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AN EFFICIENT SIMULATION “MODFL F2R NCCLEAR
GEOPLYS [CAL “EASUREMENTS

by Robert D. wilson
fdignhland Sciencific. Lud.
and Soutrern Oregon State Zollege
Tavon1 K. Coox. Highland Scientific, Led.
Sumner H. Dean, Los Alamns National Laboratory

ABSTRACT

Nuclear measuresents that provide dats related to
geophysical parameters have baen used for many
years I  well-logging. surface surveys, and
lanoratory -ore studies. The measursment process
can be cons:dered in two parts: 1) the transport
of nuclear radiation from source to detector, and
2) the 1interaction of the transported radiation
with the detector. For certain measurement prob-
lems, the radiation traasport of step 1) 1s not
strangly sffected by the presence of the detector
in  step 2). For auck preblews 2 simulation
approsch that decouples radistion r-ransport from
detecrion suggests itself. Many nuclear yeophys-
1cal scasurements can be modeled 1in this way.
This wethod was first utiiized to sisulate serial
rediometric surveys and Dborehole logs for
potasslum, ursnium, and thorium. A one-dimen-
s.onal detersinistic technique wvas used to model
the gamxs-ray transport from ground sources snd
the stoichastic “onte Carlo techniQue to model
the delector response. The results of the two
Separate simulstions are convolved to model s
Siven scurce and detector combinaticn. The
mathod i3 an efficient wa~ tv model combinations
of various rasdiation trensport geometries with
differing detector types and sizes.

This simulation ap~roach has been extended in the
present work to 1include two-dimensiunal geome-
tries. The two-dimensional model applies exsctly
to centraslized well-logging tools and 1n an
appraximate form for many eccentered msasure-
we~ts. The model 18 now being used (o simulate

AeLt”on porosity and gusme-jamma density seasure-
aente.

e enDITION

Mans [ rthe nuclear seasurewent problems rncoun-
tered .n borehole logging can Lte wsimulated bv
combin..g umer:cal solitions tc the two-Ji1men-
rional radiation transport eqiation with an
appropriaste A4crector resp.’ 4@ lirary. The
res;lting sieylation model 1s rapabie ol p odicr
ing the rempunae 9f s varierty 1l nurlesar gegpnve-
tcal aeasulremen!s whose gemetries exhibdit

symmetry about one axis. In
wodel 1s used 1in this work
responsa of nuclesr seasuresent
the process of drilling a well.

parctic:lar, tne
to deteraine the
systeas dJduring

In order to efficiently mode. a wide varietv of
source, detector, borshole, drilling fluad, 3nd
formation conditions, the philosophy of the
simulation sodel 1s to decouple the gemma-ray
transport process from the detection process. It
requirea the ansumption that the presgcnce of the
decector wmaterial has a negligible effect o5n
famma-ray trarsport tuo the detector surface.
This w=modeling approach wes originally developed
for use with one-dimensional systems by 4. Evans'
at the Los Alsmos National Laboratory.

The present work extends this modeling approsch
to two-dimensional systeas. The twvo-disensional
discrete-ordinates neutral perticle transport
code DOT? :a used to wimulate tne transport of
neuticn or gasmma radiation and :hc’nnniog Monte
Carlu detector resgonse code GAMRES® 1s used to
tranaform the DOT computed radiation field to a
detec-ed pulse height spectrus. GAMRES can be
used for wscintillators., such as sodius lodide,
cesium lodide, snd bismuth germanats. The code
can also be modified to simulate the response of
GM cubem and solid state detectors such as ger-
Egniul. An efficient =model renults that can
couple msny radistion transport calculations to a
single detector response library. In this way,
the mote costly detector response calculations
using GAMRES gre performed just once.

approach was first used (or
ssasurement-while-drilling calculations in warx
reportad by Wilron, Roizumt and Dean’. The
sodel was one-dimensional and vas applied to °""e
problem nf natural gemma-ray seaJuremen’s in 'Me
drilling environment.

This w=odeling

The coupling cf deter or respons® with ‘*he T
computed radiation flel4 13 accomplished wit™ * -»

cade FNFOLD®.  Bark GAMRES and FNFOLD “aa :» =
modif:ed for use with Lhe DOT -omputed -rd;ar
fluxes. Figure 1. 1a & bloce dJdiagra= of - e
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Figure 4. Block Diagram Of
The Msjor Software Components
0f The Simulastion Model

The two-dimensiona]l simulation msodel 13 very af -
ficient. permitting extensive pnysics and design
studies of nuciear logging toole at reasonsble
cost. The model has been extensively benchmarced
wvith experisents and with Monre Carlo caiculs-
tions. The model has been 1installed on an
engineering work station. and promises 1n the
future to be a iow cost alternative =nd supple-
ment to Cche use of experisentation vith pnys.cal
models.

