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Ow ing to the in flu ence of con tin u ous run ning of ground wa ter, the ura nium at oms can be
sep a rated phys i cally from their daugh ters for the rea son of dif fer ent sol u bil i ties and the ura -
nium de posit of ten shows the dis equi lib rium fea ture be tween ura nium and its daugh ter prod -
ucts (ra dium prin ci pally). It is im por tant, when spec tral gamma ray log ging, to quan tify the
ura nium con tent which can cause in ac cu racy of the re sult. This pa per, based on spec tral g ray
log ging method, pro poses a neu tron-gamma log ging method to de ter mine the co ef fi cient of
ura nium-ra dium dis equi lib rium. In this method, char ac ter is tic peak count rate of ura nium is
taken from prompt fis sion neu tron log ging, whereas char ac ter is tic peak count rate of ra dium, 
tho rium and po tas sium are taken from spec tral gamma ray log ging. Based on this method, the 
un ion log ging tool in clud ing epi ther mal neu tron, ther mal neu tron, and gamma de tec tor
along with D-T gen er a tor, have been de vel oped. The ex per i men tal re sults, in stan dard model
wells, show that this method is in good agree ment within 7 % in core as say re sults.  It shows
that the un ion neu tron-g log ging method can be used for field ura nium log ging jobs.
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IN TRO DUC TION

Ura nium re sources, as the raw ma te rial which
pro duces fuel for nu clear power fa cil i ties, have a sig -
nif i cant im pact on low-car bon elec tric ity gen er a tion.
Gen er ally, ura nium de pos its are dis trib uted with fea -
ture of flat ly ing and weak de form ing, which need to
be de tected by bore hole log ging tech nique and mined
by in-situ leach method. The tra di tional bore hole log -
ging tech nique of ex plor ing ura nium de pos its and
quan ti fy ing the grade of the ura nium, by spec tral g ray
(SGR) log ging mainly, is used to mea sure the spec -
trum of g rays emit ted via nat u ral ra dio ac tiv ity of ura -
nium (238U and 235U), tho rium (232Th and 230Th), and
po tas sium (40K) in the bore hole for ma tion. These ra -
dio ac tive iso topes emit g rays with char ac ter is tic en -
ergy level and can be used to quan tify the grade of ura -
nium in the de posit [1].

Typ i cally, the SGR log ging mea sures the ra di a -
tion emit ted by the daugh ter prod ucts (214Bi prin ci -
pally) of the de cay of ura nium iso topes (as shown in

fig. 1) and can be used to quan tify the ura nium grade.
How ever, due to the con tin u ous (or in ter mit tent)
move ment of ground wa ter, the ura nium at oms can be
sep a rated phys i cally from their daugh ters for the rea -
son of dif fer ent sol u bil i ties. Con se quently, the ra dio -
ac tive daugh ter prod ucts can be orig i nated from other
long-lived daugh ter iso tope (ra dium prin ci pally). As a
re sult, the ura nium-ra dium dis equi lib rium phe nom e -
non is formed and the SGR log ging is in dis tin guish -
able to dif fer en ti ate the g ra di a tion from ura nium at -
oms or their daugh ters.

Ac tu ally, the ura nium-ra dium dis equi lib rium
phe nom e non is very ubiq ui tous in na ture es pe cially in
the sand stone-hosted de posit, which is dif fi cult for
SGR log ging alone to quan tify the ac tual ura nium
grade ac cu rately. The prompt fis sion neu tron (PFN)
log ging, us ing a pulsed neu tron source and look ing for 
prompt neu trons from 235U fis sion, is an ef fi cient way
to de tect 235U di rectly [2, 3]. In this method, epi ther -
mal and ther mal neu tron de tec tors are usu ally both
equipped to mea sure the counts of them as the re -
sponse of the ura nium grade [4] with out re quir ing the
dis equi lib rium co ef fi cient. How ever, com pared with
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SGR log ging, the PFN log ging re quires al most seven
times lon ger time than that of SGR log ging due to the
in her ent char ac ter is tic of fewer yield of sec ond ary
neu trons pro duc tion [5, 6].

