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When Government drawings, specifications, or other data are used for any purpose 
other than in connection with a definitely related Government procurement 
operation, the United States Government thereby incurs no responsibility nor any 
obligation whatsoever; and the fact that the Government may have formulated, fur- 
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approval of the use of such commercial hardware or software. 

DISPOSITION INSTRUCTIONS 

Destroy this report when no longer needed.    Do not return it to the originator. 

'-.■:■!»»« Mi 
i 

UN Mff «MM Q 

«MMaNa a 
jirtfiwwio«  

y 
y 



Unclassified 
Security CUniftotion 

DOCUMENT CONTROL DATA - R 4 0 
(Smcurity etmftlicmtion ot Hilt, holy oi mbatrmel mn€ tnätmtnt annolmtlon muat kt •nfnl whmn ttf ovrmtl fpott I» cl*»9llMj 

I. ORIOINATINO ACJivny (Corpotmf mulhor) 

Nucleonic Data Systems 
1821  McGaw Avenue 
Santa Ana, California 

TZ «SPOUT ■■euniTv CLAMIPICATION 

Unclassified 
tb.   CROUP 

I.  REPORT  TITLI 

A NUCLEONIC SENSOR FOR DETECTING METALS IN RECIRCULATING LUBRICATING 
OIL SYSTEMS 

«. DOCRIPTIVI HOT** (Tlrp» ol npotl ltd Inclumln daltm) 

Final  Report 
1. «UTHORdl fFfratnma, mlddl» Inlllml, Imit na—) 

Michael C. Bcrtin 

•    REPORT   DAT! 

September 1972 
M.  CONTRACT OR ««»NT NO. 

DAAJ02-71-C-0019 
t. PROJECT NO. 

••   Task  1F162203A43405 

7«,   TOTAL NO. OP PACE* 76.   NO. OP REPi 

9 
M. ORISINATOM'S REPORT NUMBBRKI 

USAAMRDL Technical Report 72-38 

tb. OTHER REPORT NOlit (Anr 
Ml nporl) 

otfiw numkf »ml mmr *• —I0M4 

10.  DISTRIBUTION STATEMENT 

Approved for public rtlease; distribution unlimited. 

II    SUPPLEMENTARY NOTES 

II    ABSTRACT 

II.  SPONSORINB MILITARY   ACTIVITY 

Eustis Directorate 
U.S. Army Air Mobility R&D Laboratory 
Fort Eustis. Virginia  

This program was undertaken to determine the best way to detect metal contamination in 
lubricating oil.    The goal was to detect contamination at the level of 10 parts per million. 
A nucleonic metal sensor (NMS) employing radioisotope-excited X-ray fluorescence technology 
has emerged as the solution to the problem.    The NMS has detected both ferromagnetic 
and nonferromagnetic metals and has detected both metal particles and dissolved metals. 
Over the range 0 - 550 ppm metal concentration, the NMS has shown an accuracy of better 
than  ± 6 ppm.    Above  500 ppm, ±  1% accuracy has been achieved. 

REPLACES OO PORM  I4TS.  I   JAN M. WHICH I« fN^      FMM       1   4 TIO       REPLACES DO  PORM  147».   I 
L/U    I  MOV Ssl4  /*}       OBSOLETE  POR  ARMY   USE. 

^ 
Unclassified 

Security ClassiricaUon 

/ 



/ 

Unclassified 
5«ciirity CU»tinc«tto 

KCV   WORD* 
ROLI XT 

Contamination 
Nucleonic metal sensor (NMS) 
X-ray fluorescence 

J-f> Unclassified 
Security CUatiflcation 9521-72 

I-^I iffilliliat-i'i liniillMiBrfl — 



r 

DEPARTMENT OF THE ARMY 
S. ARMY AIR  MOBILITY  RESEARCH  A  DEVELOPMENT  LABORATORY 

EUSTIS  DIRECTORATE 
FORT EUSTIS, VIRGINIA 23604 

This report was prepared by Nucleonlc  Data  Systems,  Inc.,  under the 
terms of Contract  DAAJ02-71-C-0019.    The work herein is part  of a 
continuing effort  to  investigate and evaluate various  techniques for 
determining the condition of aircraft  components during flight. 

