranium 235 concentrations 
and identical borehole and formation matrix parame-
ters. The contribution of epithermal and thermal neu-
trons due to fission of uranium by the steady-state 
source neutrons is insignificantly small compared to the 
epithermal and thermal neutrons always present from 
the source itself. Therefore, the ratio rc is single valued 
over a range of uranium concentrations from zero to 
several lbs U3O8 per cubic foot. Thus, in ore grades 
normally encountered in nature, less than 2 lbs 
UsOg/ft3, the ratio r/ will not be affected by the ex-
tremely small contributions of fission neutrons. 

The function f in the expression f(rc/r/) of Equation 
(1) which is multiplied by the ratio of responses of the 
PFN logging tool in the field borehole R, to yield a 
corrected ratio Rc is determined experimentally. For 
example, values of R,- can be measured with the PFN 
logging tool in a borehole that has been cored and the 
core assayed. The calibration tool is also run in these 
boreholes to obtain the corresponding values r;. The 
functional form of f(rc/r,) by which the values R/ are 
multiplied to give values Rc corresponding to the ore 
grades obtained by core analysis is determined by re-
gression analysis. Once the form of f(rc/r,) is estab-
lished, then only values R/ and r;- need be measured to 
obtain the ore grade. 

In the foregoing-described preferred embodiment, 
detector 15 is a thermal neutron detector utilized for 
measuring thermal neutron flux that represents predom-
inantly the thermal neutron parameters of the formation 
being logged. In an alternate embodiment, this same 
thermal neutron flux measurement may be carried out 
by the use of a gamma-ray detector that measures the 
thermal neutron capture gamma rays emitted by the 
formation. It is therefore to be understood that within 
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the scope of the appended claims, the measurement of 
thermal neutron flux representing predominantly the 
thermal neutron parameters of the formation may be 
carried out by either the detection of thermal neutrons 
or thermal neutron capture gamma rays. 5 

I claim: 
1. A method for determining uranium ore grade com-

prising the steps of: 
(a) irradiating a known concentration of uranium 

with a steady source of fast neutrons, 10 

(b) determining the ratio of epithermal to thermal 
neutron fluxes in said known concentration of ura-
nium in response to the irradiation of step (a), 

(c) irradiating an unknown concentration of uranium 
with a steady source of fast neutrons, ^ 

(d) determining the ratio of epithermal to thermal 
neutron fluxes in said unknown concentration of 
uranium in response to the irradiation of step (c), 

(e) irradiating said unknown concentration of ura-
nium with repetitive bursts of fast neutrons, 2 0 

(f) determining the ratio of epithermal to thermal 
neutron fluxes in said unknown concentration of 
uranium in response to the irradiation of step (e) 
during the period of time that prompt neutrons are 2 J 
being produced from neutron fission of said un-
known concentration of uranium, and 

(g) comparing the ratios determined in steps (b), (d), 
and (f) as an indication of the ore grade of said 
unknown concentration of uranium. 3 0 

2. The method of claim 1 wherein the step of compar-
ing said ratios includes the step of multiplying said third 
ratio by a function of said first ratio divided by said 
second ratio. 

3. In a method of assaying the formations traversed 35 
by a borehole for uranium by: 

(a) cyclically surrounding a neutron source to irradi-
ate the formations surrounding the borehole, and 

(b) measuring epithermal and thermal neutron fluxes 
at equally spaced distances from said neutron 40 
source during the time period that prompt neutrons 
are being produced from neutron fission of ura-
nium in the formations surrounding the borehole, 
said measurements being indicative of the uranium 
concentration in the formations surrounding the 45 
borehole, the improvement of correcting said mea-
surements for the epithermal/thermal neutron 
moderation, scattering, and absorption effects 
within the borehole, comprising the steps of: 
(i) operating a steady-state source of neutrons to 50 

irradiate a known concentration of uranium, 
(ii) measuring epithermal and thermal neutron 

fluxes in said known concentration of uranium at 
equally spaced distances from said steady-state 
source of neutrons, 55 

(iii) operating said steady-state source of neutrons 
to irradiate the formations surrounding said 
borehole, 

(iv) measuring epithermal and thermal neutron 
fluxes in said formations at said equally spaced 60 
distances from said steady-state source of neu-
trons, and 

(v) modifying the measurements of epithermal and 
thermal neutron fluxes produced by the forma-
tions surrounding the borehole in response to 65 
said cyclically operated neutron source in accor-
dance with the measurements of epithermal and 
thermal neutron fluxes produced in the forma-
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tions surrounding said borehole in response to 
said steady-state neutron source. 

