
INSTYTUT FIZYKI JĄDROWEJ 
INSTITUTE OF JVHJCLEAR PHYSICS 
MHCTI/mdT nAEPH0l/l «PH3HKH 

R A P O R T No 1118/PL 

STOCHASTIC APPROACH 
TO THE PULSED NEUTRON LOGGING METHODS 

JAN ANDRZEJ CZUBEK 

KRAKÓW 

KRAKÓW 1980 



STOCHASTIC APPROACH 

TO THE PULSED NEUTRON LOGGING METHODS 

STOCHASTYCZNE PODEJŚCIE 

DO IMPULSOWYCH PROFILOWAŃ NEUTRONOWYCH 

СТОХАСТИЧЕСКИЙ ПОДХОД 
К ИМПУЛЬСНЫМ НЕЙТРОННЫМ МЕТОДАМ КАРОТАЖА 

BY 

JAN ANDRZEJ CZUBEK 

Institute of Nuclear Physics 
ul. Radsikowskiego 152 
31-542 Kraków, Poland 

Paper submitted to 
Aota Geophysica Polonica 

Kraków, Novesbm? 1980 



NAKŁADEM INSTYTUTU FIZYKI JĄDROWEJ W KRAKOWIE 

UL RADZIKOWSKIEGO 152 

Kopię kserograficzną, druk i oprawę wykonano w IFJ Kraków 

Wydanie I Zam. 280/80 Nakład 220 egz. 



Neutron emissions from a steady state neutron source (of 
the a - Be or Cf-252 types) can be treated as a white noise 
stochastic process. In the rock space, according to different 
neutron well logging methods, different types of radiation re¬ 
sulting from the nuclear reactions between the source neutrons 
and the nuclei of the rock elements appear. This resulting ra¬ 
diation is in this case the shot noise process. By doing the 
time cross correlation between the input (white noise) and 
the output ( shot noise) processes, or the auto-correlation 
of the output process alone, the transmission function of the 
system is obtained* Here the transmission function is just 
the die-away curve observed in all kinds of pulsed neutron 
logs. Experimental principles and the conditions of the cor¬ 
relation measuxements are discussed. Nuclear reactions together 
with the space and time distribution of different types of 
radiation observed in the neutron well logging methods are 
presented with a view to getting the rock nuclear parameters 
from the correlation methods. 

Резюме 
Эмиссию нейтронов из ампулного источника нейтронов (типа а-Ве или Cf-252) можно рассматривать как стохастический процесс белого шума. Эти нейтроны даюут в горной породе, согласно с различными методами нейтронного каротажа, различные типы излучения гозникающего из ядерных реакции между нейтронами источника а ядрами элементов породы. Это возникающие излучение есть в этом случае дробО1ЮМ шумом. Произведение временной корреляции между входным (белом шумом) и выходным (дробовом шумом) процессами, или только автокорреляции выходного про¬ цесса, позволяет получить функцию переноса системы. Эта функция переноса системы не что иное как функция временного затухания излучения во всех типах импульсного нейтронного каротажа. Представлено ядерные реакции вместе с пространственными и временными распределениями для различных типов излучении детектированых в нейтронных методах каротажа с точки зрения возможностей получения ядерных параметров пород корреляционными методами. 



Streszczenie 
Emisja neutronów ze stałego źródła neutronów (typu a -Be 

lub Cf-252) mogą być uważane za proces stochastyczny szumu 
białego. Neutrony te dają w przestrzeni skalnej, stosownie do 
różnych neutronowych metod profilowania, różnego typu promie¬ 
niowanie powstające w reakcjach jądrowych pomiędzy neutronami 
źródła a jądrami pierwiastków budujących skałę. To nowo powsta¬ 
jące promieniowanie jest w tym wypadku procesem szumu środko¬ 
wego. Dokonując korelacji czasowych pomiędzy procesami : 
wejściowym (szum biały) a wyjściowym (szum śrutowy) lub auto¬ 
korelacji tylko dla procesu wyjściowego, otrzymuje się funkcję 
transmisji systemu, Ta funkcja transmisji systemu jest w tym 
przypadku niczym innym jak funkcją zaniku czasowego promienio¬ 
wania obserwowaną we wszystkich typach impulsowego profilowa¬ 
nia neutronowego. Przedyskutowano eksperymentalne zasady i wa«, 
runki pomiarów korelacyjnych. Przedstawiono reakcje jadxowe 
wraz z rozkładami przestrzennymi i czasowymi dla różnego ro¬ 
dzaju promieniewan obserwowanych w metodach neutronowych pro¬ 
filowań odwiertów z punktu widzenia możliwości otrzymania 
jądrowych parametrów skał z metod korelacyjnych. 



The time analysis of radiation emitted by rocks when irra¬ 

diated by a pulsed neutron beam has become an important tool in 

many well logging methods applied in oil and/or mineral geophys¬ 

ics. Such methods as the thermal neutron die-away, inelastic 

scattering of fast neutrons, cyclic activation, delayed and 

prompt fission neutron logs are now applied almost routinely in 

some countries. All these methods however, require a very sophis¬ 

ticated neutron source - a pulsed borehole neutron generator. 