Some uses of the simuiation model and the resulrs
obtained are presented i1n later sections of the
paper. The next sections describe the simulation
sodel 1n  wmore detail and present the results of
benchmarx comparisons that establish the model's
valaditry.

SIMULATION MODEL

A tvo-dimensional wisulation model that includes
an accrate representation of scinrillation de-
tector response has been developed 1n vrder to
solve a certain class of msasurement problems en-
countered in the subsurface borenole environment.
These problems sre characte-i1zed by tha pierence
of a asvemetry axia, the axls ol the bdorenole.
Both the meterial propertiess and the Jistriovtion
of radiation suurres aust exhibit this criindri-
cal symmetry.

The firet applications -[ tn1s model Nave been 10
sisulale the reagonse of neutron porosity and

JIMMa-2i"Wma JeNailv Medsursients. [Me "ocel  Juld
4Also e applizd 7 fAaturdl 5IMMA-rav measurements
[NrJuyn [Jr=1tion oed DOoufiiaries «here Lhe oeas
Are separiated bv plape 1nterraces normai oo the
DOrengle Jix" s, [t appli@s o eirelinc lugs -nen
the tool i35 centralized witnin tye w=ell. and to
natural gamma-rav logs in drv =ells regardless of
=hetner tne rgol 135 centralized.

The neutron nerosity and gamma-gamma Jensity
geometry may lack ctne requlrea cylindricai
symmetry, depending on =nhere the polnt Source 13
located ind =necner the tnaol is centralizea
within the =eil. Althougn the detectar 1s not
actually preseit during the rad.atlon transport
portion of the simulation and nence does not
destroy the cylindrical symmerry, a polnt source
of radiaction located off the borenole centerline,
along the tonl housing edge, clearly destroys the
cylinarical symmetry of tne mzasurement geometrv.
However, this J41ffizulty has been avorded for
such cases by representing the neutron or
§amma-ray source as a ring-shaped distribution
“wrapped around’ the housing ecdge. Thim source
represencation 1s an approximacion but has been
shown to be accurate by coaparison to physical
EeaSurements Jsing &ctual polnt sources. of
course, 1f the point source resides al.ng the
borehole centerline, cthere 13 no difficulty 1n
reprssenting the point sourc as such 1n Che
s.mulation modsl.

The simulation approach used 1N thit work
achireves 1ts greateat efficiency when the
radiation transport portion af the calculat:on 1s
performed again and again for differing sources,
logging geometries. and material compositions but
in each .ase .3 convolv:d wirh the same detector
responss aap. Such 18 often the case wvhen
performing t<ol Jesign simulstiuns. For exsmple,
the detecto- may have been fixad by tool housing
and perforaance constraints 80 that its simulated
regponse nsed be determined only once. Then
environsental paraseters, such as -~he fluid
abnulus thickness, can be characterized 10 terms
of tocl perforssnce by repeacing the radiation
trgneport calculation for each thickness and
convolving each time with the ssme. previcusly
computed, decector response library. This then
becomes a cost effective way to dctermine
environsental effects, minimizing the need for
experimental dats. Tha datsctor response map
requires several hours of computer tims to
produce but this 18 done just once for 1 given
Jetector. The ctranspoic calculations require
between 2 ar 31 hours of computer time for =ach
cape. These omputarion times are for rhe SUN
model 3/160 engineering vork station.

The rrauwto-y :calculations are pertormed wi.h tha
fwo-disensiond. discrete-ordinates neutral part-
icle radiation transport code DOT. [his code was
written oy and has evolved over the yesrs at the
Jak Ridge Vaticnai Laboratory 2. Discrere vaiues
for the energy, space, and directi:n varidbles
wvare established thiough a grocess aof - omor-mpwe
beLween requiremants far convergence afl the
iterative procedure for solving nymeri-allv _he
transport ejudti.n and the desire far a reason-
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able toral running time on the computer. For
gamma-ray calculations, comparisons were made Lo
the analvtical, 1intinite medium, point source
calculations of Coldstein and Wilkins® to test
the adequacy of the Jiscrete mesh.