This pa per, based on SGR log ging method, pro -
poses a new un ion ura nium log ging method to solve
the dis equi lib rium prob lem and im prove the ef fi ciency 
of PFN log ging. In this pa per, ura nium and ra dium
con tent are ob tained from PFN and SGR log ging tool
sep a rately. Ac cord ingly, the dis equi lib rium co ef fi -
cient is de ter mined from the coun ters of PFN and SGR
de tec tors. Based on this method, we have de vel oped
the un ion neu tron- g  ura nium log ging tool. The ex per -
i men tal re sults in stan dard model wells show the dis -
equi lib rium co ef fi cient based on this method is in
good agree ment within 7 % in re sults of core as say
anal y sis.

METHODOLOGYS

The o ret i cal method of PFN log ging

The prin ci ple of PFN log ging can be il lus trated
in fig.  2. First of all, a deu te rium-tri tium (D-T) ac cel -
er a tor sends out a burst of 14 MeV neu trons into the
for ma tion around within 4p space of the bore hole in a
very short time (10~20 ms). Af ter that these neu trons
are  mod er ated  to  ther mal  neu trons (0.025 eV) about
1 m around the ac cel er a tor, mean while, the ther mal
neu trons are ab sorbed by the nu cleus in the for ma tion
rock by less than 10 cm. When ther mal neu trons en -
coun ter 235U, most of them will in duce a fis sion re ac -
tion and emit 2 or 3 fis sion neu trons (1.95 MeV), and
more than 99 % of them are PFN. Be fore the PFN
slowed down to a ther mal neu tron by bore hole for ma -
tion, neu tron de tec tors can re cord the sig nal of the epi -
ther mal neu tron (0.7 eV~1.0 keV) and ther mal neu -
trons in the bore hole. By re cord ing these neu trons, one 
can quan ti ta tively eval u ate the con tent of 235U (or ura -
nium) in the for ma tion.

As sum ing the time dis tri bu tion of ther mal neu -
tron den sity in ura nium for ma tions is nth (t), ac cord ing
to the prin ci ple of neu tron and ura nium in ter ac tion, the 
time dis tri bu tion of epi ther mal neu tron den sity nep (t),
de rived from ther mal fis sion re ac tions of 235U in the
time range of de tec tor mea sure ment, can be rep re -
sented as

n t t n t kq tep thd d( ) ( )= u (1)

where the co ef fi cient k is de fined as

k
AN vA f

=
a

s
(2)

where a, A are abun dance and atomic weight of 235U
re spec tively, NA – the Avo ga dro con stant, sf – the fis -
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Fig ure 1. Part of 238U ra dio ac tive
de cay chain with emis sion
prod ucts and half-life pe ri ods

Figure 2. The prin ci ple of PFN log ging



sion cross-sec tion be tween ther mal neu tron, and 235U,
v – av er age yield of sec ond ary neu trons pro duced by
fis sion, and qv rep re sented the ura nium con tent of for -
ma tion.

Af ter Dt = t2 – t1 time in ter val of neu tron source
bom bard ing, the to tal count ing rate of epi ther mal neu -
tron de tec tor can be ex pressed as

N t n t kq t kq N t
t

t

v vep th thd( ) ( ) ( )D D= ò =
1

2

(3)

where Nth (Dt) is the to tal count ing rate of ther mal neu -
tron de tec tor af ter Dt time in ter val. From eq. (3) we can 
get the qv by

q
N t
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where k' = 1/k. 
Ob vi ously, af ter a cer tain time in ter val of the

neu tron source emit ting, the ra tio of epi ther mal and
ther mal neu trons shows a cer tain pro por tional re la -
tion ship with the ura nium grade.

Un ion neu tron-gamma log ging method for
de ter mi na tion co ef fi cient

In SGR log ging, char ac ter is tic peak count rates
at spe cific en ergy rep re sent the pos i tive re la tion ship
with the quantitation of ra dio ac tive el e ment. Con se -
quently, char ac ter is tic peak count rates at depth z can
be rep re sented as Ni (z), where i = 1 means the rate of
Th (2.62 MeV), i = 2 de notes the rate of Ra (1.76
MeV), i = 3 in di cates the rate of 40K (1.46 MeV). As a
re sult, Ni (Z) can be ex pressed as

