
I RT-7021-019 

NEUTRON FORMATION TEMPERATURE GAUGE 
AND NEUTRON ACTIVATION ANALYSIS 
BRINE FLOW METER 

Final Report, October 1, 1976-March 31, 1978 

BY 
Nicholas Vagelatos 
Donald K .  Steinman 
Joseph John 

March 31, 1978 

Work Performed Under Contract No. EY-76-C-03-0936 

I RT Corporation 
San Diego, California 

u. s. DE$ RTMEMT OF E N E R G Y  
eothermal Energy 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



NOTICE 

This report  was prepared as an account of work \ponsored t::, the United States 
Government .  Neither the United Star ts  nor the United Stales h p a r t m e n t  of Energy, nor 
any of their employees,  nor any of their contractors,  subcontractors.  or their empli:yees, 
makes any warranty,  express o r  implied,  o r  assumes any legal Iiabiiity n r  re5ponsibility for 
the accuracy, completeness or usefulness of any information,  ippar:itiis, product  or process 
disclosed, o r  represents that  its use would n o t  infringe privately owned rights. 

This report has been reproduced directly from the best available copy. 

Available from the National Technical Information Sen ice, U. S. Department of 
Commerce, Springfield, Virginia 22161. 

I’rizc: Papc:- Copy S7.15 
hlicroficlie 3 . 0 0  



I RT-7021-019 
Distribution Category U C - 6 6 b  

NEUTRON FORMATION TEMPERATURE GAUGE AND 
NEUTRON ACTIVATION ANALYSIS BRINE FLOW METER 

FINAL REPORT 
October 1,1976 through March 31, 1978 

NOTICE 

This report was prepared as an account of work 
sponsored by the United States Covemrnmt. Neither the 
United Stater nor the United Stales Department of 
Energy, nor any of their employee$, nor any of theN 
contractors, rubconlractorr, or their employees, makes 
any warranty. express or implied, 01 assumes any legal 
liability or responsibility for the accuracy. campletenerr 
or uvfulnesr of any mformtmn, apparatus, product or 
process daclared, or reprevnts that its UY would not 
mfringe privately owned nghu 

Nicholas Vagelatos, Donald K. Steinman, 
and Joseph John 

Prepared for 
DEPARTMENT OF ENERGY 

Under 
Contract EY-76-C-03-0936, A48 





TABLE OF CONTENTS 

1 . INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

2 . FEASIBILITY STUDY OF THE FORMATION TEMPERATURE GAUGE . . . .  5 

2.1 Underlying Principles . . . . . . . . . . . . . . . . . . . . . . .  5 

2.1.1 General  Theory . . . . . . . . . . . . . . . . . . . . . .  5 
2.1.2 Methodology . . . . . . . . . . . . . . . . . . . . . . .  9 

2.2 Formation Tempera ture  Gauge . . . . . . . . . . . . . . . . . . .  17 

2.2.1 Cf-252 Source Character is t ics  . . . . . . . . . . . . . . .  18 
2.2.2 Neutron Detec tors  . . . . . . . . . . . . . . . . . . . .  21 
2.2.3 Fi l ter  Materials . . . . . . . . . . . . . . . . . . . . . .  24 

2.3 Computational Study of t h e  Tempera tu reGauge  Response . . . . . . .  25 

2.3.1 Computational Model . . . . . . . . . . . . . . . . . . .  28 
2.3.2 Calculation of t h e  Filtered-to-Bare Detec tor  Count  Ra t io  . . .  32 

2.4 Experimental  Study of t h e  Tempera tu reGauge  Response . . . . . . . .  43 

2.4.1 Preliminary Measurements . . . . . . . . . . . . . . . . .  43 

2.4.1.1 Experimental  Arrangement . . . . . . . . . . . . .  43 
2.4.1.2 Experimental  Results . . . . . . . . . . . . . . .  46 
2.4.1.3 Experimental  Technique Accuracy . . . . . . . . . .  56 

2.4.2 Measurements in t h e  Well Geometry  . . . . . . . . . . . . .  58 

2.4.2.1 Tes t  Stand . . . . . . . . . . . . . . . . . . . .  59 
2.4.2.2 Sonde Mockup . . . . . . . . . . . . . . . . . .  62 
2.4.2.3 Initial Measurements . . . . . . . . . . . . . . .  67 

2.5 Preliminary Conceptual Design of a Formation Tempera ture  Gauge . . .  76 

2.5.1 Est imates  of Performance Specifications . . . . . . . . . . .  76 
2.5.2 Conceptual System Layout . . . . . . . . . . . . . . . . .  79 

... 
111 



A 

TABLE OF CONTENTS (continued) 

3 . FEASIBILITY STUDY OF A NEUTRON ACTIVATION ANALYSIS 
BRINEFLOWMETER . . . . . . . . . . . . . . . . . . . . . . . . .  87 

3.1 Neutron Activation-BasedFlow R a t e  Determination . . . . . . . . . .  87 

3.1.1 Neutron Activation Analysis (NAA) . . . . . . . . . . . . .  88 
3.1.2 In Situ Activation Method: Vertical Flow . . . . . . . . . .  89 

3.1.2.1 

3.1.2.2 

Continuous Irradiation. Single-Detector Vertical Flow R a t e  
Determination . . . . . . . . . . . . . . . . . . . .  94 
Continuous Irradiation. Two-Detector Vertical Flow R a t e  
Determination . . . . . . . . . . . . . . . . . . . .  96 

3.1.3 In Situ Activation Method: La tera l  Flow . . . . . . . . . . .  101 

3.2 Technique Applicability . . . . . . . . . . . . . . . . . . . . . .  107 

4 . CONCLUSIONS AND RECOMMENDATIONS . . . . . . . . . . . . . . .  109 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . .  111 

APPENDIX: NEUTRON TRANSPORT CALCULATIONS IN INFINITE 
MODERATING MEDIA . . . . . . . . . . . . . . . . . . .  113 

iv  



LIST OF FIGURES 

Figure 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Thermal neutron energy distributions in a moderating medium for  several  

Schematic  diagram of t h e  formation tempera ture  sensor showing t h e  

Preliminary calculation of t h e  tempera ture  gauge response assuming no 

values of t h e  neutron temperature ,  Tn . . . . . . . . . . . . . . . . .  
essential  components of t h e  system 

1/E contribution to t h e  neutron de tec tor  response . . . . . . . . . . . .  
Calif ornium-252 fission neutron spectrum 
Californium-252 gamma spectrum . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  

Calculated de tec tor  efficiency of He-3 filled proportional counters  . . . .  
Calculated transmission functions for  boron, samarium, and  gadolinium 
f i l te rs  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Calculated transmission function for  cadmium 

Comparison betoween t h e  transport-calculated (GGC) thermal  neutron flux 
in water  at 300 K and t h e  corresponding Maxwellian function . . . . . . .  
Variation of t h e  apparent  formation temperature ,  Tn, of 17 percent  porous 
quar tz  formation with various degrees of water  saturat ion 

Calculated formation tempera ture  gauge response in water  using a 
RS-P4-0410-204 He-3 filled detector ,  and natural  isotope abundance boron 
f i l ters  of various thicknesses . . . . . . . . . . . . . . . . . . . . .  
Calculated formation tempera ture  gauge response in water  using a 
RS-P4-04 10-204 He-3 filled detector ,  and natural  isotope abundance 
samarium f i l ters  of various thicknesses 

Calculated formation tempera ture  gauge response in water  using a 
RS-P4-04 10-204 He-3 filled detector ,  and natural  isotope abundance 

. . . . . . . . . . . . .  

. . . . . . . .  

. . . . . . . . . . . . . . . .  

gadolinium f i l ters  of various thicknesses . . . . . . . . . . . . . . . .  

7 

10 

14 

19 
20 

23 

26 

27 

30 

31 

33 

34 

35 

Calculated formation tempera ture  gauge normalized response in water  using a 
RS-P4-0410-204 He-3 filled detector ,  and natural  isotope abundance boron 
f i l ters  of various thicknesses . . . . . . . . . . . . . . . . . . . . .  
Calculated formation tempera ture  gauge normalized response in water  using a 
RS-P4-0410-204 He-3 filled detector ,  and natural  isotope abundance 

Calculated formation tempera ture  gauge normalized response in water  using a 
RS-P4-04 10-204 He-3 filled detector ,  and natural  isotope abundance 

36 

samarium fil ters of various thicknesses . . . . . . . . . . . . . . . .  37 

gadolinium f i l ters  of various thicknesses . . . . . . . . . . . . . . . .  38 

A 

V 



17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

Formation tempera ture  gauge sensitivity derived from t h e  calculated 
tempera ture  gauge response in water  using Equation 6, a RS-P4-04 10-204 
He-3 filled detector ,  and a 0.006 c m  thick natural  isotope abundance 

Calculated formation tempera ture  gauge response using Equation 6 with 
a RSP40410204 He3 filled de tec tor  and a similar de tec tor  with five 
atmospheres fill gas pressure and with a 0.006 c m  thick natural  abundance 

Calculated formation tempera ture  gauge response using Equation 6 for  
various 1/E spectrum amplitudes (various values of C) with a RS-P4-0410- 
204 He-3 filled de tec tor  and a 0.006 c m  thick natural  abundance gadolinium 
f i l ter  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Photograph of experimental  equipment used for  t h e  preliminary 
measurements  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Schematic  of t h e  top  view of t h e  experimental  arrangement  for  

Calculated and observed count ra t ios  of Gd-filtered-to-bare de tec tor  
counts  in water. The calculated response (line curve) was obtained for  a n  

Observed count ratio,  R, in t h e  various test media as a function of t h e  
temperature .  The data were obtained with t h e  preliminary experimental  
arrangement and were experimentally cor rec ted  for  t h e  1/E background . . 
Mapping of t h e  count ra t io  as a function of t h e  ra t io  CB /CFd. The 
curves represent conditions of constant  tempera ture  or  cons a n t  

Mapping of t h e  count ra t io  as a function of t h e  bare  de tec tor  counts for  
various conditions of t h e  formation tempera ture  and absorption, but for  

Mapping of t h e  count ra t io  as a function of t h e  bare  de tec tor  counts for  
various conditions of t h e  formation tempera ture  and absorption, but for  

Overview of t h e  geothermal  test s tand showing t h e  heat  exchanger,  t h e  
neutron counting electronics,  and t h e  test formation chamber .  . . . . . .  
Schematic  diagram of t h e  formation tempera ture  gauge test stand. . . . .  
Photograph showing t h e  inside of t h e  empty  test formation container . . .  
Sonde mockup configuration used for  evaluation of t h e  formation tem- 
pera ture  sensor . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Part ia l  photograph of t h e  sonde mockup showing t h e  s t ructural  devices 
used t o  position and support  t h e  various sensor components . . . . . . . .  
D a t a  obtained with t h e  sonde mockup for  a water  test formation 

D a t a  obtained in water  test formation with water  boric acid solution as 
t h e  borehole fluid. . . . . . . . . . . . . . . . . . . . . . . . . .  

gadolinium f i l ter  . . . . . . . . . . . . . . . . . . . . . . . . . .  

gadolinium f i l ter  . . . . . . . . . . . . . . . . . . . . . . . . . .  

preliminary tempera ture  gauge response measurements  

infinite medium using Equation 6. . . . . . . . . . . . . . . . . . . .  

. . . . . . . . .  

t h  

absorption and moderation . . . . . . . . . . . . . . . . . . . . . .  

constant  moderating power . . . . . . . . . . . . . . . . . . . . . .  

constant  moderating power . . . . . . . . . . . . . . . . . . . . . .  

. . . . .  

41 

42 

44 

45 

47 

50 

52 

54 

55 

57 

60 

61 
63 

64 

66 

69 

70 



34 

35 
G 

36 

37 

38 

39 

40 

41 

42 

4 3  

44 

45 

46 

47 

48 

49 

50 

51 

D a t a  obtained in water  boric acid solution test formation with water  as 
t h e  borehole fluid . . . . . . . . . . . . . . . . . . . . . . . . . .  
D a t a  obtained in water  boric acid solution test formation with water  
boric acid solution as t h e  borehole fluid . . . . . . . . . . . . . . . .  
Mapping of t h e  count ratio,  R, as a function of t h e  normalized bare 
de tec tor  counts for various conditions of t h e  test formation and borehole 
fluid t empera tu re  and neutron absorption cross section, but for constant  
neutron moderating power . . . . . . . . . . . . . . . . . . . . . .  
Schemat ic  overview of logging sys tem hardware. . . . . . . . . . . . .  
Conceptual layout of t h e  formation t empera tu re  sonde subsystems. . . . .  
Block diagram of downhole electronics  . . . . . . . . . . . . . . . . .  
Block diagram of sur face  electronics  . . . . . . . . . . . . . . . . .  
Schemat ic  block diagram of system showing t h e  flow of d a t a  and control 
between subsystems. Ballons are shown where operator  control is required . 
Schemat ic  diagram of a two-detector neutron activation-based vertical  

Calcu la ted  near-to-far de tec tor  photon count r a t io  as a funct ion of t h e  
ver t ical  f low r a t e  for various dis tances  between t h e  t w o  detectors .  The  
ac t iva ted  nuclide is 38mCl? . . . . . . . . . . . . . . . . . . . . . .  
Calculated near- to-far-detector photon count ra t io  as a function of t h e  
ver t ical  flow r a t e  for various distances between t h e  two  detectors .  The  

Rela t ive  change in the  count ra t io  of near-to-far-detector per unit  change 
in  the  flow rate .  The  ac t iva ted  nuclide is 38mCl?. . . . . . . . . . . . .  
Rela t ive  change in t h e  count ra t io  of near- to-far-detector per unit  change 
i n  the  flow rate .  The  ac t iva ted  nuclide is 16N . . . . . . . . . . . . .  
Estimated accuracy of a two-detector flow r a t e  gauge. The  ac t ive  element  
i ~ ~ ~ " ' C l ? ,  and t h e  counting period is one hour 
Estimated accuracy  of a two-detector flow r a t e  gauge. The  ac t ive  element 

Estimated accuracy of a two-detector flow r a t e  gauge. The  ac t ive  element 
is N, and t h e  counting period is one hour . . . . . . . . . . . . . . .  
Estimated accuracy  of a two-detector flow rate gauge. The  ac t ive  e lement  
is N, and t h e  counting period is four hours . . . . . . . . . . . . . .  
Schemat ic  diagram of t h e  source,  de tec tor  and coll imator arrangement for  
t h e  determinat ion of la teral  flow in the  absence of ver t ical  flow 

flow r a t e  gauge .  . . . . . . . . . . . . . . . . . . . . . . . . . .  

ac t iva ted  nuclide is 16N . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . .  
is 38mC1, and t h e  counting period is four hours . . . . . . . . . . . . .  

16 

16 

. . . . .  

72 

74 

75 

80 

82 

83  

85  

86 

97 

97 

98 

99 

100 

102 

103 

104 

105 

106 

vii 



ACKNOWLEDGMENTS 

The authors wish to express their  appreciation to various people for  their  

contributions to this study. W e  would like to thank Mr. J. C. Young for t h e  original 

es t imates  of t h e  tempera ture  gauging technique sensitivity, Professor G. C. Summer- 

field of t h e  University of Michigan Nuclear Engineering Department  for t h e  neutron 

t ransport  calculations, Mr. D. H. Houston for  t h e  GGC code neutron flux computations, 

Mr. W. J. Smith for  technical assistance in preparation of t h e  experimental  equipment,  

and Mr. R. L. Palmer for assistance in d a t a  acquisition. W e  also wish t o  thank 

Mr. H. R. Lukens for  t h e  es t imates  of photon count ra tes  used in assessing t h e  flow 

gauging technique. 
The  au thors  especially wish to thank Mr. H. J. Weber for  invaluable c r i t i ca l  

evaluation of t h e  study. 
W e  would l ike to thank Ms. L. L. Sanders and Mrs. V. G. Pitts for their  assistance 

in manuscript preparation, handling of correspondence, and other  off ice  matters .  W e  
also wish to thank t h e  IRT Publications Department  personnel for t h e  preparation of 

this report ,  as well as for  numerous monthly reports. 

v i i i  



ABSTRACT 

Feasibility studies of nuclear techniques applicable to t h e  determination of geo- 

thermal  formation tempera ture  and two-phase brine flow downhole have been per- 
formed. The formation tempera ture  gauging technique involves injection of f&st neu- 

trons into t h e  formation and analysis of t h e  moderated slow neutron energy distribution 

by appropriately f i l tered neutron detectors.  The scient i f ic  feasibility of t h e  method has 
been demonstrated by analytical  computation and experimental  evaluation of t h e  

system response. A d a t a  analysis method has been developed to determine unambig- 

uously t h e  temperature ,  neutron absorption cross section and neutron moderating power 

of an  arbi t rary medium. The initial phase of a program to demonstrate  t h e  engineering 

feasibility of t h e  technique has been performed, A sonde mockup was fabricated and 

measurements  have been performed in a test s tand designed to simulate a geothermal 
well. The results indicate t h a t  t h e  formation tempera ture  determined by this method is 

independent of differences between t h e  tempera ture  in t h e  borehole fluid and t h e  

formation, borehole fluid density, and borehole fluid salinity. Est imates  of performance 

specifications for a formation tempera ture  sonde have been made on t h e  basis of 

information obtained in this  study and a conceptual design of a logging system has been 

developed. The technique for t h e  determination of fluid flow in a well is based on 
neutron activation analysis of elements  present in t he  brine. An analytical  evaluation 
of the  method has been performed. The results warrant fur ther ,  experimental  
evaluation. 
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A patent application covering the temperature gauge system des- 
cribed in this report is on file a t  the U.S. Patent Office. The patent 
application addresses uses of the system for remote, noncontact 
temperature measurements in boreholes and other environments. In 
addition, applications of the system's ability to measure the neutron 
absorbtion cross section and the neutron moderating power of 
arbitrary media are covered by the patent application. 
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1. INTRODUCTION 

Geothermal  well logging is currently in a very ear ly  s t a g e  in its development, and 
t h e  biggest e f for t  by f a r  is being made to adapt  t h e  technology developed over many 

years of oil well logging for  geothermal reservoir evaluation. In many instances, this 

involves upgrading conventional instrumentation to withstand t h e  hot, highly corrosive 

geothermal environment. Several geothermal well or reservoir parameters ,  however, 

cannot be determined reliably by conventional means. Such parameters  may be 

essential  in assessing t h e  reservoir potential ,  or in providing a basis for t imely decision 

making for  field development and eff ic ient  resource exploitation. I t  is a goal of t h e  IRT 

geothermal program to develop and make commercially available instrumentation for  

t h e  determination of these  parameters.  

Formation temperature ,  pressure, and fluid flow a r e  generally considered by t h e  
geothermal community as t h e  three  most important  parameters  in assessing geothermal 

well potential. The work discussed in this report  has addressed t h e  applicability of 

nuclear techniques for  t h e  determination of t h e  formation tempera ture  and downhole 
fluid flow rates.  I t  const i tutes  feasibility studies of concepts  developed at IRT. By f a r  

the grea te r  emphasis has been placed on t h e  development of a formation tempera ture  

sensor. This work includes a computational analysis, as well as experimental  evaluation 
of t h e  formation t empera tu re  gauging concept  to demons t r a t e  its feasibility. Only 

analytical  evaluation of t h e  concepts  applicable to t h e  determination of brine flow rates 
has been performed. 

Conventional means for determining geothermal formation tempera ture  a r e  
indirect ,  extremely t i m e  consuming, and not very reliable. Current  techniques make 

use of conventional tempera ture  sensors, e.g., thermocouples, thermistors,  to  measure 

t h e  tempera ture  of t h e  borehole fluid. The  formation tempera ture  is inferred from such 

measurements  e i ther  by extrapolation of t h e  fluid tempera ture  change with t i m e  or by 

assuming t h a t  thermal  (temperature) equilibrium has been achieved between t h e  

borehole fluid and t h e  surrounding formation. The  extrapolation technique requires 

many hours (<24) t o  several  days of d a t a  gathering for a single tempera ture  

1 



determination. The second method is even slower, requiring many days (even a f e w  

q o n t h s )  for  t h e  onset of tempera ture  equilibrium. Both methods a r e  adversely a f fec ted  

by convection currents  and o ther  fluid circulation. Current  (impeller type) flow meters  

a r e  not applicable to two-phase (steam-water) fluid flow. In view of t h e  importance of 

these parameters,  and in order to expedite geothermal industry development, it is 

desirable t h a t  new technology be developed now which can provide t h e  necessary 

information in a direct ,  rapid, reliable manner. 

The neutron formation tempera ture  gauging technique studied is based on well 

established principles of neutron moderation and thermalization theory (Refs 1,2). I t  

involves injection of energet ic  neutrons into t h e  formation and analysis of t h e  

moderated,  slow neutron energy spectrum which is determined by t h e  formation 

temperature ,  and its neutron absorption and moderating properties. Although t h e  

underlying theory is not new, t h e  technique for  analyzing t h e  slow neutron spectrum is. 

I t  makes use of three  appropriately f i l tered neutron detectors.  Cross plotting of 

observed de tec tor  responses allows unambiguous determination of t h e  temperature ,  and 

t h e  neutron absorption cross section and moderating power of a n  arbi t rary medium 
(formation). The technique is simple, direct ,  noncontact,  and much fas te r  than methods 
current ly  used. I t  appears at this point t h a t  a n  instrument  based on t h e  above method 

can best be utilized during drilling to measure bottomhole temperatures  between 

changes of t h e  drill bit. I t  i s  at this t i m e  t h a t  t h e  formation will be leas t  disturbed and 

t h e  radial t empera ture  profile will be f la t  up to a very small  distance from t h e  borehole 

wall. 