The discrete meshes emploved 1n the DOT calcula-
tions for the several measurement tvpes are:

| Neutron-Neutron. 37 energy groups, 48
radial points, 42 axial points, 16 direction
angles

2. Neutron-Gamma. 58 energy groups, 48 radial

points, 42 axial points, 16 direction angles

5. Gamma-Gamma. 29 energy groups, 62 radial
points, 60 axial points, 30 direction
angles.

A finer mesh in space and direction was necessary
for the gasma-gamma calculations becduse of the
generally larger attenuacion coefficients for
gamma rays than for neutrons and be:suse of the
larger anisotropy exhibited by the Compton
scarttering praocess than for elastic neutron
scattering. The larger number of energy groups
for neutron-neutron calculations is necessary
because the neutron cross sections exhibit a
finer structure than do gamma-ray cross aecticns.
The coupled neutron-gamea problem produces the
secondary gammas rays 83 a transfer process froa
the 37 neutron groups to 21 added gamar-ray
groups, hence the 58 energy groups for neutron—
gamma problems.

The numerical solution to the two-dimensional
radiation crensport equation produces a large
amount of highly differential flux dac.. The
particle flux is provided as s discrete function
of energy, radial and axial position, and direc-
tion. It is called the angular flux function and
physically is the rate at which the neutral
particles cross unit ares oriented normally to
one of the discrete directions st the point in
spece corresponding to s particular radial and
axial position and to one of the several discrete
energy groups. If che sngular flux (s totaled
over all possible directions at this location,
the result is called the scelar flux. Figure 2.
shows 8 typical geomsetry with a source pusitioned
for a gamma-gamsa density measuresent. Figure 3.
compares the energy dependent scalar flux spectra
at tvo locations, one on the houning edge, vhere
the detector aight be located, and another (n the
silica formation region. The source is Cs-137.
Notice the dominance of multiply acattered gamma
rays and the differance in photoelectric absorp-
tion at the lov energien. Variations in the lov
eneryy absorption with differing formation types
gives rise to .he well-known lithology response
of the litho-dennity tool in vireline logging.

The simulation Ls completed when the detector
reaponse function ie convolved with the angular
tluxes computed by DOT at aepecified detector
locationn, The analog Monte Carlo (ode GAMRES (s
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used to compute the detector response. GAMRES
was modified for use with the discrete directions
chosen for the DOT calculations. GAMRES produces
a simulated pulse-height spectrum tor each speci-
fied incident gamma-ray energy and each discrete
direction measured relative to the detector axis.
For example, when wused for a Cs-137 gamma-ray
source, pulse-height spectra are computed at 10
keV intervals from O to 0.67 MeVY and for six
incident angles for a total of 67 x 6 or 402
spectra, This library of spectra, the detector
response msap, 1s then convolved wich che DOT
computed angular fluxes, ar a particular loca-
tion, to produce the total pulse-height response
of the detector, Figure 4. is a pulse height
spectruy for such a ccnvoulution calculation. It
represents the count rate per ,0l MeV wide
channel for a scintillacion detector placed along
the housing edge at a particular spacing from the
gemma-ray source. The source peak at .66 MeV is
lost Ddecaune of che relacively poor energzy
resolution of the detector and because the peak
tmA a very small component of the total spectrum
at this source-detector spacing.
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Figure 4. Pulse Height Response
Of A Scintillstion Qetactor
Placed Within The Geometry

BENCHMARK COMPARISONS

The two-dimensional simulation model can be
applied to both neutron and gamma-ray measurement
Jysgtems a3 well as cto coupled neytron-gamma
jystems where gamma rays are produced by neutron
inceractions. The model has been verified tor
such measurement problems by comparison to both
experimental data and to calculations cthat
utilize the Monte Carlo technique.

The benchmark experiments utilize a test assembly
that may represent either wireline or measurem-
ent-while-drilling geometries and yet provides
the close control of material composition an'
dimensions required for an accurate simulation.
An experimental arrangement is shown in Figure 5.
The fluid annulus is represented by a variable
thickness of lucice pipe with an inner diameter
of 6.5~inches. The cank is filled with either
water-saturated Otrowa sand or with pure water.

STEEL
HOUS NG
LUCITE
QLEEVE N |/
6 ()
7 _ DETECTOA
SANO V) )
AND AS
WATER )
]
/ ]
37
sTERL LEAD —TTNY sounce
ST 4
TANK '{; /
7
/.
o
L iy
Figura S. Test Assembly for the

Benchmark Experiments.

A =section of steel pipe ts lovered {nlu the
luc.te snnulus. The pipe is (instrumented vith
varivus sensors, depending on the seasuremenc,
and the rsdiocactive source is moun’ed {inside the
pipe 01 the model centerline or near the edge.
For neutron-neutron seasurements & helium-)
detector is used and for neutron-gamma or gamns-
-gamma megsurements a scintillator (s ueed. Borh
are nounted along the pipe edge and can be moved
zlong & channel 'o very the source-deteclor

R. D, Wilson



spacing. For gamma-gamma backscatter measure-
ments, the scintillation detector position 138
fixed and the source is moved among three posi-
tivns to provide differing source-detector
spacings. The pipe has a 3-inch inside diamecer
and 6.5-inch outside diameter. The 1inner core,
which could contain fluid and various components,
was tilled to varying levels with lead shot or
polyethylene to provide shielding.