Such a neutron source, in additional to its rathor high price, 

has other disadvantages, the most important of which axe : lim¬ 

itations in the borehole tool diameter, and difficulty in main¬ 

taining a constant neutron output per burst* All these disadvan¬ 

tages limit to some extent the application of these time de¬ 

pendent neutron methods* The question is, therefore, whether it 

is possible to get the same time dependent information using, 

the usual isotopic neutron source of the (a.rO or fission types? 

Wo are going answer this question in the present paper* 

General outline 
=============== 

In all pulsed neutron methods, when neutrons are injected 

into rock at a time moment tQ at a point rQ , the resulting 

radiation (say, the answer) is observed at some other point r 

at time t being in some delay t' 

t' = t - to (1) 

to the injection moment tQ. Let p("ro» r, t')*dt'»dr be the 

probability that one neutron injected into the system at »0 

gives the answer in the measuring tool within the elementary 

volume dr around the point r and during the time period df 

around t' . Thus, repeating the neutron injection at a constant 

rate of Q times per second, the rate of the resulting radia-



tion I Cco» r» t 1) P«* ti11® interval dt' , that is, the so 
called die-away curve, is simply given as : 

I<50,r,t')= S p ^ . r . t j ' ) - Q«P<5?0,r,f) (2) 0 , , ) 

As a matter of fact, in all pulsed neutron methods the neutrons 
are injected by bursts with N neutrons per burst and with a 
constant repetition rate n , thus 

Q = N * n (5) 

The die-away curve lfro,r,t') can also be a function of the 
energy £ of the registered radiation, but for the sake of sim¬ 
plicity we are omitting this variable from our notation. 

In each pulsed neutron method some characteristic param¬ 
eters of die-away curve I(?0,r,tł) are measured : 

a. the relaxation time (die-away rate connected with the 
neutron lifetime or with the neutron slowing-down time). 

b* absolute or relative values of I taken at different 
points r , or times t',or £ (carbon/oxygen log, cy¬ 
clic activation, fission neutron logs, etc•). 

From the form of Bq.(2) it is easy to see that the die-
-away curve l(?Qt~x,t' ) is simply a superposition of the probab¬ 
ility transfer function p<j?0,r,t' ) fox a single neutron inject¬ 
ed into the system* Thus, if by some experimental arrangement 
it would be possible, for the i-th consecutive neutron emitted 
from the source, to register its emission moment t * and the 
moment ti of the arrival of resulting radiation, the die-away 
curve l(ro,r,t') could be obtained even for the isotopic neu¬ 
tron source with the constant average neutron output* This kind 
of technique, known in physics as the delayed coincidence meth¬ 
od (of. for example Radeloff et al.,1967) has, however, many 
disadvantages when applied to our problem. The disadvantages are 
mainly related to the influence of the detector dead time, to 
big noise-to-signal ratio, and to low detection efficiency. 

In the theory of the pulsed neutron logging the die-away 



curve l£r,t) is a solution of some operator equation 

Cr»t)» S(r, t ) (4) 

whore the operator O-j t i s usually of the differential type 
and i t i s acting on the space r and on the time t variables, 
and S(? , t ) i s the space and time distribution of the sources. 
In terms of Green's function G(r', t ' ; " r , t ) of Eq. (4 ) which is 
the solution of the equation 

0? j t G ' / ! , t ' ; p',t ) = 6( r - r ' )• 6(t- t1 ) (5) 

the die-away curve I ( r , t ) becomes : 

I ( r , t ) = / / G ( r l , t l ; " s , t ) « S ( r l , t l >d^ r*'»dt' (6) 

r1 t 1 

which i s a simple convolution of Green's function with the 
source density distribution. 

Now lot us try s t i l l another approach. I t i s quite evi¬ 
dent from Eq.(6) that when the source term S ( r ' , t ' ) fluctuates 
in time, tho dia-avvay function I (r , t ) i3 fluctating too, due 
to i t s convolution characcer» V.'hen the source term s ( r ' , t ' ) i s 
treated as an input stochastic process, the system answer 
I ( r , t ) i s an output stochastic process with the system trans¬ 
fer function h ( r , t ) related to one another according to the 
theory of stochastic processes( Papoulis 1965, Bendat and Pier-
sol 1966) by the formula : 

t 
I ( p , t ) = / / h ( p . t - O ' S C r S t ' V d t ' - d V r : 

j , I " C O 

CO , 

** O 

r 
Let us assume that the input process S(r',t') is a 

point isotopic radioactive source situated at r. and emitting 

on the average Q neutrons per second. In this case we can 



treat the process as a white noise process which Is defined as : 

S ( r \ t') = 6(r*'- r o ) . £ &( t«- t±) , (8) 

there tA are the neutron emission moments « The tine moments 
t^ have the Poisson distribution with the parameter Q , which 
means that the probability Pk(t) of having exactly k points 
t± (1 = 1, 2, ...» k) during the time t is 

kl 
At the saa* time the probability distribution given by Sq.(9) 
means that the expected value E[••] of the input stochastic 
process given by Sq* (8) is 

B[ S( r\ t1)] = o(i*'- r o)*Q . (10) 

Insertion of Bq. (8) into Sq* (7) yields 

I Or"*, t) = S h (r,i*o, t-tŁ ) (11 ) 

which is the so called shot noise process . Next* insertion of 
Sq. (8) into Bq. (6) gives : 

10?*, t) = S G(r 0 jt^i^t) = E G(r*0-r*;t-ti) (12) 

which by a simple comparison * .th Eqs (11) and (2) gives 

Q(ro-r ; t - t t ) . H C v « , t-t±)« p(t;-f, t-t±) 
(13) 

i.e. Green*s function G and the transfer function h have 
the same physical meaning and, moreover, they are equal to the 
probability p of detection . 