The fluid flow gauging techniques examined a r e  based on in-situ neutron 

activation analysis (NAA) of t h e  brine. Elements generally found in geothermal brines 

a r e  ac t iva ted  by neutrons from a source in a sonde, and t h e  subsequent decay gamma 

radiation is monitored by de tec tors  appropriately located in t h e  instrument.  The 

method does not require direct  contact  with t h e  fluid. I t  requires only t h a t  the brine 

contain an  act ivatable  element.  Therefore,  t h e  present methods a r e  applicable to two- 

phase fluid flow as long as e a c h  phase contains a proportionate amount of t h e  

act ivatable  substance. 

The neutron formation tempera ture  concept and t h e  methodology for  t h e  

unambiguous determination of t h e  formation tempera ture  a r e  discussed in 

subsection 2.1 of this report. Subsection 2.2 discusses t h e  various essential  components 

of t h e  system. The computational analysis of t h e  gauge response is described in 

subsection 2.3. Measurements which demonstrate  t h e  scientific feasibility of t h e  

n 
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method, as well as t h e  initial experiments intended to demonstrate  its engineering 

feasibility a r e  discussed in subsection 2.4. Subsection 2.5 discusses a formation 

tempera ture  sonde performance specifications estimates based largely on t h e  results of 

t h e  measurements. The conceptual design of a tempera ture  logging system is also 

described in subsection 2.5. The NAA brine flow gauging methods and analysis a r e  

presented in Section 3. Further  experimental  work necessary to complete  t h e  

demonstration of t h e  engineering feasibility of t h e  formation tempera ture  gauge and t o  

delineate its design specifications, and t h e  need for  experimental  evaluation of t h e  fluid 

flow gauge a r e  discussed fur ther  in t h e  concluding sect ion of this report .  

@ 
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2. FEASIBILITY STUDY OF THE FORMATION TEMPERATURE GAUGE 

2.1 UNDERLYING PRINCIPLES 

The concepts underlying t h e  technique for  t h e  determination of t h e  formation 

tempera ture  a r e  discussed in this  section. This discussion of t h e  theory is followed by a 
description of t h e  general  method implementing these  concepts. Details  of t h e  method 

a r e  presented in subsection 2.2 which describes t h e  various components of t h e  

tempera ture  sensor. Subsection 2.3 describes a computational analysis of t h e  method 

and subsection 2.4 discusses t h e  experimental  study of t h e  tempera ture  gauge response. 

Subsection 2.5 presents a concept design of a formation tempera ture  sonde. 

2.1.1 General Theory 

When energet ic  (fast) neutrons a r e  injected in to  a moderating medium, they 

propagate through i t  undergoing collisions with t h e  surrounding atoms. A s  a result ,  

their  energies a r e  reduced in e last ic  and inelastic interactions.  Unless they a r e  ab- 

sorbed during t h e  slowing-down process, neutrons eventually achieve thermal  equili- 

brium with t h e  moderating medium. That is, their  kinetic energies a r e  reduced to t h e  

range of thermal  (periodic) motions of t h e  various atoms. Thereaf ter ,  t h e  slow neutrons 

diffuse through t h e  medium (until they a r e  absorbed or  they decay) neither losing nor 
gaining additional energy, in t h e  average, in subsequent collisions. 

Because of t h e  thermal motion of t h e  interact ing a toms and t h e  s ta t is t ical  (ran- 
dom) nature  of neutron propagation and diffusion, t h e  slow neutron energies a r e  not all 

equal, but they a r e  distributed over a range of values. Since slow neutrons a r e  in 

thermal  equilibrium with their  surroundings, their  energy distribution ref lects  t h e  

thermal  state of t h e  medium, Le., its temperature ,  as well as i t s  neutron properties, 

Le., absorption and scat ter ing (Ref 1). The slow neutron spectrum generally consists of 

two distinct components. The thermal  component occupies t h e  lower energy par t  of t h e  
spectrum while t h e  epi thermal  component occupies t h e  higher energy portion, t h e  

slowing down region. 
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The slow neutron energy distribution is re f lec ted  in t h e  energy dependence of t h e  

scow neutron flux. This quant i ty  is  t h e  product of t h e  density n(E), of neutrons with 

kinetic energy E, and their  velocity, v(E). I t  is  t h e  neutron field parameter  which, in  
conjunction with t h e  moderator properties, determines t h e  neutron interact ion rates ,  

e.g., scat ter ing,  absorption, etc. The slow neutron flux is  generally represented ac- 
curately by t h e  expression 

where +(E) = neutron flux; n = neutron density, mn = neutron mass, k = Boltzman con- 

s tan t ,  E = neutron kinetic energy, T = neutron tempera ture ,  and C = constant.  

The f i r s t  t e rm in Eauation 1 is a Maxwellian function representing t h e  thermal 

component of t h e  moderated (slow) neutron flux. I t  is this par t  of t he  spec t rum 

which is sensit ive to the  moderator tempera ture  via t h e  parameter  Tn (Ref 1). This 

parameter  is discussed fur ther  in following paragraphs. The second t e rm in Equation 1 

consists of neutrons with energies in t h e  slowing down region of t h e  slow neutron energy 
distribution. The constant  C which determines t h e  amplitude (neutron lopulation) of 

this spectral  region is independent of t h e  moderator  tempera ture  and neutron absorp- 

tion, and is determined ent i re ly  by t h e  neutron moderating properties of t h e  medium. 

n 

As  previously noted, t h e  slow neutron energy distribution is determined, in par t ,  

by t h e  tempera ture  of t h e  moderating medium. This occurs, because Tn which char- 
ac te r izes  t h e  thermal  component of t h e  spectrum is a function of t h e  moderator 

tempera ture ,  T. Figure 1 presents  several  slow neutron spec t r a  calculated on t h e  basis 

of Equation 1 for  a single moderating medium, but for  various values of t h e  neutrori 

t empera ture .  These spec t r a  clearly display t h e  dependence of t h e  thermal  region on Tn. 

Since t h e  various spec t r a  shown correspond to t h e  s a m e  medium, i.e., t h e  s a m e  neutron 

properties, these distributions also exhibit t h e  spectral  dependence on moderator 

temperature .  The figure also displays t h e  insensitivity of t h e  spectrum in t h e  slowing 
down region to t h e  tempera ture  of t h e  moderating medium. 

If t h e  neutron tempera ture  depended on t h e  medium tempera ture  only, i.e., if 

T = Tn(T), t h e  tempera ture ,  T, could be determined simply by a single measurement  of 

9 (E) at E = Eo (or in t h e  region Eo< E < Eo + AE) within t h e  range of the  thermal  

component of t h e  spectrum. The situation, however, is not as simple as this, because, 

as previously noted, t h e  slow neutron energy distribution depends on the  neutron 

n 
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Figure 1. Thermal neutron energy distributions in a moderating medium for several 
values of the neutron temperature, T , calculated on the basis of Equa- 
tion l. Since the neutron properties 0”f the medium are the same in each 
case, these distributions clearly display the spectral dependence on the 
moderator temperature. Generally, Tn = Tn(T, Ca, 
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properties of t h e  moderating medium as well as on its temperature .  More specifically, 

where T = moderating medium temperature ,  E a  = neutron absorption cross  section, 

= neutron sca t te r ing  cross section, and 5 = average  logarithmic energy loss per neutron 

collision with a moderator atom. t z s  is t h e  moderating power of a medium, i.e., a 
measure of its effect iveness  in slowing down fast neutrons. 

The specific functional dependence of Tn on t h e  tempera ture  and neutron pro- 

per t ies  of the  moderating medium is determined by t h e  geometry of t h e  medium and t h e  

neutron source. For example,  in an infinite medium with a uniformly distributed 

neutron source 

S 

where  a is an  empirical  constant  (Ref 1,2). The validity of Equation 3 has been demon- 
s t r a t ed  for nuclear reac tor  cores  where t h e  above conditions a r e  closely approximated. 

In contrast ,  t h e  relationship corresponding to t h e  case of a point source in an  infinite 

medium is very complex. In this case, Tn is an  integral  function of T, Ca and. [ E s  (See 

Appendix). Regardless of t h e  complexity of t h e  above expression, however, Tn (and 

thus,  t h e  slow neutron energy distribution) depends on t h e  s a m e  th ree  properties of t h e  

medium, namely t h e  tempera ture ,  t h e  neutron absorption cross  section, and t h e  neutron 

moderating power. 

Since t h e  information regarding t h e  moderating medium tempera ture  is implicit in 

t he  energy distribution of neutrons propagating through it, t h e  tempera ture  can  be  

determined by properly analyzing t h e  moderated neutron spectrum. The implication of 
t h e  neutron tempera ture  dependence on t h e  neutron properties in addition to 

tempera ture  is tha t  t he  procedure is more involved requiring more  than t h e  single 

measurement  discussed previously. One  obvious method of analysis would involve t h e  
point by point determination of t h e  en t i re  slow neutron spectrum using t h e  well known 

techniques of slow neutron spectrometry.  This e laborate  procedure,  however, is t ime  

consuming and requires t h e  use of bulky equipment. As such, it is not practical  for  

borehole logging applications. The present technique is much simpler and fas te r ,  and i t  

n 



is suitable f o r  downhole measurements. I t  requires t h e  measurement of neutrons with 

energies in three  appropriately chosen regions in t h e  slow neutron energy range. These 
regions a r e  chosen so t h a t  t h e  results of e a c h  set of three  measurements  bears a one-to- 

one correspondence with t h e  set of conditions under which t h e  measuremerits a r e  

performed, Le., T, Za, and [C,. This method leads to t h e  unambiguous determination 
of t h e  medium (formation) tempera ture  and, simultaneously, its neutron absorption 

cross section and moderating power. 

@ 

2.1.2 Methodology 

Implementation of t h e  above concepts to actually determine t h e  tempera ture  of 

an  arbi t rary medium, i.e., geothermal formation, involves placing a tempera ture  gauge, 

in a sonde, next to t h e  medium (formation) of interest .  The tempera ture  sensor consists 
of a fast neutron source and t h r e e  detectors  sensit ive to neutrons with energies in three  

different  regions of t h e  slow neutron range. Figure 2 presents a schemat ic  diagram of 

t h e  gauge. A Cf-252 fast neutron source and He-3 gas filled proportional neutron 

counters  a r e  particularly suitable for this application. The character is t ics  of t h e  

essential  components of t h e  system will be discussed in subsection 2.2. The response of 

t h e  various de tec tors  and t h e  procedure for determining t h e  formation tempera ture  a r e  
discussed in this subsection with reference to t h e  important general  neutron properties 

of t h e  various components. 

The neutron tempera ture  sensor (Figure 2) is placed downhole next to t h e  for- 

mation whose tempera ture  is to be determined. A la rge  fract ion of t h e  neutrons 

e m i t t e d  by t h e  source enter  t h e  formation, propagate through it, and a large number of 

these achieve thermal  equilibrium. The slow neutrons diffuse through t h e  formation and 
many of them eventually escape (leak) back into t h e  borehole. The energies of t h e  slow 

leakage neutrons a r e  distributed in a spectrum identical  t o  t h a t  of t h e  slow neutrons 

st i l l  diffusing through t h e  formation. Therefore,  t h e  leakage slow neutron spectrum 
contains all  t h e  information regarding t h e  formation tempera ture  and neutron 

properties. When properly analyzed, this  spectrum yields t h e  values of these  

par a m  e t e r  s. 

The penetration distance of neutrons into t h e  formation, Le., t h e  range of inves- 

tigation, depends on t h e  initial neutron energy and t h e  formation neutron properties. 

The l a t t e r  a r e  largely determined by t h e  formation hydrogen content ,  i.e., sa tura ted  
porosity, and t h e  salinity of t h e  brine. The penetration depth of t h e  formation tempera- 

tu re  gauge can best be determined experimentally. This distance should be similar to 63 
9 
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Figure 2. Schematic diagram of the formation ternperatwe sensor showing the 
essential components of the system. The "sonde" is shown in the side- 
walled configuration which is appropriate for minimizing borehole 
fluid interference. 



those appropriate to other  neutron-neutron logging tools. I t  should be between f ive and 

t e n  inches (Ref 3,4). 

Three neutron detectors ,  e+, He-3, a r e  placed in t h e  sonde near t h e  neutron 

source. When t h e  tool is sidewalled as i n F i g u r e  2, t h e  de tec tors  are located next to t h e  
formation to analyze ‘(sample) t h e  leakage slow neutron spectrum with minimum 

interference from t h e  borehole fluid. The various de tec tors  a r e  made sensitive t o  
neutrons with energies in specific (different) regions of t h e  slow neutron range by 
covering individual de tec tors  with materials having different  energy dependent neutron 

absorption character is t ics  (neutron filters). Appropriate mater ia ls  for this application 
a r e  cadminum (Cd), and gadolinium (Gd). Therefore,  one  of t h e  t h r e e  de tec tors  is 

covered with Cd, t h e  second is covered with Gd, and t h e  third is used bare  (unfiltered). 

Boron or samarium could be used in place of t h e  gadolinium filter. This substitution, 

however, will result  in lower sensitivity as will be shown in subsection 2.3. 

Before describing t h e  procedure for  determining t h e  formation parameters  from 
t h e  observed de tec tor  responses, a simple example amenable to manual computation is 

presented to demonstrate  he validity of t h e  approach. The number of neutrons, CB, 

recorded by a bare  (unfiltered) detector  immersed in a neutron field is a convolution of 

t h e  energy dependent neutron flux, G(E), at t h e  de tec tor  position, and t h e  energy 
dependent de tec tor  counting efficiency, €(E). That  is, 

where Emax is t h e  maximum kinetic energy of source neutrons. Similarly, t h e  counts  
recorded by a f i l tered (gadolinium-, boron-, o r  samarium-covered) de tec tor ,  CF, are 

where T ~ ( E ,  tF) = f i l ter  transmission for  neutrons with energy E, and tF = f i l t e r  thick- 

ness. The  f i l ter  transmission is determined primarily by t h e  energy dependent neutron 

absorption cross section of t h e  f i l ter  mater ia l  and will be discussed fur ther  in 

subsection 2.2.3. The rat io  of t h e  filtered-to-bare de tec tor  responses is t h e  quantity 
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which is effect ively normalized to t h e  s a m e  neutron density, n, Equation 1. 

Substituting t h e  expression for  @(E), Equation 1, into t h e  above equation, 

dE- E-'- T~ (E,tF) E (E) * I 
Emax 

1/2 
* 2 T n. (e) dE*E*exp(-E/kT,,)*E ( E )  + I 0 

This shows t h a t  t h e  tempera ture  sensitivity of Ro is primarily determined by t h e  Max- 

wellian component of t h e  neutron flux. The effect of t h e  1/E ( temperature  indepen- 

dent)  t e r m  as f a r  as this quantity is concerned is t h a t  of an  undesirable background. 

Correct ion of t h e  f i l tered and bare  de tec tor  responses for  t h e  1/E contribution results 

in higher sensitivity of t h e  above rat io  to tempera ture  changes (subsection 2.3.2). This 

correct ion is one of t h e  functions of t h e  cadmium-covered de tec tor  as will be discussed 

below. When t h e  f i l tered and bare  detector  responses a r e  corrected,  

R =  imaX dE- E -  exp(-E/kTn) TF(E,tF) E (E) dE- E-  exp(-E/kTn)-c (E). 

( 8 )  
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This expression provides a means for es t imat ing t h e  tempera ture  gauge response sensi- 

tivity. An approximate,  preliminary evaluation of t h e  gauge response, R ,  can be ob- 

tained by computing t h e  count (de tec tor  response) ra t io  using numerical techniques. 

A ra ther  simple case amenable to manual computation is considered realizing t h a t  

t h e  validity of t h e  method is not confined to this  example. The de tec tor  efficiency, 
E (E), is assumed to vary inversely with t h e  square root of t h e  neutron energy which 

character izes  roughly many neutron detectors  in general  use. For convenience, t h e  

f i l ter  is assumed to be 0.0001 inch thick made of boron-10, and its transmission is 
calculated as will be described later.  The calculated count ra t io  is plotted in Figure 3 

as a function of t h e  neutron moderator tempera ture  which, for  simplicity is assumed t o  

be equal to t h e  neutron tempera ture  as is nearly t h e  case in water.  The values plotted 

in this f igure have been normalized to t h e  ra t io  at 250' C. The curve displays a linear 

dependence of t h e  count ra t io  on temperature.  The sensit ivity inferred is, on t h e  
average, -0.04 percent change in t h e  rat io  per C change in t h e  tempera ture  in t h e  
range between 3OO0C and 350OC. 

0 

I t  must be emphasized at this point t h a t  this example is meant only as a demon- 

s t ra t ion of t h e  validity of t h e  technique and should by no means be considered an  

optimum system. In fact, t h e  two-detector system is not sufficient to determine un- 

ambiguously t h e  tempera ture  of an arbi t rary medium (formation). This would have been 

t h e  case if t h e  slow neutron spectrum depended only on t h e  medium temperature.  Then 

t h e  measurements  and simple analysis in t h e  above example would suffice. The 

additional dependence of t h e  neutron tempera ture  on t h e  formation neutron absorption 

cross sect ion and moderating power requires at least  t h r e e  measurements,  assuming 
t h a t  T, Za, and t Z s  a r e  independent parameters.  This more complex system requires a 
more involved analysis, but it does indeed provide t h e  means for t h e  unambiguous 

determination of t h e  tempera ture  of an  arbi t rary formation and simultaneously its 

neutron absorption cross section and moderating power. 

I t  has been t h e  purpose of this study t o  optimize t h e  system and demonstrate  its 

ul t imate  feasibility. The remainder of this  subsection discusses t h e  response of t h e  

three-detector  system and t h e  analysis method t o  obtain t h e  desired information. The 

remainder of t h e  report  presents fur ther ,  more  concre te  evidence of t h e  tempera ture  

gauge feasibility. 

As previously noted, t h e  present (optimum) system uses t h r e e  detectors  to obtain 

One  of these  detectors  is bare  (unfiltered), t h e  t h e  three  necessary measurements. 
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ing efficiency energy dependence, and a 0.0001-inch thick bo~on-IO filter. 
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second is cadmium-covered, and t h e  third is gadolinium-filtered. The Gd-filtered 

de tec tor  replaces t h e  boron-filtered detector  of t h e  above example. The response 

(recorded counts) of t h e  bare  detector ,  CB, is expressed by Equation 4. Similarly, t h e  

counts recorded by Gd-filtered and Cd-covered de tec tors  a r e  given by Equation 5 with 

t h e  corresponding f i l ter  transmission function substi tuted for  TF. Therefore,  
c 

0 

Gd f i l te r  thickness, Gd = where TGd(E,tGd) = Gd f i l ter  transmission function, and  t 

while t h e  Cd-covered de tec tor  counts a r e  
E ,max 

0 

where -rCd(E, t ) = C d  cover transmission function, and t C d  cover thickness. 

Suitable f i l ter  thicknesses used in t h e  present work a r e  t 2 mils (0.005 cm) and tCd 

= 30 mils (0.076 cm). 

The Cd-covered transmission is character ized by a sharp cutoff at 0.4 e V  (subsec- 

tion 2.2.3). Theref ore,  t h e  cadmium-covered de tec tor  is sensit ive to neutrons with 

energies in t h e  epithermal,  slowing-down region (Figure 1) except  at very high forma- 

tion temperatures ,  Le., >lOOO°C. Since t h e  number of neutrons in this par t  of t h e  

spectrum, Le., t h e  constant  C in Equation I ,  depends only on t h e  neutron moderating 

properties of t h e  formation, t h e  response of t h e  Cd-covered de tec tor  provides a 

measure of t h e  moderating power, 5 zs. 
Similarly, t h e  Gd-filter transmission has a rather  broad cutoff at - 0.03 e V  

(subsection 2.2.3). Thus, t h e  gadolinium fil tered de tec tor  is sensit ive to neutrons with 

energies in par t  of t h e  thermal component of t h e  slow neutron spectrum (primarily t h e  

region above -0.03 e V ,  Figure 1) as well as in t h e  slowing-down, epithermal,  region. 

Since t h e  fract ion of t h e  neutrons in t h e  thermal  region accessible to t h e  Gd-filtered 
de tec tor  depends on t h e  neutron temperature ,  T t h e  response of this de tec tor  provides 

a measure of this parameter.  

C d  C d  

Gd = 

n' 
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63 The bare  (unfiltered) de tec tor  is sensitive to all  slow neutrons, Le., neutrons with 

w e r g i e s  in both t h e  thermal  and epi thermal  spectral  regions. All else being equal, t h e  
number of slow neutrons (regardless of energy) depends on t h e  absorption cross section 
of t h e  moderating medium (formation) (Ref 5). Therefore,  t h e  bare detector  response 

provides essentially, a measure of t h e  neutron absorption cross section. 

According to t h e  above discussion, 

t h  CB'CB + c;p 7 

and 
(1 1) 

where t h e  superscripts "th" and "ep'l denote  t h e  thermal  and epithermal components, 

respectively. Since, 

and 
J 

EO 

where Eo is t h e  low energy cutoff of t h e  slowing-down region (Eo-0.15eV), C:p and 

CE: a r e  independent of t h e  formation tempera ture  and as such they  const i tute  back- 

grounds for  t h e  respective measurements. However, CEP and CGd can  be determined 

from CCd, and CAh and 

5 Zs, Equation 2, and CGd is a measure of 
t h e  neutron temperature ,  

eP 

can be obtained using Equations 11 and 12, respectively. 
t h  Since Tn is determined by T, 2 a, and 

o r  

(15) 

( 15a) 
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and on t h e  basis of t h e  above discussion, 

or 

t h  /h  
/ 

As in t h e  above example, t h e  advantage of t h e  ra t io  (R = CGd CB ) is t h a t  this quan- 

t i ty  is  normalized to t h e  s a m e  neutron density, Equation 1. A cross plot of t h e  
cor rec ted  de tec tor  responses (C G d ,  CB , and CCd, or R, CB , and Ccd) obtained for  

various values of t h e  formation temperature ,  neutron absorption cross section, and 

moderating power along three  orthogonal axes  const i tutes  a t h r e e  dimensional map. 