The object  of this program was  to design    develop,   fabricate,  and 
test an  in-line metallic  debris  sensor/monitor for recirculating 
lubricating oil systems,   the rate of buildup of the metallic debris 
being a  function of  the degradation of  oil-wetted components. 

The design was based on X-ray fluorescence  (XRF).     In addition to 
detecting the   level  of contamination, XRF can identify the  nature of 
the contamination by its  characteristic X-rays.    Nucleonlc methods 
are not  limited by particle  size, and they can detect dissolved 
metals as well as particles. 

The designed unit  demonstrated the ability to monitor the amount and 
rate of change of  the amount  of debris  IT, a  circulating  lubricating 
oil system. 

The results of this effort   Indicate the  feasibility of monitoring 
circulating oil  in flight. 

The technical monitor  for  this  contract was Mr. Meyer B.   Salomonsky, 
Aircraft  Subsystems and Equipment Division. 
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1.0 INTRODUCTION 

1.1 Motivation and Statement of Problem 

The quantity of metallic debris in engine lubricating 
oil is an important indication of the condition of oil- 
wetted engine parts.  Component failure in a mechanical 
system is usually a three-stage process.  The first 
stage is a gradual wear of the component in normal use. 
The second stage is accelerated component wear.  The 
final stage is rapid deterioration, leading to failure. 
Impending engine trouble can be diagnosed by monitoring 
the rate of change of metal concentration in the oil. 
The value of a metal-sensing device in ground-based 
aircraft maintenance programs and on-line monitoring in 
flight is enormous. 

The purpose of this program was to develop a sensor 
capable of detecting metal particles of various sizes 
and/or metal in solution down to the level of 10 parts 
per million (ppm) weight concentration.  The sensor was 
to be capable of detecting both magnetic and non-magnetic 
metals.  With respect to possible application in airborne 
systems, the sensor was to have detection capability 
over the temperature range from ambient to 400oF and was 
to be capable of withstanding vibratory environments. 

1. 2    Measurement Techniques 

A variety of approaches can be applied to the problem 
of detecting metal in oil.  These include filtering, 
optical, electromagnetic, and nucleonic techniques. 
Filtering does not lend itself to on-line applications, 
and it limits the flow of the lubricant unless a bypass 
system is included.  Optical methods, including trans- 
mission and reflection, are sensitive to color changes 
in the oil caused by local heating effects.  An optical 
sensor must combine both transmission and reflection 
techniques, and it cannot distinguish metals from other 
types of contaminants.  The sensitivity of electromag- 
netic methods (capacitive, conductive, or magnetic) 
will vary greatly from metal to metal and will depend 
on the physical chemistry or ferromagnetic properties 
of the metal-oil matrix.  Metals dissolved in oil would 
present great difficulty for electromagnetic methods. 

The two nucleonic methods which can be applied to the 
problem are X-ray fluorescence (XRF) and X-ray absorp- 
tion (XRA) .  XRF is potentially the most powerful 



method available since, in addition to detecting the 
level of contamination, it can identify the nature of 
the contamination by its characteristic X-rays.  Nucle- 
onic methods are not limited by particle size and can 
detect dissolved metals as well as particles.  The 
primary limitation of nucleonic methods is that they 
cannot sample very deep layers of oil.  In practice, 
this is not a severe limitation since lubricants are 
often carried in pipelines of less than 1 inch diameter. 
Furthermore, in a circulating oil system the metal-oil 
mixture will usually be homogeneous, and, were this not 
true, a centrifuge or other type of collection device 
could be used. 