8 



proce s s_ approach 

What kind of information can we get when applying the 

stochastic process approach to the pulsed neutron methods ? 

Let us start with the cross-covarianoe Cjg (T) between the 

output I(t) and the input S(t) processes: 

CIg(T) = RIg(T) - E[S(t)].E[j(t+T)3 (14) 

where 

R I S ( T ) = E{3(t).I(t+r)j . (15) 

Hers R J O ( T ) is the cros3-correlation function between the 

prooocses S(t) and I (t) t where for these processes we are 

cnittinG the space variables, leaving the tine variable only. 

The rolo of the space variables has been explained in the pre¬ 

ceding section and v?e have to remember that the input process 

S (t) is defined at the point r*0 , whereas the output process 

l(t) is observed at the point r* . Multiplying Eq. (7) by the 

input process 3(t), and teen taking the expected value of the 

product i yields (taking into account the ergodicity of the 

process); ^ + T 

E[s(t).I(t+T)J = lim / S(t).I(t+T).dt = 
T-K» 2.T -T 

no +T 

T-»w 2.T 0 -T 
= lia / h(\).dX / S(t).S(t+x-\).dt = 

2.T 0 

1\=R_T(T) . (16) / 
S I 

Here the cross-correlation function Rgj (x) is given as the 

convolution, of the transfer function h(r) with the auto-cor¬ 

relation function RggCf) of the input procera S(t). 

When the input process S(t) is of the white noise type, 

its expected value E(3) is given by Eg. (10) and its auto¬ 

correlation function R S SCT) is ( Papouli8, 1965): 



1 +T 1 +T 9 
R._(T) a lim / S(t).S(t+x).dt = Of + q.6(x) . (17) 
5 S T-w 2.T -T 

Insertion of Bq. (17) into Eq. (16) gives: 

RSI(x)= q
2 . Jh(X).dX+ Q.H(T) . (18) 

Now, to obtain the er o ss-co variance function C I S ( T ) we have 
to know the expected value E(I) of the output, i.e. of the 
shot noise process I(t). In view of its ergodicity and taking 
into account Eqs (7) and (10) one obtains: 

1 +T 
B[l(t)3 = lim / I(t).dt = 

T 2.T -fl? 

oo 1 +T 
h(\).lim / S(t-X).dt.dX 

T-»« 2.T -T i 
00 00 

(19) = / 

Now, Eqs (18), (10) and (19) together with Eq. (14) give 

CIS(T)= Q.h(T) (20) 

which in terms of Eqs (13) and (2) means that the cross-co-
variance function of the white noise input with the output is 
just the die-away curve sought in the pulsed neutron methods. 
Here, however, the die-away curve is obtained (and even this 
is an indispensable condition) by means of an ordinary isotopic 
neutron source instead of a pulsed one. 

Another possibility is to take lato account the auto-co-
variance function of the output, i.e. of the shot noise proc¬ 
ess I(t). One has here again from Eq. (7 ) 

I (t ).I (t+ T) = / h(*).I (t ).S (t+ T!-X).d\ (21) 

and by calculating the expected value of this product one 
arrives at the auto-correlation function 

10 



R I I ( T ) = E[l(t).I(t+T)] = / h(\).RSI(T-\).d\ . (22) 
0 

Insertion of RRT ("P-\) from Eq. (18) into Eq. (22) yields: g I 

CO p 
/ Ł(A).d\r + Q . / 

and consequently the auto-covariance function of the output 
process I (t) is: 

P » 
C X I ( T ) * R J J C T ) - E CD = Q./ h(\).h(T-\).d\ . (24) 

Thus, the auto-covariance function of the output signal is the 
convolution of the die-away curve by itself. 

Now, let us assume the presence of some white noise back¬ 
ground B (t) in the measured signal M ( t ) which is not corre¬ 
lated with the useful signal I ( t) : 

M (t ) a I (t ) + B (t ) (25 ) 

with the expected value 

B b ( t ) ] s B (26) 

and the auto-covariance 

C B B ( T ) = B . 6 ( T ) (27) 

The cross-covariance function Cĝ , (T) in th i s case will be: 

< W T ) m C S I ( T > + CSB<T> <28> 

but because the source signal. S ( t ) and the background signal 
B( t ) are not correlated, one has CCQ(T) = ° i an^ 

ccai(T)= C S I ( T ) C 29) 

which means that the presence of the background does not affect 
the result obtained in Eq. (20). The same reasoning for the 



auto-correlation of tho output process in the presence of tho 

not correlated background gives 

IX + B.6(x) (30) 

which indicates that for time lags T > 0 the auto-covariance 

C«J,(T) of the measured signal can be an indicator of the 

transfer function h(r) because in this case 

co T T 
= Q, f h(X).h(i-X).dX . (31) 

All formulae presented so far have a more or less theo¬ 

retical character and tho cross- and auto-covariauce had the 

meaning of their expected values. In a real experiment, however, 

these values are estimated using son© particular algorithms, 

and each estimation algorithm has its ovm estimation variance. 