Each point on this  map is determined by t h e  responses of t h e  t h r e e  de tec tors  and i t  cor- 

responds to t h e  unique set of conditions under which these responses were obtained. 

That is, each  point on this  mapping corresponds t o  a unique value of t h e  tempera ture  

and e a c h  of t h e  neutron properties of t h e  formation. 

t h  t h  t h  

Calibration of t h e  formation tempera ture  sensor consists of a mapping of t h e  
cor rec ted  responses of t h e  t h r e e  de tec tors  obtained in well character ized test for- 

mations at accurately known temperatures.  The tempera ture  of an  arbi t rary formation 
is determined simply by obtaining t h e  sensor (three-detector) response, and locating t h e  

corresponding point in t h e  calibration space. The tempera ture  of t h e  arbi t rary 

formation is t h e  tempera ture  which corresponds to t h a t  particular calibration point. 

Since t h e  correspondence is unique, t h e  tempera ture  determination by this noncontact 

method is unambiguous. Furthermore,  t h e  values of t h e  neutron absorption cross sec- 

tion and t h e  neutron moderating power (formation sa tura ted  porosity) a r e  obtained 
simultaneously. Experimental evidence demonstrating t h e  feasibility of t h e  technique is  
presented in subsection 2.4. 

2.2 FORMATION TEMPERATURE GAUGE 

Character is t ics  of t h e  various formation tempera ture  sensor components a r e  

discussed in this  section. The neutron source is discussed in subsection 2.2.1, and t h e  

neutron de tec tor  character is t ics  a r e  presented in subsection 2.2.2. The essential 
properties of various f i l ter  materials a r e  discussed in subsection 2.2.3. 
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2.2.1 Cf-252 Source Characteristics n 

There a r e  currently several  types of portable neutron sources in general  use. 

These consist  of isotopic neutron sources based on ( a  ,n) reactions (reactions involving 

t h e  absorption of a -particles and t h e  subsequent emission of neutrons), sealed-beam 

neutron generators,  and isotopic spontaneous fission sources. (a ,n) reaction-based 

sources which include americium-beryllium, plutonium-beryllium, and radium-beryllium 

among others  have relatively low specif ic  act ivi ty  which l imits  their  minimum physical 

size. Similarly, portable neutron generators  used primarily in oil well logging to 

determine formation porosity and neutron absorption properties a r e  intensity limited. 

More intense,  small-size neutron generators  a r e  current ly  being developed for mineral 

exploration applications, but these  programs a r e  not addressing t h e  high tempera ture  

problems. The most immediately applicable neutron source for  high tempera ture  use is 

Cf-252 which produces neutrons through spontaneous fission. This source is physically 
6 small ,  and it is  available in s t rengths  yielding from less than 10 neutrons per second to  

g rea t e r  than 10" neutrons per second. Moreover, t h e  standard SR-Cf- 100 encapsula- 

t ion has been tes ted  successfully for integri ty  to 90OoC. The current  concept  for t h e  
determinat ion of formation tempera tures  makes use of a Cf-252 source. 

Cf-252 decays by a -pa r t i c l e  emission 97 percent  of the  time. The remaining 

t h r e e  percent  of t h e  t i m e  it undergoes spontaneous fission. This fission r a t e  results in  
t h e  emission of 2.4 x 1 0 l 2  neutrons per second per gram of this isotope. Spontaneous 

fission of Cf-252 results in t h e  emission of neutrons with t h e  energy distribution shown 

in Figure 4 (Ref 6) which is nearly identical  to t h e  fission neutron spectrum in a nuclear 

reactor.  A relatively small  number of neutrons a r e  emi t t ed  in  ( a  ,n) reactions involving 

a - p a r t i c l e s  produced by t h e  decay of Cf-252 and l ight nuclei produced by fission. In 

addition to t h e  neutrons, gamma radiation is also emi t t ed  by a Cf-252 source. As shown 

in Figure 5 ,  this consists of contributions from t h e  a -decay  of californium, fission, and 

t h e  decay of t h e  fission products (Ref 6) .  Although no p-radiation results f rom t h e  

decay of Cf-252 itself ,  p-particles a r e  emi t t ed  as a result  of fission product decay. 

Like t h e  a -particles,  however, this  radiation is easily absorbed in mater ia ls  surrounding 

t h e  source. Consequently, for  all practical  purposes only gamma and neutron radiation 

is emi t t ed  by encapsulated Cf-252 sources. 

A 
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Figure 4. Californium-252 fission neutron spectrum (Ref 6) 
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2.2.2 Neutron Detectors 

There a r e  several  factors  which must b e  considered in selecting a neutron detec- 
tor for  t h e  present study. The most important of these  is t h e  de tec tor  characterist ics.  

These include primarily its thermal  neutron counting efficiency, its operating tempera- 

t u r e  range, and its sensitivity to background gamma radiation. Another fac tor  is t h e  

availability of t h e  various neutron detectors.  The final consideration is t h e  applicability 

of t h e  de tec tor  selected for t h e  feasibility study beyond t h e  phase of concept  

development t o  t h e  development of a prototype instrument.  

@ 

The most widely used and apparently most highiy developed neutron detectors  a r e  

gas-filled proportional counters. These a r e  tubes filled with gases containing neutron 
absorbing elements.  Another type of neutron de tec tor  currently in use is t h e  

scintillation detector .  In this case, t h e  neutron absorbing e lement  is contained in a 
scintillating mater ia l  (crystal or  liquid phosphor). Such devices would require cooling 

even at in te rmedia te  temperatures  ( - 15OoC) encountered in geothermal environments. 

Another important  disadvantage of these de tec tors  is their  high sensitivity to gamma 

radiation rendering their  operation inappropriate in t h e  presence of even moderate  

gamma fields. Cer ta in  kinds of gas-filled counters,  on t h e  other  hand, a r e  currently 

used to monitor fluxes in high temperature  regions inside nuclear reactors.  Such 

de tec tors  a r e  operable at temperatures  up to 76OoC without cooling. Furthermore,  gas- 

filled counters  a r e  generally very insensitive t o  gamma rays even in very intense fields. 

The major components of a thermal-neutron gas-filled proportional de tec tor  a r e  

t h e  neutron sensit ive e lement  and t h e  fill gas. The neutron sensit ive element  i s  an 

isotope with high affinity for  thermal neutron absorption, i.e., high thermal  neutron 

absorption cross section. I t  can  be par t  of t h e  fill gas as boron-IO in BF3 filled counters 
and helium-3 in He-3 filled detectors,  or it may be plated on t h e  counter  walls as boron- 

10 in boron-lined detectors  and uranium-235 in fission detectors.  Neutron absorption by 

t h e  neutron sensit ive elements  results in t h e  release of various charged particles in t h e  
de tec tor  chamber occupied by t h e  fill gas. These charged particles t raverse  t h e  

chamber volume in directions defined by an applied e lec t r ic  field causing ionization of 

t h e  fill gas. The induced ions and electrons a r e  collected by t h e  field e lectrodes 

resulting in a charge pulse at t h e  detector  output  for  e a c h  neutron absorbed in t h e  
sensitive volume of t h e  detector.  
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The various types of gas filled thermal neutron de tec tors  a r e  distinguished by t h e  

kind of fill gas and t h e  kind and form (gaseous or plated) of t h e  act ive element  used. 

The general  design character is t ics  obviously determine t h e  general  operational de tec tor  

characterist ics.  The type  and abundance (fill gas pressure or plate thickness) of t h e  

neutron sensitive isotope used, together  with t h e  de tec tor  chamber goemetry,  s t ructural  

design, and fill gas pressure determine t h e  counting efficiency. The fill gas ionization 

character is t ics  determine t h e  pulse shape, and, hence, t h e  detector  resolution. The 
general  insensitivity of these devices to gamma radiation is a result of t h e  low density 

of t h e  fill gas even at high fill gas pressures. The low density results in relatively low 
ionization of t h e  fill gas by gamma rays. 

Of t h e  various gas filled neutron detectors  available, t h e  He-3 counters  a r e  t h e  

most eff ic ient  followed in order of decreasing counting efficiency by BF3 filled, B-10 

lined, and U-235 lined detectors.  The rating in t e r m s  of sensitivity t o  gamma radiation 
is exact ly  t h e  same with He-3 filled detectors  being t h e  most sensitive and t h e  U-235 

fission chambers being t h e  leas t  sensitive. Even t h e  most sensitive He-3 detectors ,  
however, are relatively insensitive to gamma radiation and they have been operated 

satisfactorily in t h e  presence of moderately high gamma fluxes. Standard He-3 filled 

de tec tors  used in oil well logging can be used at tempera tures  up to 200 C. The opera- 

ting tempera ture  l imit  of s tandard BF3 filled counters is 100°C although special design 

has extended this l imit  to 15OoC. Standard B-IO lined de tec tors  a r e  l imited to opera- 

t ion at temperatures  at or below 150 C, while specially designed devices a r e  operable 

up to 30OoC. U-235 fission chambers a r e  operable at tempera tures  above t h e  operating 

range of other  gas filled neutron detectors.  Standard devices a r e  operable up to 3OO0C, 

while specially designed de tec tors  have been operated at 76OoC (Ref 7). 

0 

0 

He-3 filled neutron de tec tors  were selected for  use in t h e  present feasibility study 

of t h e  formation tempera ture  gauge for  various reasons. He-3 filled de tec tors  are t h e  

most efficient of t h e  gas filled proportional neutron counters. The specific detectors  

selected for  use in this  study a r e  Reuter-Stokes P4-0410-204 and P4-0404-207 counters. 

These are one-half-inch diameter  by 12-inches and six-inches, respectively, long 

cylinders filled with He-3 gas at 20 atmospheres pressure. The sensit ive region of these  

detectors  is ten-inches and four-inches long, respectively. The counting efficiencies of 
these detectors  and similar He-3 counters  filled at f ive atmospheres pressure have been 

calculated and a r e  shown in Figure 6. I t  is readily seen t h a t  t h e  counting efficiency of 

these detectors  is high for  thermal neutrons but it decreases ra ther  rapidly as t h e  

neutron energy increases beyond t h e  thermal  range. The calculated counting efficiency 
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curves have been used in t h e  computational study of t h e  formation tempera ture  gauge 

r,esponse (Equation 6) which will be discussed in subsection 2.3. In addition to high 

neutron counting efficiency, t h e  above de tec tors  a r e  sufficiently insensitive to gamma 

rays. The anticipated background gamma radiation due t o  gamma emission by t h e  Cf- 

252 source and by formation elements  subsequent to neutron activation will not affect 
significantly t h e  operation of these  detectors.  Furthermore,  t h e  operating tempera ture  

range of t h e  detector  chosen is sufficiently high f o r  t h e  purposes of t h e  present 

experimental  feasibility study, i.e., Q 2OO0C for  t h e  12-inch long de tec tor  and <26OoC 

for  t h e  six-inch long counter. 

@ 

Regarding t h e  applicability of t h e  above de tec tors  beyond t h e  technique feasi- 

bility phase, it should be noted t h a t  RS-P4-0410-204 de tec tors  have been used in oil well 

logging tools. Their operating character is t ics  in logging operations have been 

established within their  present operating tempera ture  range. Since t h e  operating 

tempera ture  range is l imited by s t ructural  design considerations, it is possible t h a t  t h e  

26OoC upper l imit  can be extended, perhaps to o r  beyond t h e  325OC DGE short-range 

goal, by special  design. If t h e  high operating tempera ture  l imit  cannot  be extended by 
advanced design, He-3 de tec tors  may s t i l l  be used in a geothermal well logging tool 

provided t h a t  they a r e  cooled to temperatures  somewhat  below 26OoC. This may prove 
to be not a very difficult  task. Assuming t h a t  cooling t h e  de tec tor  proves to be 

inconvenient or inappropriate, then a B-10 lined de tec tor  operable at temperatures  up 

to 3OO0C may be used instead of t h e  He-3 filled counter .  I t  is expected t h a t  t h e  

qual i ta t ive conclusions of this study will still be valid. 

2.2.3 Filter Materials 

The neutron f i l ter ,  i.e., a material  with select ive (energy dependent) neutron 

absorption (or transmission) properties, is one of t h e  cri t ical ,  if not t h e  most important 

component of t h e  formation tempera ture  gauge. Therefore,  c a r e  has been taken to 
se lec t  t h e  most suitable element.  An ideal f i l ter  mater ia l  would be one which absorbs 

practically all neutrons with energies lower than -0.03 e V  (see Figure I), but none of 

t h e  neutrons with energies higher than this  cutoff.  Such a mater ia l  would have to have 

a very high-neutron absorption cross section below t h e  cutoff energy, and very low or  

zero  cross section above it. Unfortunately, such an  ideal mater ia l  does not exist. 
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Therefore,  t h e  f i r s t  cri terion in selecting a suitable neutron f i l ter  for  t h e  tempera ture  

gauge is t h a t  its neutron absorption (transmission) character is t ics  approximate as 
closely as possible those of t h e  ideal. 

A search  revealed several  promising materials. These can  be categorized as l / v  
absorbers and low-energy resonance absorbers. The f i r s t  category includes e lements  

whose thermal  neutron absorption cross section varies inversely with t h e  neutron 

velocity (or inversely with t h e  square root of t h e  neutron kinetic energy) and is 

exemplified by boron-10 (B-10) and lithium-6 (Li-6). The second category includes 
elements  with resonances (peaks) in their  thermal  absorption cross section. Such 
elements  include cadmium (Cd), lutetium (Lu), samarium (Sm), xenon- 135 (Xe- 135), and 

gadolinium (Gd) with resonances at 0.173, 0.142, 0.095, 0.082, and 0.03 eV, respectively. 

Further  considerations in t h e  f i l ter  selection process include nuclear stabil i ty of 
t h e  above elements,  availability, and radiation emission subsequent to neutron 

absorption. On t h e  basis of these  and t h e  above criterion, t h e  f i l t e r  choice was nar- 

rowed down to B, Sm, and Gd. Neutron transmission curves were computed for  these  
mater ia ls  using t h e  expression 

0 

where Xa(E) is t h e  neutron absorption cross section for  neutrons with kinetic energy E, 
and the  remaining variables are t h e  s a m e  as in Equation 5. The computed transmission 

curves a r e  shown in Figure 7. The ul t imate  cr i ter ion for  t h e  selection of t h e  most 

suitable f i l ter  is t h e  tempera ture  gauge sensitivity or  r a t e  of variation of t h e  filtered- 

to-bare de tec tor  count ra t io  with temperature ,  Equation 6, obtained when e a c h  of t h e  
three  f i l t e rs  is used. This selection has been made  on t h e  basis of calculations described 
in t h e  next section. 

The neutron transmission function of t h e  cadmium cover, T ~ ~ ( E ,  tCd), was also 
computed f o r  t 0.03 inches (0.076 cm). This curve is presented in Figure 8. As  

noted previously, this  function has a ra ther  sharp cutoff at 0.4 eV. 
C d  = 

2.3 COMPUTATIONAL STUDY OF THE TEMPERATURE GAUGE RESPONSE 

As is generally t h e  case with t h e  study of a new concept,  t h e  purpose of t h e  
present computational analysis was two-fold. Firs t ,  it was t h e  purpose of t h e  

calculations t o  be described in this section to establish t h e  soundness of t h e  formation 
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t empera ture  gauge concept  and in so doing, to  determine whether or not an  
qxperimental  study of t h e  technique would be warranted. Having established t h e  
applicability of method, t h e  results of t h e  calculations determined suitable de tec tor  and 

f i l ter  combinations and served as a s tar t ing point for  optimization experiments. 

I t  is extremely difficult and very costly to  perform t h e  necessary calculations for  

si tuations corresponding exact ly  to t h e  experimental  arrangement  in t e r m s  of geometr ic  

and compositional details. Since t h e  above s t a t e d  aims of t h e  computational study can  
be fulfilled by performing approximate (simplified model) calculations, e laborate  

calculations were  not warranted. The computations described in t h e  following 

paragraphs were based on a simplified model. Although they serve t h e  purposes s t a t e d  
above, their  results a r e  ra ther  approximate. For this reason, i t  is not, nor has it ever  
been, our intention to use t h e  results of t h e  present computational study as a calibration 

of t h e  tempera ture  gauge response. As previously s ta ted ,  t h e  instrument calibration 
curves will be generated experimentally. 

2.3.1 Computational Model  

As noted in subsection 2.1, t h e  neutron tempera ture  (which character izes  the 

Maxwellian component of t h e  slow neutron spectrum) is determined in par t  by t h e  

moderator tempera ture  (Equation 2). In fact, in t h e  case of a n  infinite medium with a 
uniformly distributed fast neutron source,  Tn is directly proportional t o  t h e  medium 

tempera ture ,  T, t h e  proportionality constant  depending simply on t h e  formation neutron 

properties (Equation 3). In order to determine t h e  proportionality between t h e  neutron 
and moderator temperatures  for mater ia ls  to be used in this study, and to check t h e  

validity of assumptions made regarding t h e  na ture  of t h e  thermal  neutron energy 

distributions, fluxes were computed at various tempera tures  of t h e  moderator using 

essentially a very simple transport  code. The particular computer  program used is t h e  
GGC code  developed at General  Atomic (Ref 8). I t  considers a monoenergetic, fast-  
neutron source uniformly distributed in t h e  moderating medium. To avoid t h e  

complexity inherent in f ini te  geometry computations of this  kind, t h e  code also assuines 

an  infinite medium. The thermal  neutron flux resulting from t h e  slowing down of source 
neutrons is computed using well established, standard nuclear reac tor  physics tech- 

niques, and  t h e  most recent  nuclear cross-section data.  

To test t h e  validity of our assumptions regarding t h e  shape of t h e  thermal  neutron 
energy distributions, Equation 1, thermal  neutron fluxes were calculated in an  infinite 
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water  moderator at various temperatures  in t h e  range of interest  (300°K t o  600°K, or  

f rom about room tempera ture  to 327OC). The results of this set of calculations verified 

our assumptions. The  calculations indicate t h a t  Equation 1 is completely valid for  a 

n' water  moderator. Furthermore,  they show t h a t  in water  t h e  neutron temperature ,  T 
is approximately equal to t h e  moderator temperature ,  T, Le., t h e  proportionality 

between t h e  two quantit ies,  Equation 3, is nearly one. This is shown in Figure 9 which is 

3 comparison between t h e  GGC-calculated flux i n  water  at 300°K (27OC) and a 

Maxwellian functions with Tn = 300. The agreement  is just as good at t h e  various other  

tempera tures  at which similar comparisons were  made. The  constant  C to be used in 
Equation 1 can  be determined from t h e  high-energy region of t h e  GGC-calculated flux. 
For water  C -4125 n (neutrons/cm2* sec). 

6d 

Similar computer calculations of t h e  thermal  neutron flux were  performed for  

moderators consisting of various mixtures of silica sand (Si02) and water  at 300°K. As  

in t h e  case of t h e  pure water  moderator,  this  set of calculations verifies t h e  assumed 

functional dependence of t h e  thermal  neutron flux on t h e  neutron energy, Equation 1. 

In this case, however, t h e  neutron temperature ,  Tn, is not t h e  s a m e  as t h e  tempera ture  

of t h e  moderator,  T. The proportionality constant  is shown graphically in Figure 10 as a 
function of t h e  water  content  of t h e  S i 0 2 *  H 2 0  mixture. The points represent t h e  
neutron tempera tures  inferred from t h e  GGC-calculated thermal  neutron fluxes and t h e  

error  bars represent  t h e  corresponding uncertainties. The solid l ine is a plot of t h e  

expression reported by J. A. Czubek in  Reference  9. This expression is equivalent to 
Equation 3. The dashed curve represents t h e  s a m e  equation with a rather  small 

adjustment of t h e  empirical  constant in Czubek's expression, contained in 0.02687, 

whose value is "questionable". The adjusted expression fits t h e  neutron temperatures  
inferred from t h e  GGC-flux calculation very well, thus establishing t h e  validity of 

Equation 3, and t h e  relation between Tn and T for  various S i 0 2 *  H 2 0  mixtures. 

The assumptions of an infinite medium and a uniformly distributed (infinite) fast- 

neutron source made t o  simplify t h e  computations may appear to be limiting at first .  

This is not t h e  case, however, s ince t h e  slow neutron spec t ra  calculated under t h e  above 

assumptions a r e  only slightly different from those produced by a point source in a n  
effect ively infinite medium, but at points sufficiently removed from t h e  source 

(Ref 10). The minimum distance from t h e  neutron source beyond which t h e  point and 

uniformly distributed sources yield approximately t h e  s a m e  spec t ra  depends on t h e  

moderating medium neutron properties, and it is a minimum for water. 
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2.3.2 Calculation of the FiiterecCto-Bare Detector Count Ratio 

In order to minimize t h e  complexity of t h e  problem and to make comparison 

between calculation and experiment as direct  as possible, t h e  filtered-to-bare de tec tor  
count ratios, Equation 6, were computed for  a n  infinite water  medium. This approach 

avoids f ini te  geometry problems, thus keeping t h e  calculations as simple as possible, and 
takes  advantage of t h e  near equality between t h e  neutron and moderator temperatures.  

The results of these calculations will be compared with measurements of t h e  
corresponding ratios in water ,  t h e  geometry of t h e  experiment being such as to 
approximate as closely as practicable t h e  computational situation. Such a comparison 

will result  in a basic understanding of t h e  gauge response which is essential prior to its 

application in t h e  complex geometry approximating closely t h e  geothermal well 

environment. 

