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Owing to the influence of continuous running of ground water, the uranium atoms can be
separated physically from their daughters for the reason of different solubilities and the ura-
nium deposit often shows the disequilibrium feature between uranium and its daughter prod-
ucts (radium principally). It is important, when spectral gamma ray logging, to quantify the
uranium content which can cause inaccuracy of the result. This paper, based on spectral y ray
logging method, proposes a neutron-gamma logging method to determine the coefficient of
uranium-radium disequilibrium. In this method, characteristic peak count rate of uranium is
taken from prompt fission neutron logging, whereas characteristic peak count rate of radium,
thorium and potassium are taken from spectral gamma ray logging. Based on this method, the
union logging tool including epithermal neutron, thermal neutron, and gamma detector
along with D-T generator, have been developed. The experimental results, in standard model
wells, show that this method is in good agreement within 7 % in core assay results. It shows
that the union neutron-y logging method can be used for field uranium logging jobs.
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INTRODUCTION

Uranium resources, as the raw material which
produces fuel for nuclear power facilities, have a sig-
nificant impact on low-carbon electricity generation.
Generally, uranium deposits are distributed with fea-
ture of flat lying and weak deforming, which need to
be detected by borehole logging technique and mined
by in-situ leach method. The traditional borehole log-
ging technique of exploring uranium deposits and
quantifying the grade of the uranium, by spectral y ray
(SGR) logging mainly, is used to measure the spec-
trum of y rays emitted via natural radioactivity of ura-
nium (38U and 2*3U), thorium (**2Th and #*°Th), and
potassium (*°K) in the borehole formation. These ra-
dioactive isotopes emit y rays with characteristic en-
ergy level and can be used to quantify the grade of ura-
nium in the deposit [1].

Typically, the SGR logging measures the radia-
tion emitted by the daughter products (>'*Bi princi-
pally) of the decay of uranium isotopes (as shown in
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fig. 1) and can be used to quantify the uranium grade.
However, due to the continuous (or intermittent)
movement of ground water, the uranium atoms can be
separated physically from their daughters for the rea-
son of different solubilities. Consequently, the radio-
active daughter products can be originated from other
long-lived daughter isotope (radium principally). As a
result, the uranium-radium disequilibrium phenome-
non is formed and the SGR logging is indistinguish-
able to differentiate the y radiation from uranium at-
oms or their daughters.

Actually, the uranium-radium disequilibrium
phenomenon is very ubiquitous in nature especially in
the sandstone-hosted deposit, which is difficult for
SGR logging alone to quantify the actual uranium
grade accurately. The prompt fission neutron (PFN)
logging, using a pulsed neutron source and looking for
prompt neutrons from 233U fission, is an efficient way
to detect 233U directly [2, 3]. In this method, epither-
mal and thermal neutron detectors are usually both
equipped to measure the counts of them as the re-
sponse of the uranium grade [4] without requiring the
disequilibrium coefficient. However, compared with
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SGR logging, the PFN logging requires almost seven
times longer time than that of SGR logging due to the
inherent characteristic of fewer yield of secondary
neutrons production [5, 6].

This paper, based on SGR logging method, pro-
poses a new union uranium logging method to solve
the disequilibrium problem and improve the efficiency
of PFN logging. In this paper, uranium and radium
content are obtained from PFN and SGR logging tool
separately. Accordingly, the disequilibrium coeffi-
cient is determined from the counters of PFN and SGR
detectors. Based on this method, we have developed
the union neutron-  uranium logging tool. The exper-
imental results in standard model wells show the dis-
equilibrium coefficient based on this method is in
good agreement within 7 % in results of core assay
analysis.