For better understanding of the experimental situation 

let the S(t) and I (t) be real pulses on the time e^is, a3 

shown in Fig. 1. Here the pulses really detected duo to the 

detection efficiency ĝ  and gp of the respective detectors 

are those given by heavy lines. The I(t) pulses are more or 

less randomly distributed on the h(t) transfer function which 

is in "the background" of each I (t) pulse in Pig. 1. The cross-

-covariance function Cg-j- (T) can be estimated using the formu¬ 

la : 

1 K 1 N F 
C S I(n.At)=- E Sj- I, 7 S S±* S I± , (32) 
si N i = 1 i i+n K*i i = 1 i i = 1 i+n 

where the discrete values of T are 

x= n • At (33) 



INPUT SIGNAL S ( t ) , DETECTION EFFICIENCY 9, 
PULSE N : 1 2 3 U 5 6 7 8 10 

—|At 

I 1—*T r"—i 1 1—*T—1 T—i 1—*"T T — 1 T-*T 1 1 1 1 1 1 - v 

0 0 0 1 0 0 0 1 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 

h(t) 

OUTPUT SIGNAL I ( t ) , DETECTION EFFICIENCY 9, 

\ 
\J h ( t ) 

I,-- 0 0 1 0 0 0 0 0 1 0 0 0 1 0 0 1 0 0 0 0 1 0 0 t 

Fig. 1 TIME CORRELATION B E T W E E N THE INPUT S ( t ) AND OUTPUT 
l ( t ) PROCESS. FOR THE PULSE N° 8 THE REAL CORRELATION 
OCCURS. 



and 

I± s I( i» At) 
(3<0 

Here both time axes of the processes S(t) and I(t) have been 
divided into time windows of the width At each, as shown in 
Fig. 1 . 

Goldanskiy and Podgoretskiy (1955) as well as Petroff and 
Doggett (1956) have discussed the cross-covariance estimator 
given by Eq. (32)(without any relation, however, to the sto¬ 
chastic processes theory), and they found that its expected 
value is 

N - 1 
E[Ć S I(n.At)] = • 8 1 - 8 2 * » t (35) 

where m i s the average value of the true correlation of events 
between the S( t ) and I ( t ) processes during one time inter¬ 
val At at T e n * At ( thus, i t i s the h(n*At) value in 
the case of the cross-covariance). It follows from Eg. ( 35) 
that the estimator ĆgI (n • & ) given by Eg* (32) i s unbiased. 
When the background-to-signal ratios for the two detectors are 
ct* and ou , respectively, they have obtained the variance 
of the estimator given by Eg.( 32) as : 

(36) 

N " 

which for the real experimental conditions t 

N » 1 
g,, and gg < 1 

and oc2 » 1 
a < 1 

gives : 



« I1' * [ 5 ~1 + (t 
CSI 6 

» (SSI.Nr
1.(1 + m.o^.o,) , (37) 

where the total measurement time T is 

T a N . At . (58) 

In the case of the auto-covaxiance measurement all equations 
(32) *•' (38) are valid with, however, g-j = g2 • <*! = °2 
and S(t) replaced by I(t). A simple comparison of Eg. (35) 
with Eg. (20) or (24) leads to the conclusion that the time 
channel width At cannot exceed the relaxation time of the 
phenomenon being investigated. 

Let us remark that when the coincidence method is used 
instead of the cross-covariance one and the detectors have a 
resolution time $ , the expected number of coincidences 
§ registered during the time At = 2$ is: 

Et§12(20)]= g1.g2.m + g^gg.m
2. (1 + %, + ĉ  + o^.o^) (39) 

with the estimation variance 

(1-g2). (1+ <*, ). (1+ o>) 

where H 

gl¬ 

in 

* 

this case i s 

g r 

N z 

,g2.N 

T 

' 2.0 

with T being the total time of measurement. As we can see 
from Eg. (39), the coincidence method is a biased estimator of 
the m value which for high noise-to-signal ratios 0^ and 0^ 
have no practical sense. The variance of the estimator, for the 



same - .alue, ;.JX be, according to Petroff and Doggett 
50 times as high as that fox the cross-cover iance method in the 
case 01 .instant coincidences, and 50 times as high in the case 
of delayed coincidences. 

Nuci ęąr_ phenomena, involve d_ in_ ne ut| on_ p 

Before the detailed discussion of the measurement problems 
*et us depic~ she time behaviour of the phenomena which occur 
during che aeutroc travel through the rock space. 

Fast ..strong emitted from the source are slowed down in the 
rock space mainly due to collisions with the hydrogen nuclei. 
Some of the:., ..owever, just after being emitted lose their 
energy through inelastic scattering on some nuclei £x accord¬ 
ing to the scheme: 

n+ p instant photon (42 ) 

Here the target nucleus wt after being touched by a fast 
neutron is excited to some nuclear level wl proper to its 
own nuclear structure. In a very short time the £X nucleus 
is deexcited to its ground level emitting the gamma-ray photon 
Y,j. The energy of this photon corresponds to the energy of 
the excited level of the nucleus gX . 