The tempera ture  gauge response, Le., t h e  filtered-to-bare de tec tor  count ra t io  as 

a function of temperature ,  has been calculated according t o  Equation 6. The necessary 

integrals,  Equations 4 and 5, were evaluated on a computer by numerical integration. 
Count ratios,  R, were  computed at moderator (water) tempera tures  from 300 K (27 C )  

to 600°K (327OC). The thermal  neutron fluxes, @(E), used in t h e  calculations were 
computed according to Equation 1 with t h e  value of t h e  constant  C ext rac ted  from t h e  

GGC-calculated fluxes. Most of t h e  calculations were  performed using t h e  calculated 
counting efficiency of t h e  RS-P4-0410-204 He-3 de tec tor  shown in Figure 6 ,  although a 

limited number of calculations were also performed for  comparison using t h e  efficiency 

curve of t h e  f ive  atmosphere fill gas pressure detector .  The transmission functions of 

boron, samarium, and gadolinium f i l ters  computed according to  Equation 17 were  used 
to determine t h e  most suitable fi l ter .  

0 0 

The computed count ratios appropriate to t h e  KS-P4-0410-204 He-3 filled detec- 

to r  and to boron, samarium, and gadolinium f i l ters  of various thicknesses a r e  shown in 
Figures 11, 12 and 13, respectively. I t  should be pointed out  tha t  t h e  computed ratios 

contain t h e  contribution from t h e  slowing down par t  of t h e  slow neutron spectrum. The 

technique sensitivities corresponding to t h e  various f i l ters  and f i l ter  thicknesses a r e  

more readily compared when t h e  corresponding gauge responses a r e  normalized to t h e  

count ra t io  values at one temperature .  Therefore,  t h e  s a m e  sets of curves normalized 
t o  t h e  corresponding count ra t io  values at 27OC (300°K) a r e  shown in Figures 14, 15 

and 16, respectively. The  normalized curves for  each  of t h e  t h r e e  f i l ters  show t h a t  use 
of t h e  thicker f i l ters  results in higher gauge sensitivity. The higher sensitivity, 

A 
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Figure 12. Calculated formation temperature gauge response, Equation 6, in water 
using a RS-P4-0410-204 He-3 filled detector, and natural isotope abun- 
dance samarium filters of various thicknesses. 
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Figure 13. Calculated formation temperature gauge response, Equation 6, in water 
using a RS-P4-0410-204 He-3 filled detector, and natural isotope abun- 
dance gadolinium filters of various thicknesses. 
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Figure 14. Calculated formation temperature gauge response, Equation 6, in water 

using a RSP4-0410-204 He-3 filled detector, and natural isotope ab- 
dance boron filters of various thicknesses. These curxes have been nor- 
malized to the corresponding count ratio values at 27 C. 
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Figure 1% Calculated formation temperature gauge response, Equation 6, in water 
using a RS-P4-0410-204 He-3 filled detector, and natural isotope abun- 
dance samarium filters of various thicknesses. These cwoves have been 
normalized to the corresponding count ratio values at 27 C. 
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Figure 16. Calculated formation temperature gauge response, Equation 6, in water 
using a RS-Pk0410-204 He-3 filled detector, and natural isotope abun- 
dance gadolinium filters of various thicknesses. These aorves have been 
normalized to the corresponding count ratio values at 27 C. 
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however, is achieved at t h e  expense of lower transmission as shown by t h e  correspond- 

ing absolute values of t h e  count ratios. Therefore,  t h e  system sensit ivity is l imited by 

t h e  f i l ter  transmission, and a f i l ter  thickness should be used which renders t h e  gauge 

sufficiently sensit ive at reasonable f i l ter  transmission values. Put  another way, t h e  

fi l ter  transmission must be sufficiently high to yield de tec tor  count r a t e s  with high 

s ta t is t ical  accuracy at reasonable counting intervals. Comparing t h e  computed 

tempera ture  gauge response corresponding to t h e  various f i l ters  it is apparent t h a t  t h e  

highest sensit ivity is obtained with t h e  "thick" gadolinium filters. On this basis a 

-0.006 c m  thick gadolinium fil ter appears t o  be t h e  most suitable. 

6d 

The accuracy of t h e  computed values of t h e  count ratio,  R, can  be est imated in 
t e r m s  of t h e  relative uncertainties in t h e  thermal neutron flux, t h e  de tec tor  counting 

efficiency, and t h e  f i l ter  transmission. This is readily accomplished by t h e  standard 

error  propagation method once t h e  integrals in Equation 6 a r e  approximated by sums in 

t h e  process of numerical integration. In other  words, s ince 

2 

- (  AEi)  2 2  9 ( E i ) *  E (Ei)  

+ 

+ 
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a r e  t h e  uncertainties in t h e  count ratio,  and t h e  flux, where cr R’ cr@(Ei)’ crC(Ei)9 
de tec tor  efficiency, and f i l ter  absorption cross sect ion at neutron energy E.. Assuming 

t h a t  t h e  relat ive uncertainty in t h e  flux is k 5  percent  throughout t h e  thermal  energy 

range, t h e  relative uncertainty in t h e  computed counting efficiency is + 0.5 percent,  

and t h e  relative uncertainty in t h e  neutron absorption cross sect ion is + 2  percent,  t h e  
uncertainty in t h e  calculated count ratios, R, is +1 percent  in t h e  tmpera ture  range 

considered. The  corresponding uncertainty in t h e  tempera ture  for  t h e  system using a 

0.006 c m  thick gadolinium f i l ter  is - + 2  C. Since t h e  sensitivity is lower for  t h e  

various other  f i l ters  considered t h e  corresponding tempera ture  uncertainty will be 

greater than -+2OC. 

a i  (E.) 

@ 1 

0 

The sensitivity of t h e  tempera ture  gauge utilizing a 0.006 c m  thick gadolinium 

f i l ter  is plotted in Figure 17. The quantity plotted is t h e  percent  change in t h e  com- 

puted count ra t io  per O C  change in t h e  water  temperature.  I t  should be pointed out t h a t  

this sensit ivity represents an  order of magnitude improvement over our preliminary 

es t imates  (Figure 3). 

The e f f e c t  of t h e  de tec tor  efficiency on  t h e  gauge response has been examined by 
comparing t h e  calculated count ratios corresponding to two de tec tors  with different 

counting efficiencies,  Le., d i f ferent  fill gas pressures. The  two detectors  considered 

a r e  t h e  RS-P4-0410-204 (20 a t m  fill gas pressure) and t h e  f ive atmosphere fill gas  

pressure de tec tor  whose counting efficiencies a r e  shown in Figure 6 .  The computed 

count ra t ios  a r e  plotted in Figure 18. The more  eff ic ient  (higher fill gas pressure) 

de tec tor  yields higher count ratios and a slightly higher slope of t h e  count ra t io  versus 

tempera ture  curve. Therefore,  t h e  tempera ture  gauge utilizing t h e  more eff ic ient  

de tec tor  is more sensitive to tempera ture  changes. 

In an  infinite moderating medium with a uniformly distributed neutron source, t h e  

flux given by Equation 1 is independent of position. In a f ini te  moderator,  localized 

source situation, however, t h e  1/E portion of t h e  neutron energy distribution is position 

dependent in t h e  immediate  vicinity of t h e  source. In o ther  words, C (in units of n) in 

Equation 1 decreases  with increasing dis tance from t h e  source approaching its infinite 

moderator-uniformly distributed source value at points sufficiently removed from t h e  

neutron source. Thus at sufficient distance from t h e  source,  a state of equilibrium is 

established between thermal  neutron diffusion and f a s t  neutron thermalization. Beyond 

t h e  distance necessary for  t h e  onset of this equilibrium C s tays  fixed, and t h e  neutron 
flux, Equation 1, in t h e  f ini te  geometry differs only slightly f rom t h a t  in t h e  infinite 

medium-uniformly distributed source situation. 
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Figure 17. Formation temperature gauge sensitivity derived from the calculated 

temperature gauge response in water using Equation 6, an RS-P4-0410-204 
He-3 filled detector, and a 0.006 cm thick natural isotope abundance 
gadolinium filter. 
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Figure 18. Calculated formation temperature gauge response using Equation 6 with 
a RSP4-0410-204 He-3 filled detector and a similar detector with five 
atmospheres fill gas pressure and with a 0.006 cm thick natural abundance 
gadolinium filter. Higher sensitivity is obtained with higher detector 
efficiency, Le., higher fill gas pressure. 
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The effect of position dependence of @(E) on t h e  tempera ture  gauge response has 

been examined by comparing t h e  computed count ratios corresponding to neutron fluxes 

with various numbers of neutrons in t h e  l /E  portion of t h e  energy distributions, Le., for  
various values of C. These ratios a r e  plotted in Figure 19. I t  is apparent t h a t  a higher 

1/E contribution (small source to de tec tor  distance) results in higher count ratios but 

lower sensitivity (lower slope of t h e  count ra t io  versus tempera ture  curve). Therefore,  

t h e  highest possible sensitivity to tempera ture  changes c a n  be obtained by "correcting" 

t h e  f i l tered and bare de tec tor  responses to remove t h e  contributions by t h e  1/E 

(slowing-down) par t  of t h e  slow neutron spectrum. As discussed in subsection 2.1, t h e  

correct ion is determined from t h e  response of t h e  Cd-covered detector.  

0 

2.4 EXPERIMENTAL STUDY OF THE TEMPERATURE GAUGE RESPONSE 

2.4.1 Preliminary Measurements 

Having computed t h e  response of t h e  formation tempera ture  gauge on t h e  basis of 
a simplified model as described in t h e  previous subsection, simple, preliminary measure- 

ments  were  performed. Their purpose was to demonstrate  t h e  scientific feasibility of 

t h e  technique by verifying results of t h e  calculation and t h e  validity of t h e  d a t a  analysis 
method discussed in subsection 2.1 before proceeding to more elaborate,  costly, 

realist ic experiments. The  preliminary measurements  were performed with a n  experi- 

mental  arrangement  using t h e  simplest possible geometry. 

2.4.1.1 Experimental Arrangement 

The test media in which t h e  preliminary measurements  were performed were 
placed in a cylindrical container made of 1/8 inch thick stainless steel. A photograph of 

t h e  apparatus  is presented in Figure 20. Its diameter  was 10.5 inches and its length 

27 inches. Two immersion heaters  capable of supplying 1000 w a t t s  e a c h  at 240V were 

f i t t e d  to t h e  bottom of t h e  container. A Variac was used to control t h e  voltage applied 

t o  t h e  hea ters  and hence their  power output  and test medium temperature .  Provisions 

were  made to circulate  t h e  water  in t h e  various media f rom t h e  bottom of t h e  tank to  

t h e  top  in a closed loop using a pump with maximum circulation r a t e s  of -7 gallons/ 
min. This was done to ensure t h a t  t h e  test medium was evenly heated. Alternatively 

t h e  water  could be circulated through a heat  exchanger to enhance cooling. This was 
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Figure 19. Calculated formation temperature gauge response using Equation 6 for 
various 1/E spectrum amplitudes (various values of C) with a RS-P4-0410-204 
He-3 filled detector and a 0.006 cm thick natural abundance gadolinium 
filter. Higher sensitivity results with more complete thermalization, 
Le., lower 1/E contribution. 
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Figure 20. Photograph of experimental equipment used for the preliminary measurements. 
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necessary to reduce t h e  t imes required to lower t h e  test medium temperature ,  and also 
t9 provide additional tempera ture  control. Such control was accomplished manually. 

The test medium tempera ture  was determined sufficiently accurately ( to  within a f e w  

tenths  of a degree) using a laboratory mercury thermometer .  

Figure 21 is a schemat ic  top  view of t h e  experimental  arrangement showing t h e  

positions of t h e  Cf-252 source and t h e  He-3 filled detector .  Very thin wall stainless 

s teel  tubes with t h e  bottom ends closed were immersed in t h e  test medium. They were 

located on a diameter  e a c h  approximately two inches away from t h e  tank wall and with 

a separation distance of six inches between their  centers.  The californium source 

(0.3 p g  Cf-252 equivalent to -150 pCi)  was lowered in to  one of t h e  tubes -7 inches 

below t h e  test medium surface and t h e  de tec tor  was inserted in to  t h e  other. Although 

most of t h e  measurements described below were performed in this configuration d a t a  

were  taken at various other  source to de tec tor  distances and source location depths to 
ensure t h a t  t h e  above configuration was optimum. 

The de tec tor  used was an  RS-PA-0410-204 He-3 filled proportional counter 

designed for  oil well logging application. The associated counting electronics used were 
s tandard NIM bin components available at IRT. The  f i l t e r  used was a cylinder with 

diameter  slightly larger than t h a t  of t h e  de tec tor  (-1/2 inch), and two mils (0.005 cm)  

thick. I t  was made of two layers of 1 mil thick gadolinium foil. 

2.4.1.2 Experimental Results 

The measurements  discussed in this section consist of counts  observed with 

various test media at different  temperatures  between 2OoC and 95OC. At e a c h  tem- 

perature ,  counts were generally recorded with t h e  de tec tor  bare (unfiltered), and 
al ternately covered with a two-mil (0.005 c m )  thick gadolinium sleeve, or a 30 mil 

(0.076 cm) thick cadmium sleeve. The measurements were made a f t e r  t h e  test medium 

tempera ture  had been stabil ized at preselected values by adjusting t h e  voltage to t h e  
immersion heaters  and/or t h e  water  circulation r a t e  through t h e  heat  exchanger. 

Sufficient counts  were accumulated at e a c h  tempera ture  f o r  t h e  s ta t is t ical  uncertainty 

to be acceptably low. The count ra t io  (Ro) was computed at e a c h  tempera ture  by 

dividing t h e  Gd-filtered de tec tor  count by t h e  bare  detector  count at t h e  s a m e  

temperature ,  Equation 6.  The "corrected" count ra t io  (R) was computed by f i r s t  sub- 

t ract ing t h e  1/E contributions from t h e  observed to ta l  bare  and Gd-filtered de tec tor  

counts, Equations 11 and 12, and  then dividing t h e  cor rec ted  f i l tered de tec tor  count by 

t h e  cor rec ted  bare de tec tor  count, Equation 8. 
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Figure 21. Schematic of the top view of the experimental arrangement for preliminary 
temperature gauge response measurements. The diagram shows the relative 
positions of the neutron source and detector. 
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Results of t h e  computational analysis indicated tha t  t h e  tempera ture  gauge sen- 

q t i v i t y  is higher t h e  smaller t h e  relat ive number of neutrons with energies in t h e  
slowing-down ( l /E)  region, Le., t h e  lower t h e  value of C in Equation 1. In fact, in a 
large but f inite moderator with a localized neutron source t h e  sensitivity is maximum 

when the  detector  is located at points sufficiently distant from t h e  source where 
equilibrium exis ts  between f a s t  neutron thermalization and thermal neutron diffusion. 

This is t h e  s a m e  requirement noted earlier for  a point source arrangement to approxi- 

m a t e  t h e  results of t h e  uniformly distributed, infinite source computations. In order to 

demonstrate  t h e  validity of t h e  computations it was necessary to compare t h e  cal- 

culated filtered- to-bare de tec tor  count ratios with t h e  corresponding quanti ties 

measured in water. Therefore,  it was important at t h e  outset  to determine t h e  optimum 

source to de tec tor  distance in water.  This distance is determined by two competing 

factors.  The thermal  neutron f lux decreases  rapidly with distance away from t h e  source 

as t h e  sensit ivity increases up to a cer ta in  point. Therefore,  t h e  optinlum distance is 
t h a t  at which t h e  above equilibrium state is reached if it is not so large t h a t  t h e  ther- 

mal neutron flux is unacceptably low. In t h e  present arrangement  it was found to be -6 
inches (15.24 cm). This value was determined by measuring t h e  count ratio,  Ro, for 

various source to de tec tor  distances. The  count ra t io  reached its minimum value 

slightly below t h e  six-inch source to de tec tor  separation. 

Q 

Following t h e  above optimization of t h e  experimental  arrangement ,  t h e  tempera- 
t u r e  variation of t h e  Gd-filtered-to-bare de tec tor  ratio,  Ro, was obtained with water  as 
t h e  test medium. The data generated is presented in Figure 22. The error  flags 

represent t h e  corresponding s ta t is t ical  uncertainities. Count ratios were determined 

more than once at several  t empera tures  to demonstrate  repeatability. On t h e  s a m e  

figure is shown t h e  calculated response for  t h e  infinite moderator--uniformly distri- 
buted infinite source situation. I t  can be readily seen t h a t  although t h e  agreement  

between t h e  measured and calculated response is not exact ,  t h e  maximum diagreement 

is about 15 percent  at t h e  lower temperatures.  (Note t h a t  t h e  vertical  axis of this  

i igure s t a r t s  at a count ratio value of 0.05 not 0). The discrepancy is largely due to t h e  

f ini te  dimensions of t h e  experimental  arrangement ,  although par t  of it  is certainly due 

to t h e  fact t h a t  t h e  spectra  used in t h e  calculations a r e  slightly different f rom those 

observed when a point source is immersed in an  effect ively infinite water moderator 

(Ref 10). The diameter  of t h e  test medium container may not  have been sufficiently 
large t o  approximate an infinite medium in this dimension. Therefore, t h e  neutrons 
escaping t h e  water  may result  in a modified spectrum accounting largely for  t h e  above 

disagreement . 
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I t  must be emphasized tha t  t h e  calculations a r e  not intended to provide a calibra- 
tion for  t h e  tempera ture  gauge. In view of t h e  above discussions, t h e  discrepancy 

between observed and calculated ratios is of no g r e a t  concern. The above comparison 

was made only to demonstrate  t h e  validity of t h e  simplified model calculations. On t h e  

basis of this comparison, it is reasonable to assume t h a t  t h e  results of t h e  computations 

a r e  valid. The significant facts a r e  t h a t  both t h e  calculated and t h e  measured count 

ratios vary with temperature ,  and t h e  relative variations a r e  approximately equal. 

More importantly,  t h e  variations a r e  reasonable with regard to t h e  feasibility of t h e  

method. The average sensitivity implied by both t h e  calculated and t h e  measured 

responses shown in Figure 22 is about 0.3 percent change in t h e  count ratio,  R , per O C  

change in t h e  temperature .  
0 

In addition to demonstrating t h e  reasonable nature  of t h e  simplified calculations, 
t h e  above, preliminary measurements’  demonstrate  also t h e  feasibility of t h e  method 

when t h e  medium tempera ture  is t h e  only variable, Le., when t h e  neutron properties a r e  

fixed. In order to demonstrate  t h a t  t h e  present method is capable of determining 

unambiguously t h e  tempera ture  of an arbi t rary medium, it  was necessary to  determine 

experimentally t h e  behavior of t h e  Gd-filtered-to-bare de tec tor  count ra t io  under 

various conditions of T, Za, and c X s .  I t  should be recalled (subsection 2.1) t h a t  t h e  

moderating medium temperature ,  T, neutron absorption cross section, a, and 

moderating power, [zs, a r e  t h e  three  parameters  which determine t h e  neutron 

tempera ture  and hence t h e  count ratio. The measurements  which a r e  discussed below 

were designed to demonstrate  t h e  independence of t h e  three  parameters  and t h e  

validity of t h e  analysis discussed in subsection 2.1. 

Gd-filtered-to-bare detector  count ratios were obtained using test media with 
different neutron absorption and moderating properties and at various temperatures.  

The test media used a r e  l isted in Table 1.  In t h e  s a m e  table  a r e  also listed t h e  values of 

t h e  thermal  neutron absorption and scat ter ing cross sections and t h e  average log- 
ar i thmic energy loss per collision, . These were calculated on t h e  basis of elemental  
composition of t h e  various media and published cross sect ion data.  Water, water- 

sa tura ted  silica sand (silica + water), and water-saturated sil ica sand lead shot mixture 
(silica + lead + water)  represent media with different  neutron moderating power. The 

addition of boric acid (H3B03) to water and water  sa tura ted  silica sand increases t h e  

neutron absorption cross section of these  media (boron is a strong thermal  neutron 
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Figure 22, Calculated and observed count ratios of Gd-filtered-tdmre detector 
counts in water. The calculated response (line curve) was obtained for 
an infinite medium using Equation 6. The measured response corresponds 
to the finite geometry arrangement in Figure 20. In both cases the filter 
is 0.005 cm thick natural abundance gadolinium, 
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absorber), but, in t h e  concentration used, it leaves t h e  moderating power, (zs, essen- 

tially unchanged. The two water  boric acid solutions l isted contain different  amounts of 

H3B03. 

Table 1. Summary of the Neutron Properties of the 
Various Test Media Used for the Preliminary Measurements 

Z a  Z S  

Test Medium (cm-') 5 (cm- '1 

Water 0.0222 0.9642 3.443 

Water + Boric Acid 0.0306 0.9639 3.445 
Water + Boric Acid 0.0389 0.9636 3.447 
Silica + Water 0.0122 0.8873 1.665 

Silica + Water + Boric Acid 0.0145 0.8872 1.666 
Silica + Lead + Water 0.0108 0.7915 1.356 

The count ratios,  R, observed for  t h e  various test media are plotted in Figure 23 

as functions of t h e  medium temperature.  These ratios have been cor rec ted  for t h e  1/E 

("background") contribution. This was necessary for t h e  meaningful comparison of t h e  

response obtained for  media with different moderating power. The slow neutron 
spectrum component in t h e  siowing-down region depends on t h e  moderating power of 

t h e  medium. Therefore,  t h e  1/E contribution to t h e  bare  and Gd-filtered detector  

responses is different for t h e  test media with different values of (Zs (for formations 

containing different concentrations of hydrogen). Furthermore,  by eliminating t h e  1/E 

contribution, t h e  count ratio,  R, becomes more sensitive to tempera ture  changes. The 

appropriate corrections were determined semi-empirically f rom t h e  observed response 
of t h e  Cd-covered detector  (subsection 2.1). 