METHODOLOGYS
Theoretical method of PFN logging

The principle of PFN logging can be illustrated
in fig. 2. First of all, a deuterium-tritium (D-T) accel-
erator sends out a burst of 14 MeV neutrons into the
formation around within 4 space of the borehole in a
very short time (10~20 ps). After that these neutrons
are moderated to thermal neutrons (0.025 eV) about
1 m around the accelerator, meanwhile, the thermal
neutrons are absorbed by the nucleus in the formation
rock by less than 10 cm. When thermal neutrons en-
counter 25U, most of them will induce a fission reac-
tion and emit 2 or 3 fission neutrons (1.95 MeV), and
more than 99 % of them are PFN. Before the PFN
slowed down to a thermal neutron by borehole forma-
tion, neutron detectors can record the signal of the epi-
thermal neutron (0.7 eV~1.0 keV) and thermal neu-
trons in the borehole. By recording these neutrons, one
can quantitatively evaluate the content of 2>3U (or ura-
nium) in the formation.

Figure 1. Part of **U radioactive
decay chain with emission
products and half-life periods
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Figure 2. The principle of PFN logging

Assuming the time distribution of thermal neu-
tron density in uranium formations is ny, (¢), according
to the principle of neutron and uranium interaction, the
time distribution of epithermal neutron density n, (?),
derived from thermal fission reactions of 233U in the
time range of detector measurement, can be repre-
sented as

nep(t)dt:nth (t)kqudt (1)

where the coefficient k is defined as
B a
AN, 04v
where a, A are abundance and atomic weight of **°U
respectively, Ny — the Avogadro constant, oy — the fis-
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sion cross-section between thermal neutron, and >*°U,
v — average yield of secondary neutrons produced by
fission, and ¢, represented the uranium content of for-
mation.

After At =t, — ¢, time interval of neutron source
bombarding, the total counting rate of epithermal neu-
tron detector can be expressed as

02
Nep (A1) = [ny (1) kq,dt =kq,N ¢ (At)  (3)
il

where Ny, (Af) is the total counting rate of thermal neu-
tron detector after Az time interval. Fromeq. (3) we can
get the ¢, by
0 = N (AL) _p N (A1)
"Ny (A1) Ny (A1)
where k' = l/k.
Obviously, after a certain time interval of the
neutron source emitting, the ratio of epithermal and

thermal neutrons shows a certain proportional rela-
tionship with the uranium grade.

=k'R,, (A1) (4)

Union neutron-gamma logging method for
determination coefficient

In SGR logging, characteristic peak count rates
at specific energy represent the positive relationship
with the quantitation of radioactive element. Conse-
quently, characteristic peak count rates at depth z can
be represented as N, (z), where i = 1 means the rate of
Th (2.62 MeV), i = 2 denotes the rate of Ra (1.76
MeV), i = 3 indicates the rate of “°K (1.46 MeV). As a
result, V; (Z) can be expressed as

Ni(2)=B; + Xy, () )

where g, (z) is the quantitative content for element £,
Ay; — the calibration factor matrix and need to be cali-
brated in different standard model well, & denotes the
k™ radioactive element (k = 1-3 represents Th, Ra, and
K, separately) with unit content; i represents the "
characteristic peak count rates (i = 1-3 represents
count rates of Th, Ra, and *’K, separately). B; = N; (z)
is the background count rate of /" characteristic peak.
The N, (Z) is equivalent to the rate of U, when uranium
and radium are in balance. Otherwise, we have to use
PFN result to represent the rate. In this case, as men-
tioned above, R, in eq. (4) also represents the positive
relationship with uranium quantitation in PFN log-
ging. Hence, one can see that it is possible to combine
PFN and SGR logging together for solving disequilib-
rium problem.