Fast neutrons become epithermal after the slowing down 
time t s which is of the order of one up to several dozen 
microseconds (depending upon the hydrogen content in the rock). 
Once the epithermal neutrons become thermal, they can stay in 
the rock space during the neutron lifetime T^ which is of the 
order of 100 up to 1000 us. The thermal neutron ends its life 
through absorption by some nucleus £x giving a new isotope 
+
2X in its excited state. An excess energy equal to the 

binding energy of the additional neutron to the isotope £x 

16 



Is responsible for this excited state. The almost Instant de-
excitation to the ground level «Jx E^ves photons ^ usually 
emitted In cascade. The new Isotope gX Is very often not 
stable and decays (usually by ff decay) to another isotope 
»*!]? with the emission of a gamma-ray photon Yz* The isotope 
half life ?<]/2 is usually of the order of fractions of a 
second up to several hours or even days. The reaction going on 
thermal neutrons can be written as: 

radiative capture 
instant photon 

radioactive decay f 

-̂pf + Yx •<L-x__— activation photon 

We have deliberately omitted from this description all phenom¬ 
ena connected with the resonance absorption of epithermal 
neutrons, which usually give a negligible contribution to the 
whole field of neutrons and gamma-ray photons existing in the 
rock space. The time behaviour of the respective probabilities 
p(ro,f,t ) for the phenomena described above is schematically 
presented In Fig. 2. 

When the rook contains some amount of uranium or thorium, 
fission phenomena occur (Czubek 1972). Here the nuclear reac¬ 
tion can go either on fast neutrons with U-238 or Th-232, or 
on thermal neutrons with U-235 according to the schemeSJ 
on fast neutrons 

-• „\ + J? + v.n« + a.v.n, (44.a> 
Z„ Z^ p a 

on thermal neutrons 

a + *»& -• - T + JZ • y.n„ + os. v.ą, with a •* 0.015 (44.b) Z 1 Z 2 -p d 
Here in each act of fission the v fast neutrons (v <**2»5) 

17 
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are born (so called prompt fission neutrons) and about 1.5 per 
cent of these neutrons appear as delayed ones, n^ (having a 
much lover primary energy) with half lives between one second 
and one minute. The scheme of the time behaviour of this phe¬ 
nomenon is given in Fig. 3. The methods of uranium detection 
based on these physical principles using the pulsed borehole 
neutron generator ox a very active Cf-252 source are known in 
geophysics as the PEN (prompt fission neutron) and DFH (de¬ 
layed fission neutron) logs. 

When the time behaviour of the transfer function 
h Cr̂ -f*, t-t^ ) is sought, it is self-evident from Eq. (32) that 
the channel width At should be shorter than the relaxation 
time of the phenomenon being observed (tg, xQ> T^y2»

 r e sP 9 c~ 
tively). Thus, in the oross-covariance method of measurement, 
with the neutron or gamma ray (i.e. spectrometric) detectors, 
by matching the time channel width At there appears a pos¬ 
sibility of detecting the inelastic scattering, the epithermal 
and/or thermal neutron die-away, the radiative capture, the 
cyclic activation, and the PFN and DFN phenomena. 

Each measurement of the covariance function has to be 
made according to the algorithm given by Eq. (32)• The high 
CM and ĉ  values, usually observed in the experiment, imply 
the application of the correlator device working in the real 
tiae mode. The time channel widths interesting for geophysical 
purposes are of the order of 1 to 100 j.s, which practically 
excludes correlators working on the real time principle in the 
software mode* This goal can only be reached when the hardware 
system is engaged in the correlator. 

We have to distinguish at the very beginning two princi¬ 
pal modes of operation! the cross- and the auto-covariance 
mode. 
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Cross-covariance mode 

Here two defectors, one for the input, the other for the 

output process have to be used* As concerns the detection of 

the input process, this can he done only by the gamma radiation 

which Is associated with each emisson of a fast neutron from 

the source* This requirement limits the neutron sources to the 

ones based on the beryllium target. Here the 4.4-2 &ieV gamma ray 
12 

line, associated with the excited state of the C nuclide 

created in the neutron source, is the only way to perform the 

registration* About 75 per cent of fast neutrons emitted 

from the AQ-Be source are accompanied by the gamma ray line 

CTenkataxaman et al. 1970). Thus, to detect the input process 

S(t) a spectrometric detector of the Nal type is required. 

The detector should "envelop" the source and it has to be 

protected against the gamma radiation from the surrounding 

medium (from the inelastic scattering of fast neutrons and 

from the radiative capture of thermal neutrons) and against 

the thermal neutron flux, which can provoke unwanted crystal 

activation. 