N z B A q zi i ki
k

k( ) ( )= + å ×
=1

3
(5)

where qk (z) is the quan ti ta tive con tent for el e ment k,
Aki – the cal i bra tion fac tor ma trix and need to be cal i -
brated in dif fer ent stan dard model well, k de notes the
kth ra dio ac tive el e ment (k = 1-3 rep re sents Th, Ra, and
40K, sep a rately) with unit con tent; i rep re sents the ith

char ac ter is tic peak count rates (i = 1-3 rep re sents
count rates of Th, Ra, and 40K, sep a rately). Bi = Ni (z0)
is the back ground count rate of ith char ac ter is tic peak.
The N2 (Z) is equiv a lent to the rate of U, when ura nium
and ra dium are in bal ance. Oth er wise, we have to use
PFN re sult to rep re sent the rate. In this case, as men -
tioned above, Re/t in eq. (4) also rep re sents the pos i tive
re la tion ship with ura nium quantitation in PFN log -
ging. Hence, one can see that it is pos si ble to com bine
PFN and SGR log ging to gether for solv ing dis equi lib -
rium prob lem.

In or der to de ter mine the co ef fi cient of ura -

nium-ra dium dis equi lib rium, we add N0 (Z) in eq. (5)

which is rep re sented by Re/t in eq. (4) mul ti ply the co -

ef fi cient k' in stead of ura nium peak count rates. Thus,

eq. (5) be comes
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and Aki can be de fined as
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Ac cord ing to the dif fer ent prin ci ples of PFN and
SGR log ging, the re sult of PFN log ging does not de -
pend on SGR log ging, Ai0 and A0i are all equal to zero
(i = 1-3). Be sides, the count rate of g ray at lower en -
ergy makes no con tri bu tion to that at higher en ergy.
Con se quently, eq. (7) can be sim pli fied as the up per
tri an gu lar ma trix form as

A

A

A A A

A A

A

ki =

æ

è

ç
ç
ç
ç

ö

ø

÷
÷
÷
÷

00

11 12 13

22 23

33

0 0 0

0

0 0

0 0 0

(8)

Above all, eq. (6) is can be re writ ten as
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For solv ing ura nium-ra dium dis equi lib rium
prob lem, the ra tio of q0 (z) and q2 (z) can be used to ex -
press the dis equi lib rium fac tor Kp as
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Un ion neu tron-g log ging method
for high ef fi ciency

Gen er ally, the PFN ura nium log ging is a quite
in ef fi cient method due to its char ac ter is tic of fewer
PFN. As a mat ter of fact, the PFN log ging of ten re -
quires al most seven times lon ger pe riod than that of
SGR log ging in or der to meet the same tol er ance er ror.

In un ion neu tron-g log ging method, for higher
ef fi ciency, SGR log ging is used to de lin eate the
bound ary of ore beds, whereas the PFN log ging can be
started (or stopped) when the neu tron de tec tor en tered
(or left) the bound ary. Be sides, in PFN log ging, we can 
gather Dt time (from 120 ms to 520 ms in fig. 3) in ter val
of time spec tra for two pur poses: count rate of epi ther -
mal neu tron sub stan tially par al lel with that of ther mal
neu tron and higher count rate for higher ef fi ciency.
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EX PER I MEN TAL IN STRU MENTS
AND RE SULTS

Based on the prin ci ple and aforementioned, a
un ion log ging tool in clud ing a D-T pulsed neu tron
gen er a tor (shown in fig. 4), epi ther mal and ther mal
neu tron de tec tors as well as a nat u ral g de tec tor were
placed in a stain less-steel cyl in der, 380 mm length and
65 mm di am e ter. The D-T pulsed neu tron gen er a tor
pro vides 14 MeV neu trons with a yield of 4×108 s–1.
The epi ther mal neu tron de tec tor is made up of a He-3
neu tron de tec tor cov ered by high-den sity poly eth yl -
ene (5 mm) and cad mium (1 mm) for neu tron mod er a -
tion and ab sorp tion (130 mm length and 38 mm di am e -
ter). The ther mal neu tron de tec tor is also made up of
He-3 and the size is 130 mm length and 40 mm di am e -
ter and the g de tec tor is formed by LaBr3:Ce and the di -
am e ter is 50 mm. The mea sure ment struc ture of the
log ging tool is dis played in fig. 5.