1.3 Applications of Nucleonic Measurement Techniques 

Nucleonic measuring techniques have been used for many 
years in aircraft. Dr. D. Wright, President of Nucleonic 
Data Systems, pioneered the development of a radioisotope 
gauge for continuous measuring of oil quantity in them 
tanks of the F104 and other Air Force fighter planes. 
This gauge, qualified to M1L-0-38338A specification, 
used a radioactive Krypton 85 (Kr85) source and a 
Geiger-Müller tube to detect the radiation.  Other radio- 
isotopes, such as Tritium (H*) and Promethium 147 (Pm11*7 ), 
have long been used in luminous safety devices in 
aircraft. 

Both XRA and XRF are widely used in industrial mon- 
itoring and control systems.  On-line gauging equipment 
using radioisotope sources is used to measure thickness 
and density of materials in the metals, paper, plastics, 
and other industries.  Nucleonic devices have also been 
used to measure relative cor^entrations of elements in 
a mixture. The present problem falls into this cate- 
gory.  Sulphur in oil", silver and bromine in develop- 
ing solution I* , and heavy metals in ores^ have been 
detected by nucleonic means. 

1.4 Program Summary 

From a technical standpoint, nucleonic methods appeared 
to hold great promise for detecting metal in oil at the 
level of 10 ppm  From a hardware standpoint, nucleonic 
gauging equipment has flown in airplanes, helicopters, 
and manned and unmanned space probes.  Nucleonic Data 
Systems undertook the present contract to prove the 
feasibility of a nucleonic metal sensor (NNS). 

, 



Both XRA and XRF were studied as potential solutions to 
the problem.  The XRA program progressed rapidly in its 
initial stages.  Changes in oil temperature, however, 
presented a serious obstacle to this approach and even- 
tually led to the adoption of the XRF technique.  Al- 
though XRA techniques proved not to be the answer to the 
NMS problem, a great deal of information was gained 
while studying XRA as a potential solution.  This infor- 
mation is included in the appendix. 

The XRF program involved the testing and selecting of 
radioactive sources and X-ray detectors, constructing 
an electroniv-:s unit, and testing of the NMS prototype. 
The test program conclusively demonstrated the feasibil- 
ity of detecting metals in oil to an accuracy of ±5 
ppm (2 standard deviations) over the range 0 - 100 ppm 
concentration and ±6 ppm over the range 100 - 500 ppm. 
At higher concentrations the accuracy of the NMS was 
estimated at ±1%.  The results of these studies show 
that a practical, on-line, continuously monitoring, 
nucleonic metal sensor based on X-ray fluorescence tech- 
nology could be used to detect metal contamination in 
oil. 

Chapter 2 of this report contains the theoretical dis- 
cussions of X-ray fluorescence applied to the problem 
of detecting metal in oil.  Chapter 3 details the exper- 
imental procedures arc1, results of the XRF studies. 
Chapter 4 is a discussion of these results.  Chapter 5 
contains comments on possible future work on the 
nucleonic metal sensor program. 
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2.0  X-RAY  FLUORESCENCE  - THEORY 

X-ray fluorescence   (XRF)   is the emission of characteristic 
X-rays by a medium when the medium is  exposed to a source of 
radiation.     A typical XRF arrangement  is shown in Figure  1.     In 
th3 present work,   the exciting radiation has been either X-rays, 
gamma rays,  or bremsstrahlung emitted by radioactive sources. 
Radioactive sources  are preferred over X-ray tubes  for use in 
the NMS because of their small size and weight, portability, 
ruggedness of construction,   and freedom from maintenance  require- 
ments. 

Both the nature  and quantity of the emitting material  can be 
determined using XRF.    The energy of the emitted X-rays  reveals 
what materials  are present.     This  requires   a detector which is 
capable of energy discrimination.     The yield of fluorescent 
X-rays is  given by 

ws p + A  (1-p) (1) 

I  is the yield for a Uiick metal sample, p is the weight 
fraction of metal in oil, and A is a constant which depends on 
the mass absorption coefficients of the netal and oil for the 
incident and fluorescent radiation. 