The output process I(t) can be measured in different 

ways depending upon which effect is considered. One can 

distinguish the following cases: 

1. When the spectrometric gamaa-ray detector, shielded 

against the gamma radiation from the neutron source, is used, 

inelastic scattering, radiative capture or activation signals 

can be measured. For inelastic scattering a small channel 

width it has to be used and the value 5gj(0 ) is connected 

with the grade of the element on which this reaction is going 

on. For a larger time channel width At = TL the usual neutron 

die-away curve appears for the SgjC&»At) estimator.which ex¬ 

trapolated to the n. At = 0 point again gives the 2ci(0) 

value related to the grade of the element on which the radiative 

capture is going on. Again, for At ** T1/2
 t n e Cgj(n.£t) 

curve gives the radioactive decay curve which extrapolated to 

n.At s 0 indicates the grade of the element being activated. 
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In the eross-oovariance method, when the gamma ray detec¬ 
tor is used, the different "time modes" are ̂ filtered by the 
proper choice of the channel width At. For radiative capture 
and for inelastic scattering, however, different gamma ray 
lines from different elements have the same time mode (^ or 
instant,.respectively). When a given gamma-ray energy line is 
measured by the detector, it contains some contribution from 
the higher energy lines downscattered in the Compton process. 
Thus, the stripping ratio technique has to be applied to in¬ 
terpret the final results of measurement* This stripping ratio 
procedure should be performed on the figj E (n.At) values, 
where the subscript. E^ denotes the values of the cross-co-
variance function Sgj(n. At) measured for a given gamma-ray 
energy line E^. A very much simplified block diagram of the 
equipment which has to be used in this kind of experiment is 
given in Fig* 4. Here the pulses for correlation are selected 
by the single channel pulse height analyser for the detector 
No 1 Cfor the 4.43 MeV gamma-ray line) and by the multichan¬ 
nel pulse height analyser for the detector No 2 (for the E± 
gamma-ray lines). Sach gamma-ray line is counted in the sealer 
(to furnish the simple sums in Eq. (32)) and simultaneously 
the sum of cross-products is obtained in the correlator. In the 
arithmetic unit the eross-covariance values and the stripping 
procedure are reaohed. 

2* When neutron detectors are used to detect the output 
process, they can measure either the epithermal or thermal 
neutrons. For the epithermal neutron detector two kinds of 
procedure can be used* For a short time channel width (about 
1 is) the slowing down time t_ value can be measured which 
is directly related to the rock porosity* When At ** 100 JJS 
the uranium signal from the prompt fission neutrons can be 
measured (cf. Fig* 3) together with the neutron lifetime -̂  
value* The thermal neutron detector, when used with the time 
channel width At « 100 ps , measures the thermal neutron 
lifetime ^ , whereas for larger At values (At * 10 s) the 
delayed fission neutrons can be detected if uranium (or, 
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thorium) is present in fie rock. The electronic equipment 

needed here is essentially the same as in Fig* 4- except fox 

the multichannel pulse height analyser and the stripping ratio 

unit, which hare no utility here. 

Auto-covaxiance mode 
===================== 

In this mode only one detector measuring the output 

process is needed. Thus, not being disturbed by the dead time 

problems of the first detector (for the input process), the 

neutron output from the source can be increased, and so, the 

application of a Cf-2f>2 source is now admissible here. The 

higher neutron output from the source permits us to shorten 

the total measurement time, which is a very important param¬ 

eter in all well logging activities. The application of a cali-

fornium-252 source eliminates the contribution of inelastic 

scattering in the measured signal. In the case of uranium and 

thorium bearing rocks the application of the Cf-252 source 

permits us to detect the pure uranium signal in the delayed 

fission method, which is not disturbed by the thorium grade. 

The detectors used here axe also of the spectrometric 

gamma-ray or neutron (epithermal or thermal) types. The elec¬ 

tronic equipment used here is essentially the same as in the 

cross-covariance mode (cf. Fig* 4) except that the chain for 

the detector No 1 is useless here and the cross-correlator 

works in the auto-correlation mode. 

Now let us discuss the behaviour of signals delivered by 

the correlation probes from the point of view of the rock nu¬ 

clear parameters* For the sake of simplicity we are not going 

to consider all the details of real logs hut we shall be lim¬ 

ited to the case of infinite homogeneous rock space without 

borehole, where the point isotropic (and isotopic) neutron 

source is embedded. The resulting radiation is measured at a 



certain distance r fron the source. The "resulting radiation" 

stands for the following : 

1» gamma rays fron inelastic scattering of fast neutrons 

(e.g. carbon/oxygen log). 

2. gamma rays from radiative capture of thermal neutrons 

(e.g. neutron lifetime log). 

5. gaoEia rays from activation by fast or thermal neutrons 

(e.g. cyclic activation log), 

4. epithermal neutrons fron the slowing down process 
(e.g. slov/ing <iovm time log). 

5. thermal neutrons appearing after the slowing down end 
diffusion processes (e.g. neutron lifetime log). 

6. epithernal neutrons from the thermal fission phenomena in 
uranium ores (e.g. prompt fission neutron log). 

7. thermal neutrons frou the delayed fission neutrons in urani-
ua bearing rock (e.g. delayed fission neutron log). 

According to the foregoing discussion all these phenomena 
have to bo treated in terns of the die-away curves I (? ,r",t ') 
(of. 2q. (2) and (15)) for the pulsed neutron source emit¬ 
ting G^e fast neutron per burst. Becao.se of the space symmetry 
one has |r*0 - r j = r ar.d for the saka of simplicity we put 
t ' T: t . Thus, the thermal neutron density space and time dis¬ 
tribution can bo given by the simple Permi~age-dirfusion ap-

-proximation: 

t ] 

vjhere the rock parameters are : D - thermal neutron diffusion 

coefficient! L g - slowing down length, Sa - absorption cross 

section for theriaal neutrons, v is the thermal neutroa velocity. 