The tool has been cal i brated in stan dard mod els
of Air borne Sur vey and Re mote Sens ing Cen ter of
Nu clear In dus try of China. It pro vides 18 types of
stan dard model wells and four of the cy lin dri cal ones
are de signed for neu tron log ging, whereas oth ers for g
log ging pur pose (shown in fig. 6). In this pa per, we
chose cy lin dri cal model wells as stan dard wells named 
as Nu-1, Nu-2, Nu-3, and Nb-4 (back ground). The de -
tail in for ma tion of each well model is shown in tab. 1.
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Figure 3. The seg men ta tion of neu tron time spec tra

Figure 4. The un ion log ging tool in lab o ra tory

Fig ure  5. The struc ture of un ion log ging tool

Fig ure 6. Stan dard model for mea sure ment of co ef fi cient 
of ura nium-ra dium equi lib rium; (a) stan dard well for g
log ging, (b) stan dard well for neu tron logging

Ta ble 1. The de tail con fig u ra tion of stan dard well model

No. Ra dius
[m]

Height
[m]

Ura nium
con tent
[ppm]*

Co ef fi cient of
ura nium-ra dium

equi lib rium

Nu-1 0.7 1.8 281 0.867

Nu-2 0.7 1.8 685 0.919

Nu-3 0.7 1.8 983 0.919

Nb-4 0.7 1.8 1.56 0.73

*1 ppm = 10–6



The re sult of co ef fi cient of ura nium-ra dium dis -
equi lib rium in stan dard model is shown in fig. 7. The
re sults are in ac cor dance with the ref er ence val ues in
of max i mum rel a tive er ror of 7 %, which is meet ing
the ac cu racy re quire ments of field log ging. The large
er ror oc curs be cause of less data ac quired in back -
ground well log ging.

CON CLU SION

The method used for mea sure ment of the co ef fi -
cient of ura nium-ra dium dis equi lib rium with PFN and
SGR log ging, have been pro posed. Based on this
method, the un ion log ging tool, in clud ing epi ther mal
neu tron, ther mal neu tron and g de tec tor along with
D-T gen er a tor, have been de vel oped. The ex per i men -
tal re sults in di cate that the in stru ment can be used to
mea sure the co ef fi cient of uranium-ra dium dis equi lib -
rium. The re sults agree with the ref er ence val ues
within max i mum rel a tive er ror of 7 %, well meet ing
the ac cu racy re quire ments of ac tual log ging. In the fu -
ture work, we will pay more at ten tions to the cor re la -
tion of the in flu ence fac tors such as ox y gen ac ti va tion
dur ing PFN log ging, bore di am e ter and fluid type in
bore hole.
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Figure 7. Re sult of co ef fi cient of ura nium-ra dium
equi lib rium in stan dard model
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NEUTRON-GAMA  METODA  UJEDIWENOG  EVIDENTIRAWA  ZA
ODRE\IVAWE  KOEFICIJENTA  NERAVNOTE@E  URANIJUM  RADIJUMA

Zahvaquju}i uticaju neprekidnog strujawa podzemne vode, atomi uranijuma mogu se
fizi~ki odvojiti od svojih potomaka usled razli~itih rastvorqivosti, te le`i{te uranijuma
~esto pokazuje neravnote`u izme|u uranijuma i wegovih potomaka (uglavnom radijuma). Kada se
kvantifikuje sadr`aj uranijuma evidentirawem spektra gama zra~ewa to mo`e prouzrokovati
neta~an rezultat. U ovom radu, zasnovano na metodi evidentirawa spektra gama zra~ewa, predla`e
se metoda neu tron-gama evidentirawa za odre|ivawe koeficijenta neravnote`e uranijum radi-
juma. Po ovoj metodi, brzina brojawa u karakteristi~nom piku uranijuma dobija se iz evidencije
promptnih fisionih neutrona, dok se brzina brojawa u piku radijuma, torijuma i kalijuma dobija
evidencijom iz spektra gama zra~ewa. Na osnovu ove metode razvijen je alat za ujediweno eviden-
tirawe ukqu~uju}i epitermalne neutrone, termi~ke neutrone i gama detektor zajedno sa deu-
terijum-tricijum generatorom. Eksperimentalni rezultati u standardnim modelima detektora
oblika jame pokazuju da se ova metoda ujediwenog neu tron-gama evidentirawa mo`e koristiti u
poslovima terenske evidencije uranijuma.

Kqu~ne re~i: promptni fisioni neu tron, spektar gama zra~ewa, evidentirawe uranijuma, 
..........................koeficijent neravnote`e