The saturation yield, Is, depends primarily on the geometry of 
the source, sample, and detector, and on the energy of the inci- 
dent radiation.  The yield is greatest when the incident energy, 
E, is just above the K absorption edge.  Is decreases as 1/E

3 

for higher energy radiation** . 

The constant A is given by 

A = ^4^21 ,2, 
Kmi   'mf 

The subscripts o and m refer to the oil and metal respectively, 
while f and i refer to incident and fluorescent radiation.  The 
major constituent of oil is carbon, with hydrogen and oxygen 
present to lesser extents.  In calculating the mass absorption 
coefficients, the effects of the hydrogen and oxygen are aver- 
aged, and to a good approximation ^oi ( = M carbon .  Figure 2 
shows the mass absorption coefficients (in cm2/gm) of carbon 
and iron versus incident energy, E.  Figure 3 shows the dimen- 
sionless constant A as a function of energy for titanium, iron, 
and zinc.  The value of A decreases with increasing energy 
above the K edge.  Referring to equation (1) , it can be seen 
that the yield is maximized for the smallest values of A.  This 
consideration dictates using a source whose radiation lies close 
to the K edge of the metals which contaminate the oil. 
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The penetration depth of oil which can be viewed using XRF is 
also plotted in Figure 3, based on an oil density, p, of 0.95 
gm/cm . For p< 10~3 (1000 ppm), this depth can be expressed 
as 

x =   3 J/[^oi+ ^of) (3) 

The XRF measuring technique should be insensitive  to tempera- 
ture changes.     The main effect of temperature changes will be 
volume expansion of the oil,  or a decrease in oil density. 
However,  a decrease in oil  density results  in an increase in 
penetration depth,   as seen  from equation   (3) .     In practice, 
there will be small yield variations with temperature due to 
heating in air gaps,   expansion of detector windows,  and elec- 
tronics effects.     These can be compensated  for electronically. 

Finally,  equation   (1)   indicates that  for metal  concentrations 
less than 1000 ppm,  the yield of fluorescent X-rays will be 
directly proportional to metal concentration. 
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3.0     EXPERIMENTAL  PROCEDURES 

3.1        Sources  and Detectors 

The major components of the nucleonic metal  sensor are 
the source of incident radiation,  X-ray detector, oil 
sample holder,   and associated electronics package.    The 
key to success  in the NMS project proved to be selection 
of the right source  and detector combination,  subject to 
the  limitation that the device be suitable  for airborne 
applications. 

The question of  source selection is  dependent on what 
metals one  finds  in the oil.     The NMS has been designed 
to have maximum sensitivity in the  region of atomic 
numbers  20  to  30,   a range which includes titanium,  iron, 
nickel,   copper,   and zinc.    Purely technical  considera- 
tions  indicate the use of a source of 10  to  20 keV gamma 
or X-ravs. 

Practical  considerations require the source  to have a 
long haxf-life   (i.e.,   greater than  10  years),  be reason- 
ably easy and economical to fabricate,   and be radiologi- 
cally safe  for use  in aircraft and ground-based mainte- 
nance programs.     For airborne applications,   a source 
with a biol> gical half-life of less  than 1 month is de- 
sirable   (i.e.,  half of any material  ingested is expelled 
from the body in less than 1 month) .     A monoenergetic 
source is preferable,  though noL. essential. 

Tables  I and  II  compare the properties  of primary and 
secondary X-ray sources.     In a secondary source. X-rays 
are produced by  another type of particle -  a beta par- 
ticle,   for example.     Only H3   (tritium)   and Kr8S   (krypton) 
satisfy all  the  requirements.     For  ground-based equip- 
ment,   short biological half-life is  not  as  important a 
consideration and Pu238   (plutonium)   could be used. 