In order to determine the coefficient of ura-
nium-radium disequilibrium, we add N, (Z) in eq. (5)
which is represented by R, in eq. (4) multiply the co-
efficient &' instead of uranium peak count rates. Thus,
eq. (5) becomes

k,Re/l ,l:O

N,;(2),i#0 ©)

4
Bi +k§1Ak1qk (Z):{

and A4y, can be defined as

Ay = @)

According to the different principles of PFN and
SGR logging, the result of PFN logging does not de-
pend on SGR logging, 4,, and A; are all equal to zero
(i = 1-3). Besides, the count rate of y ray at lower en-
ergy makes no contribution to that at higher energy.
Consequently, eq. (7) can be simplified as the upper
triangular matrix form as

Adpy O 0 0
0 4, 4, 4
Akj — 0 (1)1 A12 A13 (8)
22 23

0 0 0 A
Above all, eq. (6) is can be rewritten as

No(z)=k'R. =B+ Ayq0(2)
3

N (z)=B;+ Y A4,,9,(z), i=123 ©)
k=1

For solving uranium-radium disequilibrium
problem, the ratio of ¢, (z) and g, (z) can be used to ex-
press the disequilibrium factor K, as

_92(2) _ (N5 (2)-B, — 454, )/ Ay _
’ q0(2) (K'Rgy =By )/ Ao
Aoy Ny(2)A4y, —By4y, —[N,(2)-B, 14y,

Ay Ay (k'R —By) (10)

Union neutron-y logging method
for high efficiency

Generally, the PFN uranium logging is a quite
inefficient method due to its characteristic of fewer
PFN. As a matter of fact, the PFN logging often re-
quires almost seven times longer period than that of
SGR logging in order to meet the same tolerance error.

In union neutron-y logging method, for higher
efficiency, SGR logging is used to delineate the
boundary of ore beds, whereas the PFN logging can be
started (or stopped) when the neutron detector entered
(or left) the boundary. Besides, in PFN logging, we can
gather A¢time (from 120 ps to 520 ps in fig. 3) interval
of time spectra for two purposes: count rate of epither-
mal neutron substantially parallel with that of thermal
neutron and higher count rate for higher efficiency.
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Figure 3. The segmentation of neutron time spectra

Figure 4. The union logging tool in laboratory

EXPERIMENTAL INSTRUMENTS
AND RESULTS

Based on the principle and aforementioned, a
union logging tool including a D-T pulsed neutron
generator (shown in fig. 4), epithermal and thermal
neutron detectors as well as a natural y detector were
placed in a stainless-steel cylinder, 380 mm length and
65 mm diameter. The D-T pulsed neutron generator
provides 14 MeV neutrons with a yield of 4-10% s7.
The epithermal neutron detector is made up of a He-3

(b)

Figure 6. Standard model for measurement of coefficient
of uranium-radium equilibrium; (a) standard well for y
logging, (b) standard well for neutron logging

The tool has been calibrated in standard models
of Airborne Survey and Remote Sensing Center of
Nuclear Industry of China. It provides 18 types of
standard model wells and four of the cylindrical ones
are designed for neutron logging, whereas others for y
logging purpose (shown in fig. 6). In this paper, we
chose cylindrical model wells as standard wells named
as Nu-1, Nu-2, Nu-3, and Nb-4 (background). The de-
tail information of each well model is shown in tab. 1.

Table 1. The detail configuration of standard well model

neutron detector covered by high-density polyethyl- Uramom | Cosffioient of
ene (5 mm) and cadmium (1 mm) for neutron modera- No. | Radius | Height |~ = | um-radium
tion and absorption (130 mm length and 38 mm diame- [m] (m] [ppm]* equilibrium
ter). The thermal neutron detector is also made up of Nu-l | 07 1.8 281 0.867
He-3 and the size is 130 mm length and 40 mm diame- Nu-2 | 07 1.8 685 0.919
ter and the y detector is formed by LaBr;:Ce and the di- Nu-3 | 07 1.8 983 0.919
ameter is 50 mm. The measurement structure of the Nb-4 | 07 1.8 1.56 0.73
logging tool is displayed in fig. 5. *1 ppm=10"°

Gamma Thermal Epthermal PFN

detector detelctor deteftor source

N EE.