The reasons for presenting t h e  d a t a  in t h e  manner shown in Figure 23 is to exhibit 
t h e  dependence of t h e  count ra t io  on t h e  various parameters ,  and to demonstrate  t h e  

inadequacy of this simple analysis. I t  is obvious from this  f igure tha t  t h e  value of t h e  
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Figure 23. Observed count ratio, R, in the various test media as a function of the 
temperature. The data were obtained with the preliminary experimental 
arrangement and were experimentally corrected for the 1/E background. 
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count ratio alone is not sufficient to determine t h e  medium tempera ture  unambiguously. 

A more complete  analysis of t h e  available information, Le., use of t h e  bare  and Cd- 

covered de tec tor  responses in addition to t h e  count ratio,  R, is necessary to accomplish 

tha t .  This is demonstrated in t h e  following paragraphs. 

The s a m e  d a t a  shown in Figure 23, a r e  plotted in Figure 24 as a function of t h e  

bare-to-Cd-covered de tec tor  count ratio. As in Figure 23, t h e  open circles represent 

t h e  d a t a  obtained in water and water  boric acid solutions. The full circles represent t h e  

results of measurements performed in water-saturated silica and and silica sand 

sa tura ted  with water boric acid solution. The triangles a r e  t h e  d a t a  obtained for  t h e  

water  sa tura ted  silica sand lead shot mixture. The lines drawn through t h e  da ta  re- 

present e i ther  measurements performed at constant tempera ture  (labeled in C), or  at 
constant  neutron absorption cross section and neutron moderating power (labeled by t h e  

corresponding C and (Cs values). a 
The reason for analyzing t h e  d a t a  in this manner was to determine whether Za 

and ( 2  a r e  independent parameters  or Tn (and hence R )  depends simply on t h e  rat io  

2 / (  X s  as is t h e  case for  an infinite medium with a uniformly distributed neutron 

source,  Equation 3. Since t h e  bare  (unfiltered) de tec tor  response, Cih, provides a 

measure of t h e  absorption cross section, and t h e  Cd-covered detector  count, CCd, 
provides a measure of t h e  moderating power, t h e  rat io  C ih/cCd is a measure of za/ 
( E  s. The difference in t h e  slopes of lines representing constant moderation and absorp- 
tion properties for media with different moderating power, [zs,  but similar values of 

t h e  rat io  CB /Ccd clearly indicates t h e  independence of t h e  moderation and absorption 
parameters.  I t  verifies our previous assertion of three  independent variables and hence 

t h e  need for  a three-dimensional representation of t h e  count ra t io  data ,  R, as a function 
of CB and CCd. When R, CB , and CCd a r e  plotted along three  orthogonal axes  t h e  

above d a t a  represents points in a three  dimensional space. Each point is determined by 
t h e  observed response of t h e  detector  in turn bare (unfiltered), Cd-filtered, and Cd- 

Moreover, e a c h  point in this space covered, Le., by R = CGd /CB , CB , and CCd* 
corresponds to t h e  unique set of conditions under which t h e  measurements were 

performed, Le., t h e  values of T, Ca, and 6 xs .  
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Figure 25 presents a mapping (cross plot) of t h e  d a t a  obtained for  water and t h e  

water boric acid solutions. The count ratios, C th /Cth, a r e  plotted along t h e  Y-axis, 

and the bare detector ,  CAh, counts along t h e  x-axis. The Cd-covered de tec tor  counts, 
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t h  Figure 24. Mapping of the count ratio as a function of the ratio CB /Ccd, Le., the 

ratio of absorption to moderating properties, for various conditions of 
formation temperature, absorption and moderating power. The curves 

represent conditions of constant temperature (in "C) or constant absorp 

and moderation (in an-'). The difference in the slope of lines represent- 
ing constant moderation and absorption for media with different moderat- 
ing power, 5 zS, but similar values of CB /Ccd dea r ly  demonstrates 

the independence of the moderation and absorption parameters. 
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ing various amounts of absorber (H3B03). The Cd-filtered detector counts 
which depend on the  moderating properties of the medium are constant 
at CCd = 2850 *SO. These data represent a piane in the three-dimensional 

mapping of R(T, CB , CcD). t h  
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CCd, a r e  plotted along t h e  Z-axis (perpendicular to t h e  page). CCd is constant,  within 

t h e  experimental  uncertainty,  for  t h e  test media consisting of water  and water  boric 

acid solution. This is to be expected, since t h e  moderating power, 4 C s, of t h e  water is 
not changed significantly by t h e  addition of small  amounts of boric acid (Table 1). 
Therefore,  Figure 25 represents  a single plane in t h e  three-dimensional plot of R(T, Z a ,  

51: s), t h e  plane being perpendicular to  t h e  C C d  axis. The curved lines in this plane 
represent measurements performed at constant tempera ture  (variable 2 ), while t h e  

straight lines represent measurements made in media with t h e  s a m e  neutron absorption 

cross section. The significance of this  analysis is t h a t  each  point on t h e  plot which is 

determined by t h e  measurements in t h e  three  regions of t h e  spectrum (subsection 2.1) 

corresponds to a unique set of conditions under which t h e  measurements  were 

performed. Thus, each  set of measurements  determines uniquely t h e  value of t h e  

medium temperature ,  and equally unique values of t h e  neutron absorption cross section 

and moderating power. 

@ 

a 

When t h e  moderating power of t h e  medium is different  from t h a t  of water ,  t h e  

points determined by t h e  corresponding measurements  l ie off t h e  plane shown in 
Figure 25, but in another plane similar and parallel to  it. Such a plane is presented in 

Figure 26. This is a mapping of t h e  d a t a  obtained for  water-saturated silica sand and  

silica sand sa tura ted  with water  boric acid solution. The  corresponding Cd-covered 

de tec tor  counts a r e  again constant  but different f rom those measured in water  and t h e  

various water-boric acid solutions. This is clearly due to t h e  different  moderating 

power of t h e  water  and  silica-water test media (Table 1). The silica-lead-water d a t a  lie 

in st i l l  another plane of constant C They were not  plotted,  because only d a t a  for  a 
single value of t h e  absorption cross section have been obtained. 

Cd' 

2.4.1.3 Experimental Technique Accuracy 

The experimentally determined uncertainty in a single determination of t h e  Gd- 

filtered-to-bare de tec tor  count ra t io  is +0.0004 for  values of t h e  ratios in t h e  range 

from 0.045 to 0.090. This results in a tempera ture  uncertainty of less than k3.5 C near 

room temperature ,  to less than +2OC near 100 C. These values of t h e  tempera ture  

uncertainty are conservative es t imates  of t h e  technique accuracy because no a t t e m p t  

was made to optimize t h e  neutron counting system. That is, use was made of only a 
very small  neutron source (0.3 ,ug Cf-252), reasonably short  counting intervals (15 
minutes), and standard detect ion and counting equipment available in our laboratory. 

0 

0 
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Figure 26. Mapping of the count ratio as a function of the bare detector counts for 
various conditions of the formation temperature and absorption, but for 
constant moderating power. The data are those measured in silica + water 
and silica + water + boric acid. The Cd-filtered detector counts are con- 
stant at CCd = 13,600 *200. These data represent a plane in the three- 

dimensional mapping of R(T, CAh, Ccd) different from that shown in Fig- 
ure 25. 
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Therefore, a precision of _+ 2OC at a tempera ture  of 3OO0C is a reasonable projection of 

tbe above low tempera ture  data.  
Since t h e  observed uncertainty due to counting statistics is * 0.0002 to 2 0.0003 in 

t h e  above rat io  range, it is obvious t h a t  t h e  uncertainty in t h e  system response is 

largely due to counting s ta t is t ics  which depend entirely on t h e  number of counts  

recorded by t h e  neutron detect ion system. Therefore,  it can be minimized by increasing 

t h e  to ta l  number of recorded counts, Le., by increasing t h e  detet ion efficiency, t h e  

neutron source strength,  and/or t h e  length of t h e  counting interval. Systematic  errors  

can result  from system instabilities and these  have to be determined by a large number 

of independent measurements. Having experimentally determined t h e  tempera ture  

dependence of t h e  system response, R, and  t h e  uncertainty in any single determination 

of this  response, it was possible to e s t i m a t e  t h e  total uncertainty in t h e  tempers ture  

measurement. The above precision es t imates  take  into account both t h e  counting and 

sys temat ic  uncertainties. In t h e  final analysis, however, it is expected t h a t  t h e  

perturbations caused by t h e  borehole will be t h e  limiting fac tor  in schieving t h e  best 

possible precision. The experiments described below and those proposed will help define 
these  limitations. 

2.4.2 Measurements in the Wel l  Geometry 

Geometry effects notwithstanding, t h e  preliminary measurements  described in t h e  

preceding section substant ia te  t h e  results of our computations. Furthermore,  they 

demonstrate  t h e  feasibility of t h e  concept in t h e  "simple" geometry and indeed justified 

proceeding with t h e  second phase of t h e  experimental  study involving measurements in 

an  arrangement  simulating a geothermal well. A test s tand used to perform these  
measurements  is described below. Also described in t h e  following paragraphs are t h e  

sonde mockup used to perform t h e  initial measurements,  t h e  measurements  themselves 

and their  results. The  purpose of these  experiments was to evaluate  t h e  tempera ture  

sensor design and assess t h e  effects of t h e  borehole fluid on t h e  gauge response. They 
also serve  as t h e  initial s t e p  in verifying t h e  results of t h e  preliminary measurements  

for  t h e  more complex, real is t ic  geometry,  and, thus, in demonstrating t h e  engineering 

feasibility of t h e  method. Additional measurements  which a r e  necessary to complete  

this task a r e  discussed in t h e  final sect ion of t h e  report. 
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2.4.2.1 Test Stand 

A photograph presenting an overview of t h e  test stand designed to simulate 

geothermal well conditions is shown in Figure 27. In addition to t h e  test formation 

container located on t h e  platform, t h e  photographs shows t h e  associated electronics for  

neutron counting and monitoring of t h e  de tec tor  operation. At  t h e  f a r  l e f t  is a heat  
exchangerwhose function is discussed below. A schemat ic  diagram of t h e  system is 

presented in Figure 28. The test formation chamber is located on a platform so t h a t  t h e  

"borehole" and sonde mockup a r e  accessible f rom t h e  bottom as well as from t h e  top. 

The test formation container is a large cylindrical t ank  made of 1/4-inch thick mild 

steel. I t  has a diameter of 54 inches (1.37 m) and it is 54 inches high. A concentric 

hole, t h e  borehole, consists of a 10-inch (25.4 c m )  outside diameter  aluminum tube with 

wall thickness of 0.094 inches (0.239 cm). This borehole diameter  was chosen to 

correspond roughly to t h e  minimum diameter  of an uncased geothermal well (Ref 11). 
As a result, t h e  test formation thickness is 21.75 inches (55.245 cm). This dimension is 
several  t imes  grea te r  than t h e  effect ive infinite volume dimension for  water  but only 

about 2/3 t h e  effect ive infinite volume dimension for  dry silica. Effect ive infinite 

volume is t h e  finite volume of a sample whose dimensions a r e  sufficiently large so t h a t  

t h e  effect of t h e  f ini te  geometry on t h e  quantity being measured is negligible. As a 

consequence of t h e  above choice of t h e  test formation thickness, practically all of t h e  

source neutrons entering t h e  test volume will be thermalized within a f e w  inches ( - 6  

inches) f rom t h e  borehole wall when t h e  tank is filled with water. On t h e  other  hand, 

when t h e  test formation is dry sil ica sand all  but a small  f ract ion (a f e w  percent) of t h e  

neutrons traversing t h e  21.75 inches of silica will have been thermalized. I t  is not 
expected t h a t  t h i s  will have a significant effect on t h e  results of th i s  study. A larger 

sample volume for t h e  present study would be impract ical  because of heating 
requirements. 

u 

In t h e  present experimental  arrangement,  t h e  power necessary to heat  t h e  test 

formation is provided by 12 s t r ip  heaters  oriented parallel to t h e  cylinder axis, and 

spaced uniformly around t h e  periphery. Each heater  generates  1250 w a t t s  of heat  at 

240V and can withstand temperatures  as high as 250 to 30OoC. Variable voltage is 

provided by three  coupled Variacs e a c h  controlling four heaters  connected in parallel. 

The Variac output is switched on and off by a contac tor  switch which is operated by a 
thermocouple tempera ture  controller so t h a t  it is engaged, and t h e  Variac output  is 
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Figure 27. Overview of the geothermal test stand showing the heat exchanger (far 
left), the neutron counting electronics, and the test formation chamber. 
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applied to t h e  heaters,  when t h e  controlling thermocouple indicates a tempera ture  

b,elow t h e  preset value. When t h e  tempera ture  has reached (or just passed) t h e  value 

preset  on t h e  controller, t h e  contactor  is disengaged and t h e  voltage to t h e  heaters  is 

c u t  off. Power to t h e  s t r ip  heaters  is then cycled on and off controlling t h e  formation 

tempera ture  automatically with small, periodic deviations from t h e  preset  value. 
The controlling thermocouple is one of several  thermocouples, located in t h e  test 

formation and in t h e  borehole. Their locations a r e  designated by asterisks (*I in 

Figure 28. The rather  large number of thermocouples may be necessary to  determine 
very carefully t h e  temperature variations within cer ta in  test formations. This will be 

important in interpreting t h e  data. The thermocouples inside t h e  central  tube (bore- 

hole) are needed to monitor t h e  tempera ture  of t h e  water  which will be circulated 

through it as will be discussed below. Figure 29 is a photograph of t h e  interior of t h e  

empty  test formation chamber showing t h e  central  aluminum tube (borehole) and t h e  

sonde mockup stainless s teel  case in t h e  sidewall configuration. Thermocouples a r e  

positioned along t h e  spring-loaded aluminum rod pressing against  t h e  outside of t h e  
aluminum tube and the  inside surface of t h e  test formation container. All t n e  inside 

surfaces  were painted with high tempera ture  aluminum paint. 

The test formation container and a t tached  heaters  a r e  covered on all sides by 

thermal  insulation (ETR board). This essentially eliminates significant heat  losses 

through t h e  tank walls and faci l i ta tes  heating of t h e  test formarion, great ly  reducing 

t h e  t i m e  between tempera ture  changes. 

Provisions have been made to circulate  t h e  "borehole fluid" (water o r  water  boric 

acid solution) through t h e  borehole and in to  a retainer  tank  as shown schematically in  
Figure 28. Alternately t h e  fluid can be circulated through a heat  exchanger prior to 
entering t h e  borehole to s imulate  t h e  si tuation generally encountered in geothermal 

wells where t h e  tempera ture  of t h e  borehole fluid is generally lower than t h a t  of t h e  

for  mat i  on. 

2.4.2.2 Sonde Mockup 

The arrangement of t h e  neutron source and He-3 de tec tors  incorporated in t h e  

sonde mockup is presented schematically in Figure 30. I t  consists of t h e  various com- 
ponent shown, located inside t h e  three-inch (7.6 c m )  outside diameter  (type 304) stain- 

less s teel  tube. The  position of t h e  mockup in t h e  test s tand is shown in Figures 28 
and 29. The diameter  was selected to correspond approximately to tha t  of standard 



Figure 29. Photograph showing the inside of the empty test formation container. 
Thermocouples are attached to the spring-loaded bar between the central 
tube and the chamber wall. 
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Figure 30. Sonde mockup configuration used for evaluation of the formation tem- 
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downhole tools used in uncased oil wells. The diameter  of such instruments is 3 5 / 8  

inches (9.208 cm). The wall thickness of t h e  tube  is 0.083 inches (0.221 cm). The 

various sensor components are supported by two 1/4-inch(0.64 cm)  diameter  stainless 

s teel  rods, and they  a r e  positioned along t h e  rods by aluminum support/clamping devices 

shown in Figure 31. Support members are omi t ted  from t h e  drawing in Figure 30 for  

c lar i ty  and only t h e  essential fea tures  of t h e  device a r e  shown. 
The  Cf-252 source is located inside a cavi ty  in a polyethylene/Cd cylindrical 

s t ruc ture  (source shield) at a position such t h a t  it will be next to t h e  borehole wall when 

t h e  instrument is sidewalled and properly oriented. The polyethylene/Cd source shield 

is designed to minimize t h e  number of source neutrons e m i t t e d  directly into t h e  

borehole. This is accomplished by slowing down of fast source neutrons in t h e  

polyethylene (high hydrogen content  material)  regions of t h e  shield and subsequent 

absorption in t h e  various 30 mil Cd layers  and t h e  surrounding 30 mil thick C d  cylinder. 

Consequently, only a small  f ract ion of t h e  source neutrons which would have been 

e m i t t e d  directy in to  t h e  borehole in t h e  absence of t h e  shield actually reach t h e  

borehole fluid when t h e  source shield is used. The overall length of this shield is 
10.3 inches (26.16 cm). 

6d 

The three  He-3 de tec tors  used are t h e  RS-P4-0404-207 counters  discussed in 

subsection 2.2. Of t h e  t h r e e  de tec tors  shown in Figure 30, one is surrounded by a 30-mil 

(0.076 c m )  thick cadmium (Cd) sleeve, another is surrounded by 2-mil (0.005 cm)  thick 

gadolinium (Gd) foil, and t h e  third is bare  (unfiltered). The neutron transmission of t h e  

f i l ters  and t h e  response of t h e  various f i l ter /detector  combinations have been discussed 

(subsection 2.1). The Gd-filtered and Cd-covered de tec tors  a r e  located closer to t h e  

source e a c h  at an equal distance from it. The bare  de tec tor  is loca ted  fur ther  f rom t h e  
source as shown in Figure 30. The  f i l tered de tec tors  a r e  placed closer to t h e  neutron 
source because of t h e  lower count rates expected due, obviously, to absorption in t h e  Gd 

and C d  filters. All th ree  de tec tors  a r e  aligned with one another and with t h e  source so 
t h a t  all t h r e e  de tec tors  and t h e  neutron source are adjacent  to t h e  borehole wall when 

t h e  test sonde is sidewalled and properly oriented. 

The remaining t h r e e  polyethylene/CD shields (each -1.06 inches or  2.69 c m  thick) 

and t h e  30-mil (0.076 cm) C d  shields a r e  designed to provide additional shielding of t h e  
de tec tors  against neutrons which thermalize in t h e  borehole fluid near t h e  detectors.  

Although t h e  source shield largely reduces t h e  number of source neutrons directly 

e m i t t e d  into t h e  borehole, it does not prevent neutrons which a r e  initially e m i t t e d  in to  

n 
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Figure 31. Partial photograph of the sonde mockup showing the structural devices 
used to position and support the various sensor components. The He-3 
detectors used in the mockup are six inches long. The detecqors shown 
here are the twelve-inch long detectors used for the preliminary measure- 
ments. 



t h e  formation from scat ter ing (or diffusing) into t h e  borehole. Such neutrons could 

thermalize (or rethermalize) there ,  and in t h e  absence of t h e  above shields they could 

eventually reach  t h e  detectors  causing undesirable interference,  Le., modification of 
t h e  gauge response to conditions in t h e  test formation. The 30-mil C d  shields cover t h e  

inside of t h e  sonde mockup in t h e  region of t h e  de tec tors  leaving slots at t h e  de tec tor  

positions, as shown by t h e  sect ion drawing in Figure 30, so t h a t  only thermal  neutrons 
from t h e  test formation can reach t h e  detectors  unhindered. 

0 

The above test device has been designed to permit changes d ic ta ted  by t h e  results 

of t h e  planned evaluation experiments. The source-to-detector distances can b e  

changed easily and rapidly. The  shield dimensions and configuration can  also be changed 

readily. High density polyethylene can be replaced readily by another  equally e f fec t ive  

substance (with high hydrogen content) ,  e.&, glycerine in appropriate containers,  if it 
becomes necessary for  la te r ,  higher tempera ture  measurements. The initial evaluation 

of t h e  above system was performed in water  test formations (T<lOO°C). In this case 

high density polyethylene is a most convenient moderator to use from t h e  point of view 
of ease in fabrication and design modification. 

2.4.2.3 Initial Measurements 

Measurements were performed using t h e  sonde mockup described above in t h e  test 
s tand described at t h e  beginning of this  subsection. These measurements  consisted of 

counts  obtained with t h e  t h r e e  de tec tors  simultaneously at e a c h  tempera ture  of t h e  test 

formation and for  various conditions in t h e  borehole. The  test formations were water  

and a water  boric acic solution containing a concentration of H3B03 which is equivalent 

to 2.4 weight percent  concentration of NaCl. The borehole conditions were: 

1. Borehole full of water  at t h e  tempera ture  of t h e  test formation. 

2. Borehole full of water  at a tempera ture  lower than t h a t  of t h e  test 
formation. 

3. Borehole empty. 

4. Borehole full of water  boric acid solution at t h e  tempera ture  of t h e  test 

formation. The boric acid concentration used was equivalent to 3.5 weight 

percent  concentration of NaCI. 