The slowing down time t_ , assumed to be much shorter than the 

neutroa lifetime ^ = (v.Sa) , is simply neglected in Eq.(45). 

The function n^(r,t) in Eg. (45) is nothing else but 

the transmission function h(t) in terms of Eq. (20) when the 

cross-covariance function is observed and when, the proper con-



stants related to detector efficiency axe taken into account. 
Its negative slope - d In n^(x*tydt is related to the neutrcn 
lifetime x^ ; thus, the usual neutron lifetime log is obtained 
in this case. On the other hand, ?hen the auto-covariance meth¬ 
od is used (cf. Eq. (31)) we have to calculate the time con¬ 
volution of the function n+A(r,t) by itself. This is a rather 
complicated task and we can try to find some approximated ex¬ 
pression* When one takes the Laplace transform in the time 
domain for Eq. (45) the result is : 

A t * 0 5 0 
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where : 2 
erfc(x) = 1 - erf (x) = ~ T T /exp(-t2).dt (47) 

1 v . Efl + p 
x 

and 

For 2 ] v . S + 
s I n 

which means that not very far from the neutron source, the 
expression (46) can be approximated as : 

1 r2 d <50) 
£tłl(p) *- • e x p ^ — ^ ) . — {exp(x ).erfcCx)}| 8.1C.D.L- 4J^„ dx s s 
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where 

_ .d 
dx 

(51) 

00 

).erfcCx) = -2.x.exp(x ). -=-/exp(-t ).dt + — 

and because of the inequality (cf • Abramowitz and Stegun, 
1972) : 

< exp fc2 ) . / exp (-t2 ).dt 

one can write 

P 2 oo ? 2 2 
>-2.x.exp(ar). — /exp(-t^).dt + — S-, 

fax yń x^. n 

one has : 

C52 ) 

(53) 

p 
(54) 

as an approximation for the Laplace transform of Eq. 
Here we have : 

1 2 
> C i 

or } 

0.56419 > C £ O.55917 

(55) 

Now, according to the rule of the inverse Laplace transform 
for the convolution one has for the auto-covariance method, 
following Eq. 0 1 ) and neglecting the constants due to the 
detector efficiency : 
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(t)]}2M.L-1ąh(p))2 - (56) 
.2 

«* ft ).t.exp(-t.v.ED) . a 

Here L{...} and L~1{...} denote, respectively, th« opera¬ 
tor of the Laplace direct and inverse transforms. The auto 
covariance function C^uC*^) aoc-ojriUig to Sq* (56), when divid¬ 
ed by the delay time t , in the case of the thermal neutron 
flux v.n^v, (r ) shows the exponential behaviour in tice with 
the time decrement equal to the neutron lifetime <lvj=(v»Ea) » 
thus, it gives the neutron lifetime log again. 

Now let us consider the gamma ray flux duo to tho radi¬ 
ative capture of thermal neutrons* At the distance r*1 from 
the neutron source the thermal neutron flux v.n. v, (r\t) 
gives, inside the elemfi'itary volume dr*' the n,. (£*' ,t ).v. IL 
radiative captures (here £ is the radiative capture cross 
section). Each radiative capture gives v gamaa-ray photons 
of a given energy» which are attenuated along the path \?-r{ j 
before being captured by the point gacna-ray detector situated 
at r* . For the sake of simplicity we assume the photon travel 
time along the path |r̂ -r*' | to be negligibly snail in com¬ 
parison with the neutron travel time along the path r** . 
Taking this into account and assuming the linear behaviour of 
the build-up factor, one arrives at the attenuation function 
for the gamma-ray flux in the form (with the attenuation 
coefficient u) •* 
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The total gamma-ray flux I (r,t) is given as the space con¬ 
volution : 

?,t) =* / ntn<£t).v . ̂  . v . G y<rV ).'dr (58) 

which in the case of the thermal neutron density ntn(r*,t) 
given by Eq. (45) is : 

2 
I* • v • 2L • v r 

Inv(r,t) • - .exp(-v.£ .t 5 ) . 
a Y 8 . it . r a 4 . A* 

r o r 
. {exp(|i.A r.erfcCM*^ ) - (59) 

2.A 2.A 

+—— )r»erfc(n.A • —— )> , 
2.A 2.A 

where 5 o 
f s B . t t l / . (60) 

Ca 

Bq. (59) is very similar in its mathematical form to the 
Laplace transform &ln(p) given by Eq. (46). Applying the 
same reasoning as for that equation one arrives at the approxi¬ 
mated form of Bq» (59) : 

1 v.E.v r2 

I_v(r,t) w . C . *-5 .exp(-v.S,«t 5 ) , (61) 
n Y 8 it u . A* *̂ 4.A^ 

which is identical with Eq. (45) to a constant factor. This 
means in physical terms that the time and space behaviour of 
the capture gamma says follows the distribution of thermal 
neutrons* Thus, the application of a gamma-say detector to the 
cross- or auto-covariance mode of measurement with the proper 
channel width At gives also the neutron lifetime log. fur¬ 
thermore, when the gamma ray detector is of the speotxometrio 
type and the photopoeJc of a given gamma-ray energy line la meas¬ 
ured, the absolute value of the cross-covaxiance function is 
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proportional to the grade of a given element on which the radia¬ 

tive capture reaction is going on* In the case of the auto-co-

variance method - the signal is even proportional to the square 

of the grade. 