The detector used in an XRF system should have good 
energy  resolution  for X-rays  and be capable  of oper- 
ating at elevated temperatures.     This  limits  us to 
proportional counters.    Avalanche detectors  do not have 
sufficiently  good resolution,   and solid-state Si   (Li) 
detectors or scintillation counters would not be suit- 
able  for a high-temperature environment. 

End-window proportional counters proved to have poor 
energy resolution,   and a side-window counter was 
selected.     Figure 4   shows the response of argon-filled 
and krypton-filled proportional  counters  to  the Pu238 



TABLE   I.      PROPERTIES   OF 
X-RAY  SOURCES 

NUCLIDES   USED AS   PRIMARY 

Nuclide 
Half-Life 

(yr) 
Mode of 

Decay 

Photon Energy 

keV 

Biological 
Half-Life 

(yr) 

Fe55 2.7 EC* 6 Mn K X-rays 2.2 

As73 0.21 EC 10 Ge K X-rays 0.8 

pu2 3 8 86.4 a 12 - 17 U L X-rays 200 

Cd109 1.27 EC 88 
22 Ag K X-rays 

0.5 

j 1 2 S 0.16 EC 35 
27 Te K  X-rays 

0.5 

pb2I0 22 6 47 
11 -  13  Bi  L X-rays 
plus bremsstrahlung 
up to 1.17  MeV 

4 

Am2"1 458 a 60 
14 - 21 Np L X-rays 
662 

60 

Gd153 0.65 EC 103 
97 
70 
41 Eu K X-rays 

1.5 

CO57 0.74 EC 700 
136 
122 
14 
6.4 Fe K X-rays 

0.03 

♦Electro   n capture. 
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TABLE  II. PROPERTIE S  OF NUCLIDES   USED                                1 
AS  SECONDARY  X-RAY  SOURCES 

Useful Photon Biologi'cal      \ 
Half-Life Mode  o f Energy Range Half-Life 

Nuclide (yr) Decay (keV) (keV)             I 

H3 12.3 ß 4-12 0.03          1 

Pm1-7 2.6 ß 10  -  50 brem * 
5-40  X-rays  ** 

1.8             | 

i    Kr85 10.7 0 25 -  80 brem 
5-60 X-rays 

<0.01           | 

1    Sr90 
28 ß 50 -  200 brem 50 

♦brems Strahlung 
**secondary X-rays _J 

source. The argon-filled detectors were decided upon be- 
cause of the lower background in the region of the iron 
X-ray. 

The initial proposal suggested the use of a Kr85 beta 
source to produce secondary X-rays. This radioisotope 
is particularly suitable for airborne applications since 
it is an inert gas.  It does not combine with body tissues 
and is expelled from the body in a matter of heurs if in- 
gested.  In the event of an accident rupturing the source 
holder, the krypton gas is dispersed into the <tmosphere 
where it is diluted to safe levels.  A 514 keV gamma ray 
is emitted in 0.41% of the disintegrations, but this can 
be shielded against without unduly increasing the weight 
of the source.  Krypton sources are currently in use in 
oil level gauges.in U.S. Air Force fighter planes and 
other aircraft. 

The optimum geometrical configuration for the NMS calls 
for a transmission type Kr85 source.  This is shown in 
Figure 5.  Beta particles from the krypton bombard the 
liner of the source, producing X-rays and bremsstrahlung. 
These are passed out through the front of the source. 
The beryllium window permits the X-rays and bremsstrah- 
lung to pass, but keeps most of the betas in the source 
container.  Germanium (10 keV X-rays) was tried as the 
liner, but fabrication of this liner proved to be diffi- 
cult.  Copper (8 keV X-rays) was used as an alternative. 
A 120-millicurie Kr85 source was supplied for testing. 