5. Borehole full of water  boric acid solution at a tempera ture  lower than t h a t  of 

t h e  test formation. 
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An - 8  g Cf-252 neutron source was used for  these measurements. This yielded 

qounts in t h e  range of 400 counts per second for  t h e  Cd-covered detector ,  550 counts 

per second f o r  t h e  Gd-filtered de tec tor  and 60 counts  per second for  t h e  bare  de tec tor  
when t h e  borehole was full. With t h e  borehole empty  t h e  observed count r a t e s  were in 

t h e  range of 670, 850, 650 counts per second for  t h e  Cd-covered, Gd-filtered and bare  

detector ,  respectively. 
I t  should be recalled t h a t  t h e  bare (unfiltered) de tec tor  was located fur ther  from 

t h e  neutron source than t h e  f i l tered de tec tors  (Figure 30). The observed bare  de tec tor  

counts  were corrected to compensate for  this difference. The correction involved 

multiplying t h e  observed bare de tec tor  response by t h e  ratio of counts obtained with t h e  
bare  de tec tor  at t h e  two (short and long) source/detector  distances. Next, t h e  Cd- 

covered de tec tor  counts were used to cor rec t  both t h e  Gd-filtered and t h e  compensated 
bare counts. Finally, t h e  ratio, R,  of t h e  corrected Gd-filtered-to-bare de tec tor  counts 
was computed at various tempera tures  and for  t h e  above test formation and borehole 

conditions. 
Results of measurements  made with water  as t h e  test formation a r e  presented in 

Figure 32. R is t h e  ra t io  of t h e  Gd-filtered-to-bare (unfiltered) de tec tor  counts. The  

various d a t a  points represent measurements made with t h e  borehole full of water  at t h e  

tempera ture  of t h e  test formation (full circles), at a t empera ture  lower than t h a t  of t h e  

test formation by t h e  number of degrees shown (full triangles), and with t h e  borehole 

empty  (open circles). The agreement  between t h e  d a t a  obtained under t h e  various con- 

ditions in t h e  borehole indicates t h a t  t h e  sensor response is determined essentially by 

conditions in t h e  test formation. 

Next,  measurements  were performed with water  as t h e  test formation, but with a 
water  boric acid solution as t h e  borehole fluid. The concentration of boric acid used in 

t h e  present measurements  is equivalent to 3.5 weight percent concentration of sodium 

chloride in t h e  brine. The d a t a  obtained a r e  shown in Figure 33. Measurements were  

performed with t h e  borehole full of water  boric acid solution at t h e  tempera ture  of t h e  

test formation (full circles) and at a tempera ture  lower than t h a t  of t h e  test formation 

by t h e  number of O C  shown (full triangles). The broken l ine curve in this f igure 

represents t h e  response observed with water  as t h e  test formation and with water  also 
as t h e  borehole fluid. The effect of t h e  above concentration of boric acid (or t h e  



0.1; 

0.11 

0.10 
R 

0.09 

0.08 
I 

RT- 1 61 95 

I I I i i 1 i i 1 

-19.2"C 

-21.6"C -9.1"C 

-13.1"C 

I 1 I 1 1 1 1 1 1 
50 1 

NATER TEST FORMATION TEIIPERATURE ( " C )  

Figure 32. Data obtained with the sonde mockup. R is the  ratio of the G6fi l tered 
to bare detector counts after correction for the 1/E contribution. The 
test formation is water. Data are shown for the borehole empty ( 0  ), 
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The broken line is the  sensor response obtained with water as the 
borehole fluid. 

A 

70 



equivalent sodium chloride concentration) in t h e  borehole fluid is about a one percent  

increase in t h e  sensor response, R. This is small (at  least by one order of magnitude) 

compared to t h e  effect of t h e  same concentration of absorber in t h e  test medium as 

observed in our preliminary measurements. The above d a t a  indicate t h a t  t h e  effect of 

borehole fluid salinity on t h e  sensor response is small  (for generally encountered 

salinities). I t  will be  shown below t h a t  t h e  borehole fluid salinity does not affect t h e  

determination of t h e  formation temperature.  I t  only modifies t h e  e f fec t ive  neutron 
absorption cross sect ion of t h e  moderating medium in t h e  vicinity of t h e  sensor. 

Following t h e  above measurements in water ,  measurements  were performed with 

a water  boric acid solution as t h e  test formation. The da ta  obtained with water  as t h e  

borehole fluid and with t h e  borehole empty are shown in Figure 34. The various symbols 
represent t h e  borehole conditions discussed previously (Figure 32). Curves 1 and 2 a r e  

the  observed response shown in Figure 33 and a r e  included in this f igure to fac i l i t a te  

comparison. The higher count ra t ios  observed with increased absorption a r e  in 

agreement  with t h e  results of t h e  preliminary measurements.  Unlike t h e  d a t a  obtained 

with t h e  water  test formation (curve 1 and Figure 32), it  appears  t h a t  t h e  count ratio,  

R, values obtained with t h e  boric acid solution test formation and with t h e  borehole 

empty  a r e  somewhat lower than t h e  corresponding ratios observed with t h e  borehole 

full. This difference (-2.5 percent) may not be significant. I t  is very sensitive to t h e  

f a c t o r  used to compensate  t h e  bare  detector  counts for  t h e  grea te r  distance of this 

counter f rom t h e  neutron source. In t h e  above case, -1 percent  change in t h e  f a c t o r  

used would bring t h e  empty  and full borehole responses in to  agreement.  This may be a 
weakness of t h e  present method of computing t h e  rat ios  and al ternat ive methods should 

be examined. One  such method would compensate t h e  Cd-covered de tec tor  response f o r  

t h e  longer source/detector distance in order to cor rec t  t h e  bare  de tec tor  counts for  t h e  
1/E contribution. According to this  method, t h e  bare  de tec tor  counts will not be 

corrected for  t h e  source/detector distance,  and, as a result, t h e  computed, 1/E- 

cor rec ted  Gd-filtered-to-bare de tec tor  count ratios would be an order of magnitude 

(20 to 30 times) higher than t h e  corresponding values obtained by t h e  present method. 

In re t rospect ,  t h e  above al ternat ive approach is s ta t is t ical ly  more a t t r a c t i v e  and it 
should be examined. The present method was used largely in order to allow a more 

direct comparison of t h e  well geometry results with t h e  results of t h e  simple geometry,  
preliminary measurements. 
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Figure 34. Data obtained in water boric acid solution test formation with water as 
the borehole fluid. R is the ratio of t he  Gd-filtered to bare detector counts 
a f te r  correction for the 1/E contribution. Data are shown for the borehole 
empty ( 0 ), the borehole full of water at the  temperature of the  test for- 
mation ( 0  ), and at a temperature lower by the number of degrees given 
(A ). The lower line curves are the sensor response shown in Figure 33. 
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The final set of measurements in t h e  present phase were performed with water  

boric acid solution (2.4 weight percent  equivalent NaCl concentration) as the  test 
formation, and water  boric acid solution (3.5 weight percent equivalent NaCl concen- 

tration) as t h e  borehole fluid. Again t h e  response of t h e  sensor obtained previously 

under various conditions is included for  ease of comparison. As in t h e  case of t h e  d a t a  

obtained with water  as t h e  test formation, t h e  count ratio,  R, observed with increased 

neutron absorption in t h e  borehole fluid (increased fluid salinity) result  in slightly higher 

ratios. The increase in this  case is -1.75 percent  and as in t h e  case of t h e  water  test 
formation it will not affect t h e  determination of t h e  formarion temperature .  

c3 

The plots of t h e  formation tempera ture  gauge response presented in Figure 35 

clearly show t h a t  t h e  observed t rend in t h e  initial well geometry d a t a  is t h e  s a m e  as 
t h a t  observed in t h e  preliminary, simple geometry experiments (Figure 23). The well 

geometry d a t a  presented in this  section const i tute  points in a single plane of t h e  t h r e e  

dimensional space discussed earlier. The Cd-covered de tec tor  counts a r e  constant  f o r  

a l l  t h e  well geometry d a t a  presented. CCd = 394 + 2  counts  per second with t h e  
borehole full and CCd = 648 f 3  counts  per second with t h e  borehole empty. This 

difference in CCd and similar differences in t h e  count r a t e s  recorded by t h e  Gd-filtered 

and t h e  bare  de tec tors  can be eliminated by normalization of t h e  observed count r a t e s  

to t h e  corresponding count ra tes  obtained with a particular test formation at one 

specif ic  temperature .  The present d a t a  were normalized to t h e  observed de tec tor  count 

r a t e s  for  t h e  water  test formation at 31.OoC with and without water  in t h e  borehole. 

Under these  conditions C C i h  = 1.0000 both with t h e  borehole full of water  and 

with t h e  borehole empty. E$ is equal to t h e  value of R corresponding t o  t h e  condition 

in t h e  borehole. The Cd-covered detector  count r a t e s  normalized in this manner 

average 0.9988 k0.0036 and 0.9959 +0.0024 for  all  t h e  full and empty borehole 
measurements  respectively. The average normalized C for all  measurements  regard- 

less of t h e  conditions in t h e  borehole is 0.9973 f0.003. 
C d  

The normalized d a t a  a r e  presented in Figure 36. This is a mapping of t h e  count 

ratios observed under t h e  various conditions discussed in t h e  preceding paragraphs and 

t h e  corresponding normalized Cd-covered and bare  de tec tor  counts. Jus t  as t h e  

preliminary d a t a  obtained for  t h e  various water-boric acid solutions, Figure 25, t h e  
present da ta  all l ie  in a plane of t h e  t h r e e  dimensional mapping of R,  and t h e  nor- 

malized CB and CCd. Furthermore,  it is clear  t h a t  t h e  higher count ratios obtained 

with increased borehole fluid salinity, curves 2 and 5 in Figure 36, do not a f f e c t  t h e  

t h  

73  



0. 

0.12 

1 

R 

0.10 

0.09 

1 I I 1 I f I 1 1 

- - 

- - 

TEST FORMATION/BOREHOLE F L U I D  

WATER OR A I R  - 

WATER + BORIC A C I D  

@ WATER + BORIC A I R  

@ WATER + BORIC WATER 

A C I D  

I I I I I I A C I D  I I I 
0 5 0  

TEST FORMATION TEMPERATURE ( " C )  
R T - 1 6 5 0 5  

Figure 35. Data obtained in water boric acid solution test formation with water boric 
acid solution as the borehole fluid- R is the ratio of the  Gd-filtered to bare 
detector counts af ter  correction for the  1/E contribution. Data are shown 
for the borehole full of fluid at the  temperature of t he  test formation (e), 
and at a temperature lower by the number degrees given (A 1. The curves 
represent the  response of the sensor shown in Figures 33 and 34. They are 
included for comparison. 
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Figure 36. Mapping of the  count ratio, R, as a function of the  normalized bare detector 
counts for various conditions of the  test formation and borehole fluid tem- 
perature and neutron absorption cross section (salinity), but for constant 
neutron moderating power. Data are shown for the  borehole empty (01, 
the borehole full of water or water boric acid solution at the temperature 
of the test formation (01, and at a temperature lower than that of the 
test formation ( A 1. The formation temperature is uniquely determined 
regardless of conditions in  the borehole. 
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@ determination of t h e  formation tempera ture  since t h e  d a t a  points obtained l ie  on t h e  

equal-temperature curve corresponding to t h e  formation temperature.  The s a m e  is t r u e  
of t h e  empty borehole data ,  curve  3. The effect of borehole fluid salinity and/or fluid 

density appears  to be a modification of t h e  e f fec t ive  neutron absorption cross section, 
The significant f a c t s  are t h a t  t h e  tempera ture  'a 9 

determination is unique and t h a t  t h e  tempera ture  determined is t h a t  of t h e  formation 

regardless of t h e  borehole conditions considered. The above e f f e c t s  on Z a  could be 
taken into account in  t h e  sensor calibration. 

in t h e  vicinity of t h e  gauge. 

2.5 PRELIMINARY CONCEPTUAL DESIGN OF A FORMATION 
TEMPERATURE SONDE 

Having demonstrated t h e  scientific feasibility of t h e  neutron technique for  t h e  

determination of t h e  formation temperature ,  a conceptual design of a formation 

tempera ture  sonde and logging system was developed. Performance specifications were 

est imated on t h e  basis of available information. These a r e  discussed in t h e  following 
paragraphs. 

2.5.1 Estimates of Performance Specifications 

Performance specifications have been es t imated  for  t h e  system which will be 

described below on t h e  basis of d a t a  obtained in t h e  present study and from relevant 

l i terature.  These specifications a r e  l isted in Table 2. Obviously, t h e  primary parameter  

to be determined is t h e  formation temperature .  However, t h e  neutron absorption cross 

section, Za, of t h e  formation can also be determined as described previously from a 
mapping of t h e  gadolinium-filtered-to-bare de tec tor  count ra t io  as a function of t h e  

bare  de tec tor  counts. xa  together  with t h e  corresponding cadmium-covered de tec tor  

counts can be used to e s t i m a t e  t h e  sa tura ted  porosity of t h e  formation. The 

tempera ture  determination accuracy es t imates  l isted a r e  based on t h e  above feasibility 

study data.  The main contribution is due to counting statistics (50 to 75 percent), but 

they also include a contribution due to  sys temat ic  uncertainties. Since t h e  detection 

system used was not optimum and t h e  source s t rength was ra ther  low, these  accuracy 

es t imates  may be rather  conservative. 

A possible l imitation to t h e  applicability of t h e  present technique may be a very 

high absorption cross section of 

increases t h e  Maxwellian portion 

t h e  moderating medium. 

of t h e  moderated neutron 

As Z a  of t h e  moderator 

energy spectrum decreases 

@ 
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Table 2. Estimated Performance Specifications for the Formation 
Temperature Sonde 

1. Primary parameter  measured Formation tempera ture  cli 
Additional information obtained Neutron absorption and moderation 

(saturated porosity). (Section 2.4.1.2) 

2. Est imated technique accuracy * 3 . 5 ' ~  near room tempera ture  

5 2OC at T ,> 1 OO°C (Section 2.4.1.5). 

3. Neutron absorber concentration l imit  Technique applicable in all  known 
liquid dominated hydrothermal sys- 
tems; inapplicable when dissolved 
mineral content  becomes 7 to  18 
t imes  t h a t  of Salton Sea KGRA. 
Technique inapplicable in completely 
dry formations with absorber concen- 
t ra t ions resulting in cross sections 
equivalent to t h a t  of 25 percent  t h e  
CI-  concentration of Salton Sea  
KGRA. 

4. Tempera ture  l imitations N o  inherent technique limitations. 
He-3 de tec tors  a r e  designed to oper- 

ate at 5 26OoC. 
Electronic component operating tem- 
pera ture  range is presently t h e  limit- 
ing factor .  

High tempera ture  multiconductor ca- 

ble successfully tes ted  at 5 26OoC.' 

b 

5. Logging mode Continuous or  s t e p  by s t e p  

6 .  Maximum logging speed 25 to 50 f t /min  continuous logging 
20 to 70 f t /min  step-by-step logging 

7. Source s t rength 50 to 150 p g  Cf-252 

d 8. Depth of penetration 5 to 10 inches 

9. Borehole effects Minimized by sidewalling and neu- 
t ron  shielding design. (Section 2.4.2.2) 

Est imated from published values of Salton S e a  brine salinities. a 

bReuter-Stokes, pr ivate  communication. 

Sandia geothermal well logging cable. 

dReferences 3 and 4. 
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because of preferential  absorption of neutrons in t h e  lowest energy (thermal) range. 

However, this  is t h e  portion of t h e  neutron energy spectrum which is sensit ive to t h e  

medium temperature ,  T, via t h e  parameter  Tn (neutron temperature)  which charac- 

te r izes  t h e  Maxwellian. Tn =Tn (T, xa, 5 xs) (Equation 2). Therefore, for  a medium 
with moderating power (xS, t h e r e  exists a value of Za, or concentration of absorber, 

above which Tn cannot be used to describe t h e  thermal  neutron energy spectrum. In 

this range, Tn is no longer a valid parameter  because t h e  thermal  neutron spectrum can  

no longer be represented by a Maxwellian function. Therefore,  t h e  technique is only 

applicable in media with 4 za/5 Zs <, 1 (Ref 12). The range of applicability l isted in 
Table 2 was es t imated  assuming a f i f teen percent  porous silica matrix. Since t h e  

salinity of hot water  fields is generally 5 1 2  percent  t h a t  of t h e  Salton Sea field, t h e  

technique should be applicable in all known liquid dominated hydrothermal systems. The  
reason for t h e  lower absorber concentration l imit  in t h e  completely dry matr ix  is t h e  
very low moderating power of this  medium due to t h e  lack of moisture content.  Since 

even t h e  hot "dry" rock resources a r e  not f r e e  of moisture or bound water ,  t h e  
technique should be applicable in hot dry rock formations with a much larger range of 

absorber concentrations than t h e  l isted e s t i m a t e  for  t h e  completely dry matr ix  ( 4 2 

increases very rapidly with increased moisture content). 
S 

There is no inherent tempera ture  l imitation on t h e  technique itself in t h e  range of 

4 Za/ 5 Z in which t h e  method is valid. In this range of moderator properties, i t  will be 

applicable for temperatures  even higher than may be encountered in magmatic  and 
o ther  long-range applications, Le., 1000 to 1 100°C. Temperature  limitations, however, 

do exist at t h e  present t ime with respect to t h e  instrumentation. He-3 de tec tors  can 

presently be operated at temperatures  5 26OoC. Reuter-Stokes (a major supplier of 

neutron detectors  ) claims tha t  extension of t h e  operating tempera ture  range to 

-325OC may possible with some redesign. The main l imitation in achieving t h e  DOE 

short range goal of tool operational capabili ty at 5325OC may be posed by t h e  

operational temper  at ure character  is t ics of present 1 y avail able  electronic com ponent s. 
I t  is interesting to note, however, t h a t  t h e  maximum advertised tempera ture  of neutron 

logging tools used by t h e  oil industry is 26OoC. The final tempera ture  l imited 

component is t h e  logging cable. Sandia now owns what is considered t h e  best currently 
available multiconductor (seven conducting wires) cable. I t  has been tes ted successfully 

at temperatures  5 26OoC. 

S 

78 



Logging with t h e  formation tempera ture  sonde now envisioned could be ei ther  
continuous (tool in continuous, uniform motion throughout t h e  logging operation) or 

step-by-step (tool stationary while t h e  detectors  a r e  counting). In t h e  continuous mode 

of operation, t h e  response will obviously be averaged over t h e  well section traversed in 

a counting interval. Since t h e  average expected tempera ture  gradients will be 

5 0.023'C/ft (75OC/km), this will not generally be a limitation. The tabulated logging 

rate estimates are based on these  expected average tempera ture  gradients and on a 
required precision similar to t h a t  obtained in t h e  feasibility measurements.  These r a t e s  
a r e  comparable to typical logging ra tes  in oil wells (10 to 50 ft/min). They a r e  

reasonable in t h e  absence of sharp tempera ture  anomalies. Such regions should be 
logged at lower speeds consistent with locally higher gradients. 

0 

The penetration depth into t h e  formation is a question which needs to be 

addressed specifically with regard to t h e  tempera ture  measurement.  I t  will depend on 
t h e  moderating power, (ZS, of t h e  formation and t h e  source/detector  distances. The 

tabulated values a r e  appropriate to neutron-neutron porosity sondes in water  sa tura ted  

sand formations,  and particularly to the  IRT uranium logging system which is  thermal  

neutron dominated as is t h e  case with t h e  formation tempera ture  sonde. Values of t h e  

s a m e  order would be expected for  t h e  tempera ture  sonde. 

2.5.2 Conceptual System Layout 

A preliminary conceptual design of a logging system with t h e  above performance 

specifications will be described below. In formulating this concept ,  use was made of 

experience gained in t h e  development (design, fabrication, and testing) of t h e  IRT 

uranium logging system under a separa te  DOE contract .  As  a result ,  many of t h e  
subsystems developed under that  program could be t ransferable  to t h e  formation 

tempera ture  logging system with only minor modifications. 

Figure 37 presents a schematic  overview of t h e  logging system. All of t h e  es- 

sential  subsystems a r e  shown and t h e  labels a r e  generally self-explanatory. These a r e  
t h e  standard components of a borehole logging system except  perhaps for t h e  source 

cask and t h e  sonde and cask support. The cask which will be s tored inside t h e  logging 
t ruck  prior to and following a logging operation will be used to  s t o r e  t h e  neutron source 
when logging is not being performed. I t  will be  designed so as to absorb t h e  source 

radiation while t h e  source is in storage. Furthermore,  t h e  source will be t ransferred 

directly f rom t h e  s torage cask to t h e  sonde and back prior to and a f t e r  a logging 
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of t h e  operating personnel to radiation to a 
This requires t h a t  t h e  cable  pass through t h e  

operation in order to minimize exposure 

level below t h e  maximum allowable dose. f \  

middle of t h e  cask as shown in Figure 37. The sonde and cask support will se rve  as a 
firm support base for  t h e  storage cask during logging and as a holding device for t h e  

sonde during source insertion and removal prior to and following well logging operations. 

The cask and sonde support will b e  designed to accomodate  t h e  tubing and valves in 

place over t h e  well. The surface instrumentation and control subsystem will include all  

t h e  sur face  electronics,  and da ta  processing and display equipment. The generator 

(gasoline powered) will power t h e  surface and downhole (sonde) electronics. 

w 

A conceptual layout of t h e  sonde is shown in Figure 38. The insertion/retrieval 
mechanism will b e  used in t h e  process of inserting t h e  neutron source into or removing 

it from t h e  sonde. It will also make possible retrieval of t h e  source in t h e  event  t h e  

sonde becomes permanently lodged in a well. The in-sonde s torage source position 

designates t h e  source location immediately a f t e r  t h e  insertion into or  prior to removal 

from t h e  sonde. It will also be t h e  source position during neutron de tec tor  checks for  

stabil i ty,  e lectronic  noise and background levels. Prior to t h e  s t a r t  of t h e  logging 

process, t h e  source will be moved from its in-sonde s torage to t h e  logging source 

position in t h e  neutron detection sonde subsystem which also contains t h e  neutron 

de tec tors  with t h e  associated f i l ters  and shields. The associated de tec tor  high voltage 

(H.V.) supplies and counting electronic will b e  located together  with t h e  logic and 

downhole signal handling components immediately below t h e  source storage region. A 

t empera ture  sensor will b e  used to monitor tempera ture  inside t h e  sonde. This 

information should be useful in t h e  interpretat ion of data. 