When the activation process occurs in the rock space with 

some half-life time T^/p l°n6e2 than the neutron lifetima T^, 

we can consider the thermal neutron propagation as bales in~ 

stantt whereas the gamma-ray propagation has come tise distribu¬ 

tion. In fact, this is an inversion in the time sequenco of the 

phenomena involved here as compared with the preceding case of 

radiative capture. The final result of the convolution given by 

an equation similar to Eq» (58) should be in its physical scaoe 

also very similar to the result obtained in Eq. (61 ). Thus, one 

can conclude that in the case of activation the correlation 

method (when spectrometric gamma-ray detectors are used), with 

the channel width ńt comparable to the T^/g value, gives 

a signal proportional to the grade of the activated element 

for the cross-covariance mode and to the square of that grade 

when the auto-covariance mode is applied. 

In the case of inelastic scattering of fast neutrons both 

time distributions, that of fast neutrons and that of photons, 

are instant (the whole phenomenon occurs in fact, during some 

tens of nanoseconds which one considers here as an instant phe¬ 

nomenon). This permits us to perform the cross-covoxianca method 

only because of the condition involved in 3q. (30) and the 

absolute value of the COM (P ) function will be proportional to 

the grade of the element on which this nuclear reaction is go¬ 

ing on. 

For uranium bearing rocks the prompt fission neutrons can 

be observed in the very same way as photons in the radiative 

capture. Here, instead of the instant gamma-ray distribution 

given by the function G (jr*- r*' |) , the almost instant dis¬ 

tribution of epithermal neutrons slowed down fron the prompt 

thermal fission has to be introduced into Eq. (58). Thus, 

using the epithermal neutron detector as the second (far) de¬ 

tector, one has the possibility to measure the neutron life-
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time TL from the slope of the cross-covariance function and 
the uranium grade from its absolute value, or in the case of 
the auto-covariance mode - the square of the uranium grade is 
detected* In the latter case one can increase the signal by 
using a californium-252 neutron source of some higher activity. 
When a shorter channel width At is used (say At = t_), the 
same epithermal neutron equipment can be applied to perform 
the slowing-down time log* Here the slope of the cross- or 
auto-covraiance function can give the value of the slowing 
down time t , which in turn is related to the rock porosity. 

The delayed neutron technique in the uranium bearing rock 
is very similar, as far as the radiation transport phenomena 
are concerned, to the activation method, but here the thermal 
neutron detector has to be used instead of the gamma-ray spec-
trometric one. The channel tine width At has to be chosen 
here in agreement with the data reported by Czubek and Łoskie-
wicz (1976). 

Por both PJ?N and DFN methods in the correlation modes 
the transfer functions are very much like the functions ob¬ 
tained for other measurement conditions by Woolson and 
Gritzner 0979)» out 'in our method they have to be obtained 
for the isotopic neutron sources in the case of the PFS method. 

and_ conclusions 

It has been shown here that pulsed neutron logs are pos¬ 
sible without any pulsed neutron source, applying the ordinary 
isotopic neutron source only. The detection technique which 
has to be used, however, is of the correlation type and by the 
proper choice of the time channel width At the filtration of 
the undesirable background from the concurrent nuclear reac¬ 
tions, having a relaxation time very much different from At , 
can be reached. The biggest advantage of this method is in a 
very simple construction of the downhole tool (in comparison 
with the pulsed borehole neutron generator)* The main disad¬ 
vantage is the difficulty of reducing the measurement time. 
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Another disadvantage lies in the necessity to design special 

time correlators working in the real time mode* For the case of 

the short time channel width At (especially for the inelastio 

scattering and the slowing down process detection) it is 

rather a troublesome technical task* There also is a problem 

with the very fast electronics needed when the eross-covariance 

method is applied with the neutron source having a high neutron 

output. 

The feasibility of such measurement has already been 

proved for the cross-covarian.ee mode in the radiative capture 

measurement by Blankov and Kormiltsev (1972). They measured the 

neutron lifetime TL basing on the theory given by Goldanskiy 

and Podgoretskiy (1955) without any reference, however, to the 

stochastic process approach. Thus, the cross-covariance mode 

has been tried only* Another, very successful attempt to use 

this technique has been made in our laboratory in the detection 

of the carbon content in coals through the inelastic scattering 

of fast neutrons from an Am-Be source of low activity. The re¬ 

sults of that work will be published soon. 

In conclusion one has to emphasize that the correlation 

technique of detecting the time phenomena described above can 

be very useful not only in the well logging geophysics but also 

in other industrial applications, when the neutron methods are 

used. As a matter of fact, this method is almost routinely 

used in the nuclear reactor technique, where it is known as the 

reactor noise technique (cf* Williams, 1974), but there the 

channel time widths are usually of the order of milliseconds 

or even seconds and the signals treated are of the analog type. 
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