11 
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Tritium is also well suited to airborne applications 
because of its low-energy beta particles (maximum energy, 
19 keV) and the fact that it dissolves easily in water. 
The radiological dose rate from tritium is very low since 
the betas are stopped by less than 1 centimeter of air. 
Ingested tritium is passed from the body in urine with a 
biological half-life of 12 days. Because of these facts, 
tritium in curie quantities has been widely used in 
luminous signs in aircraft.  Solid tritium-zirconium 
bremsstrahlung sources, with a useful photon energy range 
of 5 to 10 keV, were selected for this project.  A 16-curie 
source was supplied for testing. 

A 10-millicurie Pu238 source was also obtained for testing. 
If the danger of an airplane crash is removed, as for 
ground-based equipment, plutonium becomes the most de- 
sirable source. 

Figure 6 r-hows pulse height spectra for the three sources. 
The location of the iron X-ray is also shown on the figure. 
The uppermost spectrum J.S from the Kr85 source, and shows 
very clearly the copper X-ray from the source liner.  The 
smaller peak at lower energy is the escape peak; the 
energy of this peak is the energy of the copper X-ray less 
? keV (the energy of an argon K X-ray) . The middle spec- 
trum shows the bremsstrahlung emitted by the tritium- 
zirconium source. All the beta particles emitted by the 
tritium are stepped in the source, and only the brems- 
strahlung is used for fluorescence.  The lower spectrum 
shows the uranium L X-rays emitted when Pu238 alpha decays 
to U23** .  All the alpha particles are stopped in the 
source itself, and only the X-rays are emitted from the 
source capsule. 

Figures 7 through 9 show pulse height spectra of scat- 
tered and fluorescent X-rays for clean oil and oil with 
500 ppm of iron in solution. 

Of the three sources tested, the Pu238 source had the 
best signal-to-noise ratio.  The iron X-ray peak was 
clearly discernible down to 10 ppm.  Figure 10 shows 
spectra for 0, 10, 20, 50, and 100 ppm.  The number of 
counts in the region labelled "window" is listed in Table 
III for a 10-minute sample time.  Figure 11 shows similar 
data for the tritium source.  The large background is due 
to backscattering of tritium bremsstrahlung from the oil 
(Figure 6 shows the tritium source spectrum) and cannot 
te eliminated.  The statistical counting error associated 
with the tritium source is about twice that from the Pu238 

source for comparable geometry and counting time.  Using 
Pu   , the statistical error (1 standard deviation, o) was 
±  2  ppm below 100 ppm while for the tritium source the 
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Figure 10. Various Concentrations of 
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TABLE III. COUNT RATE VS IRON 
USING PLUTONIUM OR 

CONCENTRATION 
TRITUM SOURCES 

[ron 
:oncen- 
bration 
(ppm) 

Window 
Counts 
(10 min) 

Pu238      H3 

Net 
Counts 

Pu238     H3 

Statistical 
Error 
(Is) 
(ppm) 

Pu23^ H3 

0 26,773 182,082 0 0 2.0 3.7 

10 27,419 183,275 646 1,193 2.0 3.7 

20 28,587 - 1,814 - 2.1 - 

50 31,203 186,516 4,430 4,434 2.2 3.7 

100 34,967 194,190 8,194 12,108 2.3 3.8 

500 67,421 250^188 40^468 68.106 
--rrtrr-, jfc.si=sj^. .z= 

2.5 4.3 
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statistical error was 1 4 ppm. 

The net count rate of Iron X-rays produced by the Kr85 

source was 2.2 times the count rate for the Pu238 source 
(compare Figures 7 and 8). The background In the vicinity 
of the Iron X-ray, however, was approximately 20 times 
as large. This was caused by two effects - the use of 
copper as a source liner, and brems Strahlung due to Lata 
particles stopping In the beryllium window.  A molybdenum 
liner should be used In future versions of this source, 
since molybdenum emits 17 keV X-rays, which would be 
well resolved from Iron (6.4 keV).  Secondly, a reflec- 
tion type source should be used, rather than a trans- 
mission type. 