. 8 ¥ v ]

Figure 5. The structure of union logging tool
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Figure 7. Result of coefficient of uranium-radium
equilibrium in standard model

The result of coefficient of uranium-radium dis-
equilibrium in standard model is shown in fig. 7. The
results are in accordance with the reference values in
of maximum relative error of 7 %, which is meeting
the accuracy requirements of field logging. The large
error occurs because of less data acquired in back-
ground well logging.

CONCLUSION

The method used for measurement of the coeffi-
cient of uranium-radium disequilibrium with PFN and
SGR logging, have been proposed. Based on this
method, the union logging tool, including epithermal
neutron, thermal neutron and y detector along with
D-T generator, have been developed. The experimen-
tal results indicate that the instrument can be used to
measure the coefficient of uranium-radium disequilib-
rium. The results agree with the reference values
within maximum relative error of 7 %, well meeting
the accuracy requirements of actual logging. In the fu-
ture work, we will pay more attentions to the correla-
tion of the influence factors such as oxygen activation
during PFN logging, bore diameter and fluid type in
borehole.
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HEYTPOH-TAMA METOJA YJENUILEHOI' EBUJEHTUPAIBA 3A
OOPEGBUBAIBE KOEOUIIMIEHTA HEPABHOTEXE YPAHUIYM PAIUIJYMA

3axBasbyjyhu yTunajy HeNpeKUgHOI CTpyjama HOA3EeMHE BOJE, aTOMH YypaHUjyMa MOLY ce
(pU3NUKK OABOJUTH Off CBOJUX NMOTOMAKA YCIEA PA3IUIUTUX PACTBOPJHUBOCTH, TE JICXKHUIITE ypaHUjyMa
YecTo MoKa3syje HepaBHOTEXy u3Meby ypaHujymMa u mberoBux noromaka (yriaaBHoMm papujyma). Kaja ce
KBaHTU(UKYje cafp>Kaj YpaHUjyMa €BUJCHTHPAKEM CIIEKTpa rama 3payema TO MOXe NPOYy3pOKOBATH
HeTaYaH pe3ynTaT. ¥ OBOM pajly, 3aCHOBAHO Ha METO/IM CBUICHTHPAk:a CIICKTPa raMa 3pauekha, Mpejiiaxe
Cce MeTOjla HEYTPOH-TraMa CBUICHTHPAba 3a OfipebuBarme KOeUIIjeHTa HEPaBHOTEXE YPAHUjyM pajju-
jyma. ITo oBoj MeTonm, Gp3uHa Gpojara y KApaKTEPUCTHIHOM MIKY ypaHHjyMa 00uja ce U3 eBUCHIje
NPOMITHAX (PUCHOHUX HEYTPOHA, JIOK Ce Op3uHa Opojara y MUKy pajiijyma, TOpHjyMa i Kajujyma foouja
€BUJICHIINjOM U3 CIIEKTpa raMa 3padewa. Ha ocHOBY oBe MeTOfie pa3BUjeH je anaT 3a YjeJUHbEHO eBU/ICH-
THpamke yKIbYUyjyhu enuTepmanHe HEyTpOHe, TEPMUUKE HEYTPOHE U rama JIeTeKTOp 3ajefHO ca Jiey-
TEepUjyM-TPHULUjyM reHepaTopoM. ExciepuMeHTamHN pe3yiaTaT y CTaHAapAHAM MOJeINMa IeTeKTopa
o0lIMKa jaMe moKasyjy Jla ce OBa METOJla Yje[JUbEHOr HEYTPOH-TaMa €BHUIEHTUPamba MOXE KOPUCTUTH Y
HOCJIOBMMA TEPEHCKE €BUAICHIMjE YpaHUjyMa.

Kmwyune pevw: ipomiitinu pucuorU HEYIIPOH, CHeKIap Zama 3paiersa, eBUOeHIUUPAre YPaHUyMA,
Koeguyujeniti HepagHoitiexce