The electronics can be grouped into t h e  downhole and sur face  subsystems. Fig- 
ure  39 represents a block diagram of t h e  downhole electronics. These consist of t he  He- 

3 neutron de tec tors  and their  associated counting electronics,  power supplies, switching, 

logic, and d a t a  and command handling circuits. The He-3 neutron detectors  consist of 

one  bare  counter, 3He3, one covered with gadolinium, He2, and one covered with 

cadmium Hel. Each de tec tor  will b e  connected to a H.V. supply and its signal will be 

capacit ively coupled to t h e  input of a charge sensitive preamplifier. Each de tec tor  will 

have its own amplifier, discriminator (or single channel analyzer), and scaler. The H.V. 

supply, however, will be common to all three.  The preamplifier output is fur ther  

amplified and shaped by t h e  amplifier whose output  is fed  into t h e  pulse discriminator. 

I ts  output  is logic level pulses which a r e  input to t h e  scaler. Upon interrogation, t h e  

scaler  content  will be dumped for  transmission. The scaler  interrogation commands 
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Figure 38. Conceptuaf layout of the formation temperature sonde subsystems 
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Figure 39. Block diagram of downhole electronics 
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from t h e  surface controller will be t ransmit ted in to  t h e  sonde by an F M  modem-ATR 

(gsynchronous t ransmit ter  receiver). The modem-ATR circuit  also controls insertion 
and retrieval of t h e  source, source movement inside t h e  sonde, and transmission of t h e  

sonde tempera ture  sensor and source position data. 

The analog signal from t h e  downhole modem will be t ransmit ted to t h e  surface via 
t h e  logging cable. At  this  point it will be processed by a second modem-ATR circuit  as 
shown in Figure 40 which is a block diagram of t h e  surface electronics. The output 

f rom t h e  surface modem-ATR will const i tute  t h e  input to t h e  system control and d a t a  

analysis subsystem. This will consist of a microcomputer with t h e  associated interfaces  

and appropriate software,  a plotter for  visual display of t h e  logging da ta ,  and a 

teletype/recorder for display of t h e  d a t a  in printed form. The te le type will be t h e  

communication link between t h e  operator and t h e  system control. A tachometer /  

odometer will be used to monitor t h e  position (depth) of t h e  sonde. A block diagram 
showing t h e  flow of d a t a  in t h e  overall system and t h e  relationship between various 

subsystems is presented in Figure 41. 
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Figure 40. Block diagram of surface electronics 
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Figure 41. Schematic block diagram of system showing the flow of data and control 
between subsystems. Ballons are shown where operator control is required. 
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3. FEASIBILITY STUDY OF A NEUTRON ACTIVATION 
ANALYSIS BRINE FLOW METER 

In addition to the  study of t h e  neutron formation tempera ture  sensor, a rather 

brief study of t h e  applicability of neutron activation analysis (NAA) techniqyes for t h e  

determination of two-phase fluid flow downhole has also been performed as par t  of t h e  

present program. This consisted of an analytical evaluation of various techniques. The 
methods and t h e  results of t h e  analysis a r e  discussed below. 

3.1 NEUTRON ACTIVATION-BASED FLOW RATE DETERMINATION 

The results of computational analysis of NAA techniques for  t h e  determination of 

fluid flow r a t e s  inside a geothermal well bore a r e  presented in this  section. The 
techniques examined a r e  based on in-situ activation by a Cf-252 neutron source in a 
sonde. Cf-252 is particularly suitable for  geothermal applications because of t h e  

simplicity of design and t h e  ability to withstand the  severe environment. An appro- 

priately designed neutron generator would be an  a1 ternat ive source. The act ivatable  

substances a r e  among those found dissolved in geothermal brines. Activation occurs as 
t h e  brine flows past  t h e  source. Detectors  (in t h e  sonde) located downstream from t h e  

source, monitor t h e  density of t h e  act ivated nuclei as they a r e  carr ied past them by t h e  

flowing brine. Since t h e  act ivated nuclei decay, with t i m e  e a c h  detector  response 
depends on t h e  source-to-detector transit  t ime of t h e  fluid, i.e., on t h e  f low rate.  This 

is a noncontact method which requires only t h a t  t h e  fluid contain an  act ivatable  
element.  Therefore,  it is applicable to two-phase fluid flow as long as each  phase 

contains a proportionate amount of t h e  act ivatable  substance. 

On t h e  basis of t h e  analysis presented in t h e  following paragraphs, t h e  methods 

examined appear  to b e  feasible for  vertical  (along t h e  bore axis) total mass flow r a t e s  

5 2000 gal/min, or  flow ra tes  5450  cm/sec in an  eight-inch diameter  borehole, and 
la teral  (leakage in or out of t h e  well) mass flow g/cm /sec. Experimental 

verification of t h e  above is required to demonstrate  t h e  engineering feasibility of t h e  

technique. 
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- 3.1.1 Neutron Activation Analysis (NAA) 

The methods make use of neutron activation analysis. That is, they involve pro- 

duction of unstable and/or exci ted nuclear species via neutron interactions with stable 

elements,  and detection of gamma rays (photons) e m i t t e d  in t h e  subsequent decay 

and/or de-excitation to ground state, stable nuclei. The r a t e  of production of t h e  

act ivated species depends on t h e  affinity of t h e  act ivatable  nucleus for neutron capture  
and/or (neutron, particle) reaction, Le., on t h e  neutron activation cross section. The 

act ivated nuclide may be unstable and, thus, decay via e lectron ( /3 -, /3+) or  particle 

(d, p, Q ) emission followed by t h e  emission of a cascade of de-excitation photons. 

Alternatively,  t h e  act ivated nuclide may be metastable  and, thus, decay via photon 

emission. In e i ther  case t h e  act ivated nuclei decay at a character is t ic  ra te ,  and t h e  

emi t ted  photons have well-defined energies character is t ic  of t h e  decaying nucleus. The 

decay r a t e  of t h e  nuclide is determined by its decay constant ,  A ,  or its half-life, T 
h is defined as t h e  probability t h a t  a nucleus which has not ye t  decayed at t ime, t, will 
decay before t+dt.  T 

1/2' 

is t h e  t i m e  required for  half of t h e  act ive nuclides t o  decay. 
1/2 

These constants  a r e  generally well known. 

Although t h e  gamma rays emi t ted  by a decaying metastable  nucleus or in t h e  

decay scheme of an  unstable species have well-defined energies, t h e  energy spec t ra  

obtained by gamma detectors  generally consist of broadened peaks, due to the  f in i te  

de tec tor  resolution, cen tered  at t h e  nominal gamma-ray energies superimposed on a 
continuum. The peaks result  from deposition of t h e  full energy of t h e  de tec ted  photon 

in t h e  sensitive region of t h e  detector ,  while t h e  continuum is due to partial  energy 

deposition due to t h e  f ini te  size of t h e  detector .  Depending on t h e  r a t e  with which 

particular photons a r e  e m i t t e d  in t h e  de-excitation cascade, corresponding peaks may or 

may not b e  distinguishable above t h e  continuum. The peaks which a r e  well resolved a r e  

conventionally te rmed prominent peaks. In many applications involving photon 

counting, it is possible to utilize t h e  full energy spectrum Le., count all events  which 

result  in some energy deposition (above background noise) in t h e  detector ,  since each  

event ,  whether it results in full or partial  energy deposition, represents  one photon 

incident on t h e  detector.  In most cases, however, t h e  photon energy spectra  a r e  very 

complex, and only those events  a r e  counted which result  in total  energy deposition. 



This is not a l imitation, since t h e  probability t h a t  a photon incident on a detector  will 

deposit its full energy inside t h e  sensit ive volume (detector peak efficiency) is known 

for  standard de tec tor  configurations or can easily be obtained for  special configura- 

tions. Both counting methods a r e  used in neutron activation analysis. 

’ c3 

3.1.2 In Situ Activation Method. Vertical Flow 

In this section expressions a r e  derived for  t h e  response of NAA systems applied to 

t h e  determination fluid flow rates. Est imates  of t h e  systems’ response a r e  presented in 

t h e  Tables and plots in subsections 3.1.2.1 and 3.1.2.2. 

An expression has been derived for  t h e  density of gamma rays produced by a fast 

neutron source moving in an  infinite water medium containing a concentration of 

cer ta in  act ivatable  nuclei. I t  has been assumed t h a t  t h e  source is at t h e  origin of a 

cylindrical coordinate system (R = 0, z = 0) at t ime t = 0, and t h a t  i t  moves along t h e  z- 

axis with a constant speed v for  t imes t >O. Furthermore,  t h e  source e m i t s  no neutrons 

at t < 0, but has a s t rength S neutrons/sec at t > 0. Under these  assumptions, t h e  
induced density of photons with energy E y ,  due t o  neutron capture  by or  particle 

reaction with t h e  act ivatable  nuclei and subsequent emission of de-excitation photons, 
is given by 

t ,r 
Py(R, Z ,  V, t) = S*R*h* gth (R, z-vt’  ) . 

J 0 
(20) 

In this expression, R is t h e  fractional yield of t h e  photon with energy E ? ,  i.e., t h e  

branching ratio; oA is t h e  act ivat ion cross Section, NA is t h e  a tom density of t h e  
act ivatable  nuclide; A is t h e  a tomic  mass number, tr is t h e  t i m e  during which t h e  source 

s t rength  is S ,  and 8 (R, z-vt ’) is t h e  thermal flux at (R, z) at t ime t’in units of 

thermal  neutrons/cm /sec/source neutron/sec. The thermal  flux is used because 

thermal  neutron activation has been assumed. A fast neutron flux can be substi tuted in 

its place for  fast neutron activation. Since t h e  spatial  distributions of fast and thermal  

neutrons a r e  similar, t h e  following analysis is equally applicable to both fast and 
therm a1 ne u t  r on activation. 

X 
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Exact,  analytical  solution of t h e  neutron t ransport  equations to obtain t h e  spatial 

distribution of t h e  neutron flux resulting from a point source in an infinite medium is 

not possible. The fluxes 

obtained under t h e  various approximation schemes const i tute  satisfactory approxi- 

mations to observed spatial  distributions. In t h e  present analysis, use has been made of 

t h e  thermal flux expression derived on the  basis of three-group diffusion theory by 

Prof. G. C. Summerfield. According to this theory 

Approximate solutions, however, have been carried out. 

where 

2 2  2 r = R + (z-vt) , 
Li = average diffusion length of neutrons in t h e  i 

A,ai ,a2,a3 = constants  determined by t h e  neutron properties of t h e  medium. 

t h  energy group, 
and 

Substituting Equation 21 in t h e  integral  of Equation 20 results in an  expression which 

can be evaluated only by numerical techniques. Since t h e  region of interest ,  however, is 

an annular region, Le., t h e  space between t h e  sonde and t h e  borehole wall, qth(R,z) 
given by Equation 21 with t h e  appropriate values of t h e  constants  for water  was closely 

approximated by a Gaussian function in t h e  region 3.55RS 10 c m  corresponding roughly 

to a three-inch diameter  sonde and an  eight-inch diameter  borehole. The flux obtained 

in this manner was substi tuted in Equation 20 and upon integration t h e  following expres- 

sion was obtained for t h e  induced photon density. 

z - h (t-) - 2 0.02 R - 12.72 - 
V 

e (22)  

0.14*(z + 25.45 1 )I + erf 0.14 (vet ,  - z - 25.45. &)l} . 
V V 

Obviously, t r<  t, t h e  equality corresponding to t h e  case of continuous irradiation. 
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Equation 22 is exactly t h e  same whether t h e  source is in motion in a s ta t ionary 
medium as assumed above, or whether t h e  source is s ta t ionary in a moving medium, as 

will be t h e  case in a borehole where t h e  fluid flows past  t h e  source. I t  is t h e  relative 

motion which is important. If a point detector  is positioned at a distance z = 5 
downstream from t h e  source and at R = R it will be exposed to a photon density 

drs 

d 

Py(v,t) = 6.32 x :R *h*a N S * - * e  12.7294)  V . 
V a AX 

-erf 0.14 (v*[t- t r ]  - 5  + 25.45. $)I} . [ 
I t  can be seen from this expression tha t ,  if t h e  irradiation t ime tr is very short  com- 

pared to t h e  t ime between t h e  s t a r t  of irradiation and t h e  counting interval (pulsed 

operation), t h e  difference between t h e  two error  functions is very small  and unless S is 

very large t h e  induced gamma-ray act ivi ty  will be very low. On t h e  other  hand, i f  tr = t 

(continuous irradiation), 5 which is essentially a design parameter  can be chosen so t h a t  

t h e  argument of t h e  second error  function is 5 - 2  in which case t h e  error  function will 

b e  --1. Furthermore,  t can be chosen so t h a t  vat is sufficiently large t o  make t h e  

argument t h e  f i r s t  error  function 2 2  and t h e  value of this function -1. This case 
would require t h e  minimum source s t rength and 

1 - (0.02 Rd 2 - 12.720 2) -k- l 
2 * e  v (24) 

V 
p,(v,t) -0.13*R*A*aa* NA S - 0  e 

V X 

The above arrangement,  Le., a single photon de tec tor  at a distance L downstream 

from t h e  neutron source, can be used to determine t h e  flow ra te ,  v, if N and S a r e  

known at t h e  site and t ime of t h e  measurement. A slightly more  complex arrangement  

involving two similar photon de tec tors  at different distances El  and 5,  downstream 

f rom t h e  neutron source can be used to make t h e  system response independent of both 

N and S .  Such an arrangement is shown in Figure 42. This method involves 

determination of t h e  rat io  of t h e  response of t h e  two detectors.  This quantity is given 

AX 

*X 

by 
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NEUTROfl 
SHIELD \ 

C f - 2 5 2  
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DETECTOR 
SHIELD 
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RT-15873 ( a  

S O U R C E  NEUTRO:;  
C O L L I H P . T O R  

Figure 42. Schematic diagram of a two-detector neutron activation-based vertical flow 
rate gauge, The source-detector shield protects the detectors from direct 
exposure to source radiation. The neutron collimator defines the activation 
region in the borehole. The gamma shields and collimators define the brine 
volume sampled by the detectors at each instant. 
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This equation can be easily solved for  v so t h a t  

The sensitivity and accuracy of t h e  two-detector method can also be calculated 

using Equation 24. The sensitivity defined here  as t h e  fract ional  change in t h e  RATIO 
due to a unit change in t h e  flow r a t e  is given by 

( 2 6 )  d ( R A T I 0 )  - A ' ( 5  1- C2' 
2 SENSITIVITY = RATIO . dv - 

V 

The accuracy of t h e  method is given by t h e  est imated uncertainty in v, expressed as 

The above expressions apply s t r ic t ly  to situations where there  is no f low in or out 

of t h e  borehole through t h e  borehole wall, Le., la teral  or horizontal flow. The s a m e  

expressions a r e  approximately applicable when very slow lateral  flow does occur. This 

is generally t h e  case except  in t h e  vicinity of fractures  where large quantit ies of brine 

may flow into or out  of t h e  borehole. 

The feasibility of using in  situ activation to determine la te ra l  f low in t h e  absence 
of vertical  flow, i.e., along t h e  borehole axis, is discussed in a l a t e r  section. This 
method consists of irradiation (and activation) of a specif ic  volume of t h e  brine defined 
by appropriate collimation and monitoring of t h e  induced photon activity.  If t h e  natural  

decay ra te ,  A ,  of t h e  act ivated nuclide is small  compared with t h e  la te ra l  flow ra te ,  a 
decrease in t h e  observed photon density with t ime will be t h e  result of dilution of t h e  

act ivated nuclide by flow of nonactivated brine into and ac t iva ted  brine out of t h e  
sample volume. 
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3.1.2.1 Continuous Irradiation, Single-Detector Vertical Flow Rate Determination n w - 

The one-detector system described above was analyzed by estimating t h e  ex- 

pected photon counts for  various flow r a t e s  along t h e  borehole axis. 

assumptions were made: 

The following 

8 1. Neutron source s t rength,  S 4 . 2  x 10 n/sec, Le., 350 pg Cf-252. 

2. Three-inch sonde O.D. and eight-inch diameter  well. 

3. 

4. 

A three-inch diameter  by three-inch long NaI(T1) detector .  

Cl-37 and 0-16  activation by thermal  and fast (14 MeV) neutrons, from t h e  

Cf-252 source, respectively. The concentrations of these isotopes were 
assumed to be No - 16 = 889,000 ppm and NCl-37 = 250 ppm. 

The assumed C1-37 concentration is in t h e  lower end of t h e  concentration range 

observed in known geothermal fields, Le., -2 - 46,000 ppm (Ref 12,131. In t h e  case of 
(21-37 activation, t h e  act ivated nuclide of in te res t  is Cl-38m which decays via a 
0.660 M e V  photon emission with a half-life of 0.74 sec. In t h e  case of 0-16 t h e  

ac t iva ted  nuclide is N-16 which decays with TIl2 = 7.2 sec. and produces a prominent 

peak at 6.143 MeV. Tables 3 and 4 give t h e  es t imated  count r a t e s  at t h e  corresponding 
nominal flow ra tes  and t h e  associated s ta t is t ical  uncertainties f o r  C1-37 activation. 

Tables 5 and 6 present similar information for  0 - 1 6  activation. 

Table 3. Determination of Vertical Flow Rates 
Using C1-38m and a Single Detector at 60 cm 

from the Source. The counting Interval is One Hour 

Nominal Flow Total  Counts  U ncer t a int  y 
R a t e  (cm/sec)  (C/hr )  (cm/sec  1 

10 

20 

40 

80 

160 

320 

70 

937 

3437 

6581 

9106 

1071 1 

k0.22 

t0 .25 

k0.53 

t1 .54  

25.3 

520.1 



Table 4. Determination of Vertical Flow Rates 
Using C1-38m and a Single Detector at 300 cm 

from the source. The Counting Interval is Four Hours 

Nominal Flow Total  Counts Uncertainty 
R a t e  (cm/sec) (C/4 hrs) (cm / sec 

40 
80 

160 

320 

76 
1959 
9937 

22378 

t0 .6  
20.6 
t 1 . 0  
52.6 

Table 5. Determination of Vertical Flow Rates 
Using N-16 and a Single Detector at 60 cm from 
the source. The Counting Interval is One Hour 

Nominal Flow Total  Counts Uncertainty 
R a t e  (cm/sec) (C/hr) (cm/sec) 

2.5 
5 

10 

20 

40 
80 

562 
1742 

3067 

4072 

4687 
5033 

t 0.05 

5 0.13 
20.33 

t1 .21  

54.5 
t20.3 

Table 6. Determination of Vertical Flow Rates 
Using N-16 and a Single Detector at 300 cm from 
the source. The Counting Interval is Four Hours 

Nominal Flow Total  Counts Uncertainty 
R a t e  (cm/sec) (C/4 hrs) (cm/sec) 

5 
10 
20 
40 

80 
160 

75 
1276 

5250 
10649 

15166 
18099 

t o .  1 
i o . 1  
t 0 . 2  
t 0 . 6  

t1 .9  
t 7 . 0  



Tables 3 through 6 clearly show tha t  activation of C1-37 and 0-16 can be used to 
determine t h e  vertical  flow r a t e  thus indicating t h e  feasibility of t h e  one-detector 

method. I t  is also obvious t h a t  one or t h e  other of t h e  two nuclides can be used to cover 
t h e  ent i re  range of interest ,  Le., 2.5GvG450 cm/sec. The disadvantage of this method 

is tha t  it requires accura te  knowledge of t h e  act ivatable  isotope concentrations. 

@ 

3.1.2.2 Continuous Irradiation, Two-Detector Vertical Flow R a t e  Determination 

As  noted above, t h e  advantage of a two-detector system (see Figure 42) is tha t  it 

does not require knowledge of t h e  act ivatable  isotope concentration in t h e  brine, 

Equation 25. Figure 43 presents t h e  

calculated two detector  system response, Le., t h e  photon count ratio,  as a function of 
vertical  flow r a t e  of t h e  brine for various distances between t h e  near and f a r  detectors  

(relative to t h e  source). The act ivi ty  monitored is t h e  0.66 M e V  photons emi t ted  in t h e  

de-excitation of Cl-38m. Figure 44 presents similar information for  t h e  case where t h e  

act ivi ty  monitored is t h a t  resulting from t h e  decay of N-16 (6.143 M e V  photons). These 
plots indicate  tha t  t h e  method is feasible using ei ther  Cl-37 or 0-16 activation. As for 

t h e  one-detector system, Cl-37 activation may be preferable. This becomes more  

transparent if one examines t h e  sensitivity of t h e  method, Equation 26. Figures 45 

and 46 a r e  plots of t h e  technique sensit ivity as a function of flow rate for  various near  
to fa r  de tec tor  separations. Figure 45 shows t h e  results for Cl-37 activation while 

Figure 46 gives t h e  coresponding information for  0-16 activation. 

Equation 25a is plotted in Figures 43 and 44. 

Use of a 350 pg Cf-252 source results in statistical uncertainties in t h e  flow r a t e  

determination of 1 to 2 percent for  counting periods 5 four hours. Equation 27 has been 

used to e s t i m a t e  t h e  accuracy of a two-detector flow r a t e  gauge under t h e  following 

assumptions. 

1. 350 pg Cf-252 neutron source. 

2. Two identical  three-inch diameter  by three-inch long NaI(T1) detectors;  t h e  

de tec tor  nearer  t h e  source is 50 c m  away from it. 