The reflection type source would reduce the bremsstrah- 
lung background.  It was estimated that using the Kr85 

source, the NMS would be as sensitive as with the Pu238 

source.  A new Kr85 source was not fabricated, however, 
for lack of time and money. 

In view of these results, the Pu238 source was used to 
obtain the balance of the test data.  For future programs 
a new Kr85 source should be designed, particularly for 
airborne applications. Experience with the present Kr85 

source design Indicates that this should be a relatively 
simple task. 

3.2   Source and Detector Mounting 

The source and detector mount in the NMS is extremely 
simple. The proportional counter is a stainless steel 
cylinder 2 inches in diameter.  The source mounts in 
an aluminum ring which slips over the outer shell of 
the counter. This is shown in the upper portion of 
Figure 12.  The lower portion of Figure 12 shows a method 
of mounting the NMS in a recirculating oil system. The 
drawing is a cross-sectional view through oil sample 
chamber.  Oil would flow through this chamber in a di- 
rection perpendicular to the plane of the figure. The 
proportional counter tube and source, held by mounting 
rings and a mounting bracket, would be clamped or bolted 
to the oil sample chamber.  A single high voltage cable 
connects the proportional counter to the electronics 
package.  The actual test program did not employ a re- 
circulating oil system. However, the results obtained 
with the XRF detection technique are independent of the 
flow rate of the oil. 
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Figure  12.     Source and Detector Mounting. 
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3. 3 Oil Samples  and Sample Holder 

Because dissolved metals would not settle out or become 
inhomogeneous during testing, metal in solution was used 
for laboratory testing.     Solutions would also be  the best 
type of sample to use  for calibrating the NMS.     ENCO 2389 
Turbo Oil was used in the testing program.     This  oil 
meets the MIL-L-7808  G specification. 

Several organo-metallic compounds were tried in the 
preparation of oil samples.    These included Tris 
(1-phenyl-l-l,   3-butanediono)   iron,  Tris   (1-phenyl-l, 
3-butanediono)   chromium,   ferric octoate,  manganese 
octoate,   and ferrocene.     Ferrocene had the highest weight 
percentage of metal   (30%  iron)   and proved  to be  the 
easiest to dissolve.     Samples of a desired  concentration 
were prepared by dissolving a weighed amount of  ferrocene 
in a measured amount of oil.    Other samples were prepared 
by dilution so that any  concentration of metal  in oil 
could be achieved.     Some  testing was  also done with the 
octoate  and "Tris"  compounds;  the results were  similar 
to those observed with  ferrocene. 

In the early stages of the fluorescence program,   thin iron 
foils were used to demonstrate the  feasibility of the XRF 
technique.    Two  foils were obtained with surface densities 
of 98yg/cm2 and 530vig/cm2.    When placed under clean oil 
samples these correspond to roughly  300  and 1500  ppm, 
respectively. 

Tests were  also performed with  iron particles  in oil, 
using particles  ranging in size  from 50 to  1000  microns. 
As expected,   the NMS showed the same sensitivity  to 
metal particles  and dissolved metals. 

The oil samples were tested in a container with  a 
1-mil-thick nylar bottom.    The thin mylar window allowed 
the X-räys  from the  source to penetrate into the oil and 
fluorescent X-rays  to  reach the  detector without being 
attenuated.     The  container itself was  constructed from 
PVC pipe.    When testing samples  in aircraft,   a beryllium 
window should be  used instead of mylar.     Beryllium 
metal  is  very  .lig.it and has excellent strength properties. 
Beryllium windowr   are  us id in proportional  counters and 
other radiation detectors.     A 10-mil beryllium window 
would be extremely  strong, but it would attenuate the 
iron X-rays by  1 ^ss  than  10%.     The  12-17  keV uranium 
X-rays would be  attenuated by  less  than  2%. 
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3.4   Electronic Configuration 