The simuylation model was used to compute datector
response versus source-detector spacing for the
neutron-neutron, neutron-gamma, and gamma-gamma

meagsurements. Figure 6. is representative of
the agreement obtained between the simulation
model and experiment. It shows the toral or

gross count gamma-ray response of the gamma-gamma
measurement as a function of spacing for a pure
water formacion, and for a water-saturated silica
formation. The gamma-gamma simulations were also
benchmarked by comparison toc a coxpletely
independent simulation utilizing the Monte Carlo
technique. The code MCNP' was used for the Monte
Carlo simulations.
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Figure 6. Comparison Of Benchmerk
Experiments To The Simulsticn Model.

The comparisons are absolute and generally quite
good. They indicate the model is accurate to
within 15 percent for the range of spacings, mea-
surements, and formacions studied.

APPLICATION OF THE luDEL

The simulation model has been used extensively in
a continuing effort to evaluate various nuclear
measurement concepts for detoermining formation
porosity and density 1in a wellbore. Figure |.
showed earlier a typical arrangement in which
such measurement systems might be located. The
major features are the thick steel pipe, the
inner and outer fiuid annuli, and the formation
region surrounding the well. Various source
energies have been considered for both the
neutron porosity and gamma-gamna density systems.
The J0rosity measurement was evaluated for source
locations inside the pipe on the pipe axis, and
near the outer edge of the pipe. The simulations
provide detector response for a range of forma-
tion porosities and densities. for many fluid
annulus conditions and as a function of source-
-detector spacing. Scintillation detectors used
for gamma-ray detection are wmoieled with the
GAMRES code. Neutron detectors, auch as the
helium-3 proportional counter, are modeied assum-
ing each thermal neutron or epitheraal neutron
within rhe detection vclume produces a count
according to the energy dapenient nautron-proton
reaction cross saction. All radiation transport
celcularions ware performed with the DOT cods,
whether neutrons or famma rays.

A neut -on-gaims @searurement has been chosen to
illustrate the application of the simulation
aodel. This wmessurement i3 potencially a
technique for determining formstion porosity
through detection of hydrogen capture gamms rays.
A scincillation detector is plsced at s partic-
ular spacing from a .aeutron source. The scin-
tillaror responds to thermal neutron capture
gamns radistion, principally from the elements
hydrogen, silicon, and iron. I[f the counts are
totaled across the entire spectrum, the so-cslled
total gasmms or gross-count jamama response
obtains, Figure 7. 1im @ plot of the total count
regsponse of the detector o8 a function of
source-detector spacing. The figure shows -~ur:es
for two different formation porosities and for
two different fluid annulus thicknesses. Such
curves can be developed for other flvid annulus
thicknesses and compositions to assess the effect
of the drilling fluld on the measurement,.

Calculations like these have been uped to select
dotector spacings, to establi:h source strength,
arnd to develop datu reduction snd calibration
procedures. Messurement systems thiat do not
display an axis of symmetry must be simulated
using & three-disensionsl model. The Monte Carlo
code MCN? has bean inatalled on an engineering

R. D. Wil .on



work station for this purpose, It has not yert
been used for nuclear tool design hut has
successfully provided venchmark data against
which the DOT simulation model has been compared.
The Monte Carlo model is the model of "last
resort” in the sense cthat 1t 1is a very time
consuming calculation and is subject to statisti-
cal fluctuations because of the stoichastic
nature of this simulation apprnach.

\\ ISOTOPIC

NEUTRON
SOURCE

s, POROSITY =
5%

\\\.

8 77

LOG GROSS GAMMA COUNT / SJOURCE NEUTRON

a THICK ANNULUS ;
o THICK, THIN N\ a

- - | " I

e THIN ANNULUS :\\
\

SOQURCE-DETECTOR SPACING

Figure 7. An Applicstion of the
Simulation Modal Showing the
Neutron-3emme Porosity spcnse

CONCLUSIONS

The two-dimensional logging tool simulation model
developed in this work has proved to be accu.ate,
afficient end Qquita useful in toul dewign
problems. The implementation of the simulation

model on the newest class of very powerful
englneering work stacions has tremendously
increased the usefulness of the simulation model
because of the modest cost of the computations.

Present efforts to install Monte Carlo simulation
models on the engineering workstatioa have been
very successful and che future of tiree-dimen-
sional and time-dependent modeling with Monte
Carlo techniques appears bright.
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