3. C1-37 and 0-16  act ivat ion by thermal  and 14 M e V  neutrons from t h e  Cf-252 

source,  respectively; t h e  concentrations of these  isotopes assumed t o  b e  

250 ppm and 889,000 ppm, respectively. 
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Figure 43. Calculated near- to far-detector photon count ratio as a function of the 
vertical flow rate for various distances ( A  E )  between the two detectors. 
The near detector is 50 cm from the neutron source. The activated 
nuclide i s 3 8 m ~ 1  . 
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Figure 44. Calculated near- to far-ktector photon count ratio as a function of the 
vertical flow rate for various distances ( A  E )  between the two detectors. 
The near detector is 50 cm from the neutron source. The activated 
nuclideis N. 16 
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RT-15871 FLOW RATE (un/sec)  

Figure 45. Relative change in the count ratio of near-to far-detector per unit change 
(one cm/sec) in the flow rate. The near detector is located 50 cm from the 
neutron source. The activated nuclide is 38"'C I?. 
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Figure 46. Relative change in the count ratio of near-to far-detector per unit change 
(one cm/sec) in the flow rate. The near dF$ector is located 50 cm from the 
neutron source. The activated nuclide is N. 
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The es t imated  uncertainties a r e  plotted in Figures 47 through 50. Figure 47 shows 

t h e  calculated uncertainty as a percentage of t h e  flow r a t e  for flow r a t e s  in t h e  range 

of interest  and for  various de tec tor  separations, A[. The act ivi ty  monitored is t h a t  

resulting from activation of Cl-37. These uncertainties correspond to one hour counting 

periods. When t h e  counting interval is increased to three  hours t h e  corresponding 

uncertainties decrease as shown in Figure 48. I t  is seen from this  figure t h a t  

uncertainties 5 2  percent  a r e  predicted for  a two de tec tor  system with AS= 200 c m  for 
flow r a t e s  f rom 40 to 450 cm/sec. 

0 

Similar information is presented in Figures 49 and 50 for  t h e  case where t h e  

monitored act ivi ty  is t h a t  of N-16 resulting from fast neutron activation of 0-16. In 

this case it is  seen t h a t  a two de tec tor  system with AC= 300 c m  would yield -2 percent 

uncertainties in t h e  measured flow ra tes  in t h e  range from -7 to -50 cm/sec when t h e  

counting period is four hours (Figure 50). Therefore,  using ei ther  chlorine or oxygen 

activation, t h e  method can be used to determine l inear brine flow r a t e s  in t h e  range of 

interest  with uncertainties 5 2  percent.  

I t  should be noted t h a t  t h e  above es t imates  represent  a n  ideal case of zero  back- 
Although it is not ant ic ipated t h a t  background radiation will be a ground radiation. 

limiting fac tor ,  its effect must be examined. 

3.1.3 In Situ Activation Method: Lateral Flow 

The in si tu activation technique for t h e  determination of la teral  flow in t h e  

absence of vertical  flow consists of neutron activation of an  isotope present in t h e  brine 

which produces a nuclide with relatively long half-life, The sampled volume is 
defined as shown in Figure 51 by a conical collimator focussed on t h e  photon detector  so 
t h a t  only t h e  photon act ivi ty  induced in t h e  immedia te  vicinity of t h e  source is 

detected,  and any photons produced by activation of t h e  surrounding formation a r e  
largely excluded. Irradiation (activation) occurs during a f in i te  period of t i m e  at t h e  

end of which t h e  neutron source is moved to a shielded position so t h a t  no fur ther  

activation occurs within t h e  acceptance  angle of t h e  collimator. The irradiation period 
must be long enough to produce sufficient activity.  As noted previously, t h e  photon 

act ivi ty  within t h e  irradiated volume, Le., t h e  counts recorded by t h e  photon detector ,  
is a function of t h e  t ime a f t e r  t h e  end of irradiation. If t h e  act ivated nuclide half-life 

is long compared to t h e  la te ra l  mass flow, t h e  observed photon count r a t e  will decrease 
with t ime at a r a t e  determined by t h e  mass or volume flow rate .  This is obviously due 
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300 cm 

RT-16034 FLOW RATE (cm/sec) 

Figure 47. Estimated accuracy of a two-detector flow rate gauge. The source strength 
is 350 ,ug of 252Cf the near-detector distance from the source is 50 cm, the 
active element is '8"C!2, and the counting period is one hour. 
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Figure 48. Estimated accuracy of a two-detector flow rate gauge. The source strength 
is 350 pg 252Cf, the near-detector distance from the source is 50 an, the 
active elements i~~~"'C!2 ,  and the counting period is three hours. 
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Figure 49. Estimated accuracy of a two-detector flow rate gauge. The source strength 
is 350 pg 252Cf, the near-detector distance from the source is 50 cm, the 
active element is 16N, and the counting period is one hour. 
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Figure 50. Estimated accuracy of a tw+detector flow rate gauge. The source strength 
is 350 ,ug 252Cf, the near-detector distance from the source is 50 an, the active element is 16 N, and the counting period is four hours. 
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Figure 51. Schematic diagram of the source, detector and collimator arrangement for 
the determination of lateral flow in the absence of vertical flow. 
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to t h e  dilution of t h e  act ivated nuclide as nonactivated fluid flows in to  t h e  sampled 

volume and ac t iva ted  fluid flows out. 

An appropriate act ivatable  isotope is Mn-55 which upon absorption of a thermal 
neutron produces Mn-56 whose half-life is 2.58 hours. The prominent photon energy is 
0.847 MeV.  The range of concentrations of Mn in geothermal fields is 0.01 - 1370 ppm 

(Ref 13). A concentration of 100 ppm will result in -6600 photons/hour recorded by t h e  

de tec tor  at t h e  end of a one hour irradiation period. This estimate is based on t h e  same 
source s t rength and photon de tec tor  assumed in our previous estimates.  The 

source/detector  distance (or coll imator length) has been assumed to  be 50 cm. Based on 
these est imates ,  t h e  technique described here  appears  to be feasible for t h e  

determination of mass flow r a t e s  210- g/cm /sec. 

us 

4 2 

3.2 TECHNIQUE APPLICABILITY 

The above calculations were performed assuming t h a t  t h e  borehole is filled with 

water  containing cer ta in  amounts of t h e  act ivatable  e lement ,  i.e., C1 or  Mn. This was 

because an  expression for  t h e  thermal neutron flux had already been derived for  t h e  

specif ic  case of a point source in water. The assumption of a more realist ic "brine" 

consisting perhaps of a water-steam mixture containing rock chips, various dissolved 

minerals and gases would require a much more involved neutron flux derivation, but 

would not yield significant additional information. The neutron flux will be different in  
various brines. This would effect t h e  distribution of de-excitation photons, Equation 24, 

and, thus, t h e  absolute response of t h e  photon detectors.  Consequently, t h e  response of 
t h e  single-detector, continuous irradiation system would likely require separa te  

calibration for  applications in various brines. The response of t h e  two-detector system 
is independent of variations in t h e  activating neutron flux, Equation 25, and, hence, t h e  

average composition of t h e  brines. 

In t h e  above calculations it was also assumed t h a t  t h e  "brine" flows past  t h e  

source and de tec tor  at a uniform r a t e ,  i.e., a n  average flow rate. In reality, various 
volume e lements  of t h e  brine will flow at different  r a t e s  depending on t h e  radial posi- 

tion in t h e  annular region between t h e  sonde case and t h e  borehole wall. The flow 
profile will be fur ther  complicated by turbulent flow. The  continuous irradiation 

techniques may be insensitive to irregularit ies in t h e  flow pattern.  An understanding of 
t h e  flow mechanism(s) operable in  t h e  borehole is important  not  only f o r  t h e  selection 

of t h e  most suitable NAA measurement technique, but,  equally, for  t h e  development of 

t h e  appropriate calibration procedure. 
n 
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The occurrence of two phase flow (steam and water)  in geothermal wells render 

conventional flow measuring devices, e.g., impeller type  flow meters ,  inapplicable. 
NAA techniques described above can  sti l l  be  applied. 

Since oxygen is present in both phases, 0-16 act ivat ion with fast neutrons from 

ei ther  a Cf-252 source or a neutron generator can be used to determine the average 

flow rate of t h e  two-phase flow. An instrument with this capability combined with 

capabilities to determine t h e  average mass density of t h e  fluid using, for  example,  a 
gamma-gamma method, and t h e  borehole diameter  using a caliper can  provide t h e  

information necessary to determine t h e  total mass flow r a t e  of t h e  two-phase fluid. 

As indicated by t h e  above calculations of t h e  technique accuracy and sensitivity, 

0-16 act ivat ion is practical  for f low r a t e s  5 1 0 0  cm/sec  (2500 gal/min in an  eight-inch 

diameter  borehole). Flow rates encountered during exploration or  in t h e  preproduction 

development of wells a r e  generally within this  range. For example,  t h e  ability to 
measure very low flow r a t e  (a few cm/sec) is very important  in understanding t h e  

interaction between adjacent  f r a c t u r e  zones penetrated by t h e  same borehole. Under 
t h e  right tempera ture  and pressure conditions, f low in the  region between adjacent 

f rac tures  is of ten  extremely slow, but it may b e  relatively high above t h e  upper frac- 

t u r e  zone and below t h e  lower one. This situation may arise when t h e  lower f r a c t u r e  
zone acts as a sink for  high tempera ture  fluid from a deeper producing zone while t h e  

upper zone acts as a source of lower tempera ture  fluid. Under these  circumstances,  it 
is t h e  lower tempera ture  fluid which will be extracted.  Temperature  (fluid), pressure 
and flow d a t a  a r e  essential  to t h e  understanding of this  particular region of t h e  reser- 

voir. On t h e  basis of this information, a decision might be made  to  seal t h e  lower f rac-  
t u r e  zone in order to allow extract ion of t h e  hot ter  fluid. 

For flow r a t e s  above t h e  range accessible with oxygen activation, t h e  NAA 

methods can  be used to determine t h e  average  flow r a t e  of t h e  liquid phase of t h e  brine. 

This is accomplished by activation of t h e  chlorine generally present in sufficient 

concentrations in  liquid dominated hydrothermal systems. I t  may even be possible to 
cor rec t  t h e  d a t a  obtained using CI-37 act ivat ion to  derive t h e  average flow r a t e  of t h e  

two-phase fluid. Empirical corrections may be derived using d a t a  obtained by both 0-16 
and Cl-37 in t h e  overlap region of t h e  flow r a t e  ranges accessible by t h e  two methods. 

Corrections for  higher flow r a t e s  can  then be es t imated  by extrapolation. 
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4. CONCLUSIONS AND RECOMMENDATIONS 

Techniques for t h e  determination of formation tempera ture  and brine flow ra tes  

have been described in t h e  preceding sections. The computation (simplified model) 

analysis discussed in subsection 2.3, t h e  results and analysis of t h e  preliminary measure- 

metns  described in subsection 2.4.1, as well as t h e  more e x a c t  theoret ical  work of G. C. 

Summerfield (Appendix) demonstrate  t h e  scientific feasibility of t h e  formation 

tempera ture  gauging technique. Measurements performed to d a t e  in t h e  well geometry 

(subsection 2.4.1) have produced results in agreement  with those of t h e  preliminary 

measurements,  and they  indicate  t h a t  with t h e  present sensor design conditions in t h e  

borehole, i.e., fluid temperature ,  salinity, density, do not a f f e c t  t h e  determination of 

t h e  formation temperature .  These results demonstrate  t h e  engineering feasibility of 

t h e  method for  t h e  test formations examined. In order to complete  t h e  demonstration 

of t h e  engineering feasibility, it is necessary to perform measurements  in t h e  well 

geometry using test formations with different neutron moderating properties ($Zs). 

These will serve t o  complete  t h e  analogy between t h e  well geometry and preliminary 

measurement results, thus establishing t h e  general  validity of t h e  d a t a  analysis method 

described in subsection 2.4.1. The results of t h e  computational analysis of t h e  brine 

flow gauging technique discussed in subsection 2 warrant  fur ther ,  experimental  
verification. 

Although much has been achieved by t h e  work described in this  report,  work st i l l  

remains to be done before e i ther  a formation tempera ture  sonde or a brine flow 
instrument can be designed. In view of t h e  importance of these  parameters  in reservoir 

potential  assessment and eff ic ient  resource exploitation, and t h e  encouraging results of 

t h e  present study, continued development of t h e  above tools is warranted. Further  work 

in t h e  development of t h e  formation tempera ture  sensor should include measurements  

performed with progressively more  realist ic test formations to demonstrate  t h e  result 
of t h e  present preliminary measurements  (subsection 2.4.1). Experiments must be per- 

formed to assess t h e  effects of borehole wall rugosity, mudcake, and radial t empera ture  

gradients, and to determine t h e  depth of penetration (range of investigation). Eased on 



t h e  results of t h e  present study and those to be obtained from t h e  above measurements,  

qnd with input f rom t h e  goethermal community, t h e  design specifications of a formation 

tempeature  sonde should be delineated. A sonde could then be designed and fabricated.  

I t  is generally agreed t h a t  a formation tempera ture  gauge is essential for t h e  

assessment of reservoir potential  and well productivity. I t  is also generally agreed t h a t  

current  methods a r e  inadequate, because their  results a r e  ambiguous. Furthermore,  

current  methods a r e  extremely t i m e  consuming and, therefore ,  a r e  not conducive to 

timely development of geothermal  resorirces. A formation tempera ture  sonde utilizing 
t h e  technique described in this  report  would provide a reliable determination of t h e  t r u e  

formation tempera ture  on a t i m e  scale  which would expedite t h e  decision making 

process regarding development or continued exploitation of a particular field ar fur ther  

drilling of specific wells. This would reduce investment risks, permit  efficient 

utilization of equipment and resources, and expedite geothermal development (Ref 14). 

An additional, important use of this  instrument at this point of geothermal development 

would be to provide d a t a  which could be used t o  test theoret ical  models of goethermal 
fields. This capability is essential  in enhancing our understanding of such very complex 

systems which would expedite f u t u r e  geothermal development. 

An important parameter  in applying t h e  present method for  geothermal well 

logging is  t h e  useful depth of penetration inside t h e  formation, or t h e  technique range 

of investigation. I t  is not generally agreed what this range should be. Our e s t i m a t e  

with regard t o  t h e  present method based on t h e  range of investigation of o ther  
"neutron-neutron" gauging techniques (subsection 2.5.1) is several  inches. I t  is essential  

t h a t  this  b e  verified experimentally. I t  is clear,  however, t h a t  a depth of investigation 

several  inches into t h e  formation is sufficient when t h e  measurement  is performed soon 

a f t e r  drilling or during brief interruptions between drill bit changes (wireline use) when 

t h e  formation is leas t  disturbed and t h e  radial t empera ture  profile is flat to within a 
very short  distance from t h e  borehole wall (Ref 14,151. An instrument based on t h e  pre- 

sen t  technique could be used in this mode. If for  any reason such operation were not  

convenient or practical  in specific instances,  t h e  present m e t  hod would provide 

additional formation tempera ture  information not obtainable by current  methods to 
permit more reliable extrapolation to t h e  undistrubed formation temperature.  This 

additional information would consist of at least  one more tempera ture  value several  

inches away from t h e  borehole wall to supplement t h e  value at t h e  wall determined by 

current  methods. 
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NEUTRON TRANSPORT CALCULATIONS IN INFINITE 
MODERATING MEDIA 

G. C. Summerfield 

A number of detailed computations of neutron spec t ra  in infinite media have 

indicated t h a t  for  small absorption one can measure t h e  moderator tempera ture  by a 
fairly simple measurement of t h e  neutron spectrum. However, even in an  infinite 

medium any significant absorption can confuse t h e  results. 

The parameter  which measures t h e  s ize  of t h e  absorption appears to be 

where A is t h e  moderator mass number, Za(T) is t h e  thermal  absorption cross section 

and 2 is t h e  thermal  scat ter ing cross section. 
S 

The relevant papers here  are: 

H. Hurwitz, Jr., -- et al., Nucl. Sci. and Eng. - 1, 280 (1956). 

E. R. Cohen, Geneva Conf. Paper No. 61.1 (1355). 

R. R. Coveyou,  -- et al., J. Nucl. Energy  - 2, 153 (1956). 

If A is small  one can  represent t h e  neutron spectrum in t h e  thermal  group by 

where 

T = ( 1  + 0.46A)T n 

W e  can  get a n  idea how this comes about as follows: 
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The infinite medium transport  equation is 

Integrating gives t h e  normalization of 9 

d d E @ ( E ) E  a = So 

where 

V If we multiply by E and integrate ,  w e  g e t  

dE E' Za@ = 1 dE /dE'  EV {@(E') Zs (E'-E) 1 
W e  have ignored 

EV S(E) dE . 

This should be alright if  v < 0, since t h e  source is at high energy. 
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Now we make our assumption 

-E/T' @(E)  = a E  e 

with 

T' = T + AT 

Then to f i r s t  order in AT 

- E/T 

( A 9 )  

Then using t h e  heavy gas cross  sect on 

Zs(E E') = Cs &F 

This gives 

An appropriate  value for  v would seem to be v = -2, fo r  which 

A T  A 'a 

=s 
- -  
T -  

( A l l )  

The crude  arguments  here  should be used only t o  justify t h e  f ac to r  . 



What is known is t h a t  for  A > 1 t h e  neutron distribution is seriously distorted and 
Qoes not give a good tempera ture  measurement.  @ 

However, w e  must find a reliable relationship between Tn and T for small  A. 

Coveyou -- et al. claim t h a t  

AT = 0 . 4 6 A  (A131 

gives t h e  neutron distribution to within 5 percent  for  ideal gases A going from 1 to 25. 
I t  would seem from these  results t h a t  this technique should work like a charm. 

However, t h e  problem is space  dependent. W e  can  consider a fast point source in a n  

infinite medium. The slowing down density for  a point source at N r = 0 is 

P 

where T is t h e  f e r m i  age  and p is t h e  resonance absorption. The age equation for t h e  

thermal  group is 

where 

and 

(A16a)  

(A16b) 

118 



The Green  function for  t h e  diffusion equation is [e-r/L]/4ar 

Thus t h e  solution of (15) is 

\ 

For large r this becomes 

-r/L 
- -P e 

'th - r 47rD 

W e  can  note t h a t  

-r/L -2 e - L  - 
-r/L 

r r 
v 2  e - 

1 
'th - L2 'th 

- - 2 

For small  r we must change variables 

(A19) 
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if rL << T ,  t h e  r dependence of t h e  integrand c a n  be ignored and 

3 - -  2 
v @ t h  2 7  'th 

(A221 

This suggests t h a t  t h e  normalization condition on qth be wri t ten 

(Aeff + 'a} 'th = 
(A231 

2 
where Aeff is 3 D / 2 ~  for  small  r and D/Leff  for large r. Assume for t h e  moment that  

Aeff is constant  in energy. The  normalization condition should be 

Then taking 

- E/T 
@ ( E )  = a E e  

and Za = B / G  w e  find 
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and 

For  the  case of a n  infinite medium A 

constant.  
is ze ro  and (A27) i eff 

Yi creases  l ike T and ( A B )  is 

If we  a r e  going to discuss t h e  f i l tered count  r a t e  we  need to break t h e  thermal  

flux in to  t w o  energy groups. 

Then 

(A30b) 
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W e  c a n  get a n  idea  of t h e  relat ive e f f e c t s  of geometry and such  by taking 

Then we get 

Def ine ,  

This gives 

"k, 
- =s 1+2 zS 2+1 

Ql = ' 0  z0 
R1 R 2  

4 

z 
Q2 = = s 2  1 

%,rk2 - =s1+2 s2-.l 

(A31a)  

(A31b) 

(A32a)  

(A32b) 

(A33a) 

(A33b) 

(A34a)  

(A34b) 
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01 1 

Then R finally becomes 

1 R =  
z c  

2-1 J 

I +  

1+2 Aeff + 'al + 'S 

(A351 

If one holds t h e  other  properties constant and increases T, R will clearly increase 
giving a measure of T. 

If one holds t h e  scat ter ing properties of t h e  medium constant  and measures R and 
1 dE$(E) w e  see t h a t  one can measure za from Equation (A27). Then these two 

combined measurements  should yield both Ca and t h e  temperature .  Aeff depends in a 
rather  complicated way upon t h e  diffusion and slowing down properties 01 t h e  medium. 
One  can  f ix  t h e  diffusion and slowing down properties in several  ways. One  way would 

be to measure t h e  flux at large energies, for  example,  t h e  cadmium shielded detector .  

One  could measure t h e  spatial  variation of say t h e  thermal  flux. 

The high energy measurement could be difficult  because there  a r e  not a lo t  of 

counts. The spatial  vairation might be a bit complicated in t h a t  i t  requires at leas t  two 

de tec tors  several  inches apart .  
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FUTURE WORK 

2 The curvature  of q(r) - t h a t  is { V  9(r)/@(I){ - appears  to change sign somewhere in 
t h e  range of distances covered in these  experiments. I t  might be possible to optimize 
t h e  distance between source and de tec tor  to el iminate  A eff' 

From a theoret ical  viewpoint it would seem a good idea to solve Equation (A30) 

with t h e  slowing down source from age theory (A14). 
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SUPPLEMENT 

Now let's solve Equation (A301 for a point fas t  source where q is given by (A14). 

D e f i n e 2  - and 2 + 2 - 2 . The Green's function here  is a solution of 
R l  -'T1 -'S1 R2 T2 s2 

I 1 L-1 I I 

Then 

-r/L+ -r/L - 

47r r (s2) 
e 22-+1 e =2+1 ql(') = - - -- + -  

D 1 ~ 2  ( L - ~ - L - ~ )  
47r r 

D , D , ( L - ~ - L - ~ )  + -  + -  

-r/L+ (-D~L;'  + ;I: -r/L - ( - D , L : ~  + 2 I 
e R~ e S2(L) = - - + 47rr R2 (s3) 

D 1D2 (L-2-L-2) 47rr 
+ -  D D~ ( L;~-L: * I 

where 

I 4t 

1 * 
2D1D2 

then of course 

( s 4 )  



i 

This is obviously too complicated to give much in t h e  way of physical insight. If 
needed numerical  computations from these  equations would be  easy. 
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