4. The method of claim 3 wherein the step of modify-
ing the measurements of epithermal to thermal neutron 
fluxes produced by the formations surrounding the 
borehole in response to said cyclically operated neutron 
source is in accordance with the following relationship: 

Rc=RiXfl.rc/ri) 

where, 
Tc=ratio of epithermal to thermal neutron fluxes 

produced in said known concentration of uranium 
in response to said steady-state source, 

r,—ratio of epithermal to thermal neutron fluxes pro-
duced in the formations surrounding the borehole 
in response to said steady-state source, 

R/=ratio of epithermal to thermal neutron fluxes 
produced in the formations surrounding the bore-
hole in response to said cyclically operated neutron 
source, 

Rc=indication of uranium concentration of the for-
mations surrounding the borehole corrected for 
borehole effects of epithermal/thermal neutron 
moderation, scattering, and absorption, and 

f = function of (rc/r,). 
5. The method of claim 4 wherein the function f is 

based upon the uranium concentration in the formations 
surrounding the borehole determined from core sam-
ples. 

6. The method of claim 4 wherein the function f is 
based upon the uranium concentration in the formations 
surrounding the borehole determined from a delayed 
fission neutron assay logging operation. 

7. The method of claim 4 wherein steps (ii) and (iv) of 
claim 3 are carried out at varied distances from said 
steady-state source to identify the simplest form of the 
correction function f(re/r,). 

8. The method of claim 4 wherein step (b) of claim 3 
is carried out at varied distances from said cyclically 
operated source to identify a maximum response to 
uranium. 

9. A system for logging the formations traversed by a 
borehole for uranium, comprising: 

(a) a first borehole tool having a steady-state neutron 
source and epithermal and thermal neutron flux 
detectors equally spaced from said steady-state 
neutron source, 

(b) means for exposing a calibration model having a 
known concentration of uranium to said steady-
state source of neutrons of said first borehole tool 
and for producing a calibration record of the re-
sponse ofthe detectors of said first borehole tool to 
epithermal and thermal neutron fluxes produced in 
said known concentration of uranium, 

(c) a second borehole tool having a pulsed neutron 
source and epithermal and thermal neutron flux 
detectors equally spaced from said pulsed neutron 
source, 

(d) means for moving both said first and second bore-
hole tools through a borehole for which the sur-
rounding formations are to be logged for uranium 
concentration, 

(e) means for producing a first signal representative 
of the response of the detectors of said first bore-
hole tool to epithermal and thermal neutron fluxes 
during the period of time that the steady-state neu-
tron source of said first borehole tool is irradiating 
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the formations surrounding the borehole with neu-
trons, 

(f) means for producing a second signal representa-
tive of the response of the detectors of said second 5 
borehole tool to epithermal and thermal neutron 
fluxes during the period of time that prompt neu-
trons are being produced from neutron fission of 
uranium in the formations surrounding the bore-
hole in response to repetitive bursts of neutrons 
from the pulsed neutron source of said second 
borehole tool, and 

(g) means for comparing said first and second signals 15 

with said calibration record as an indication of the 
uranium concentration in the formations surround-
ing the borehole. 

20 

10. The system of claim 9 wherein the configurations 
of the epithermal neutron flux detectors in said first and 
second borehole tools are identical. 

11. The system of claim 9 wherein the configurations 
of the thermal neutron flux detectors in said first and 
second borehole tools are identical. 

12. The system of claim 11 wherein said thermal 
neutron flux detector produces counts of the thermal 
neutrons arriving at said detector from the formations 
being logged. 

13. The system of claim 11 wherein said thermal 
neutron flux detector produces counts of the thermal 
neutron capture gamma rays arriving at said detector 
from the formations being logged. 

14. The system of claim 9 wherein the spacings of the 
epithermal and thermal neutron flux detectors from the 
neutron sources in said first and second borehole tools 
are identical. 

* * * * * 
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