A block diagram of the electronics is shown in Figure 13. 
Oil is placed in the sample holder, and the sample is 
placed on the measuring head, which contains the radio- 
active source and proportional counter.  A regulated 
high-voltage supply provides power to the proportional 
counter.  Fluorescent X-rays from the oil sample are 
detected in the counter tube. The resulting signal is 
shaped and amplified in a preamplifier ar.d postamplifier. 
The amplifier output then goes to a discriminator which 
generates a standard output pulse when the signal lies 
within a selected range of amplitudes.  (This is the 
"window" region shown on Figures 10 and 11.)  The dis- 
criminator pulses pass through a logic gate which is 
open for a specified time, and the pulses are accumulated 
in a sealer. At the end of the sample period, the contents 
of the sealer are placed in a memory register at the 
input to a digital-to-analog converter (D/AC) . For this 
particular XRF application, a linear D/AC circuit was 
used since the number of counts accumulated in a sample 
period is a constant plus a number linearly proportional 
to the metal concentration (nee equation (1) and Table III) , 

The output of the D/AC was used directly for the concen- 
tration display.  Toward the end of the counting cycle, 
the output was sampled and held in an operational am- 
plifier with capacitive feedback. At the completion of 
a new reading, the difference between the previous 
reading and the new reading was also displayed. 

The gate between the discriminator and sealer is held 
open by a signal from the sample time generator. The 
concept here was to adjust for temperature changes, or 
other sources of count-rate changes, by increasing or 
decreasing the length of the sampling period. This is 
accomplished by using a voltage-to-froquency converter 
(VFC) and a time sealer. The output of the VFC is a pulse 
train whose frequency is proportional to the input 
voltage.  By decreasing the input voltage, fewer pulses 
are generated by the VFC in a fixed time.  The time 
sealer will be filled up when it receives a specified 
number of pulses from the VFC. When the input voltage 
at the VFC is low, the pulses arrive less frequently 
at the time sealer and the time sealer takes longer to 
fill. The gate remains open as long as the time sealer 
is not filled. 

The NMS is designed so that the input voltage to the VFC 
is a constant voltage multiplied by a correction factor 
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determined by  the temperature.     A platinum resistance 
thermometer measures the  temperature of the oil sample, 
and the thermometer electronics  converts the resistance 
change into a voltage which varies linearly with tempera- 
ture.     If Vt is the output of the thermometer electronics 
and V0 is the output of  the temperature compensation 
circuit, 

Vo  =  A( 1 + b (Vt  -   c)   -d) 

The constants b, c, and 
potentiometer settings, 
base time voltage which 
and "d" are set to zero. 
to the "d" parameter, th 
for changing count rates 
source.  This was not ne 
this project.  Figure 14 
perature compensation ci 

d are adjustable voltages or 
The constant A represents the 

sets the counting time if "b" 
By connecting a variable input 

is circuit can also compensate 
due to decay of the radioactive 
cessary with the sources used in 
shows the schematic of the tem- 

rcuit. 

Much of the circuitry used in the NMS electronics package 
is proprietary to Nucleonic Data Systems and was pre- 
viously developed with our own funds for commercial pro- 
ducts.  Only the temperature compensation circuit and 
sample and hold circuit were developed specifically for 
the NMS.  The preamplifier, postamplifier, discriminator, 
gating, scaling, memory, D/AC, power supply, and timer 
circuits are standard NDS circuits or minor modifications 
thereof.  The thermometer electronics, regulated high- 
voltage supply VFC, and +15-volt power supply were pur- 
chased from commercial suppliers. 

For this portion of the NMS program, an analog meter 
display was considered most appropriate.  The meter giving 
the contamination level display is operated directly off 
the D/AC. Two potentiomet'.rs on the front panel provide 
adjustments for the zero and gain of the analog output. 
When a new measurement is completed, the digital infor- 
mation is fed to the D/AC and the meter updates immedi- 
ately. 

To provide contamination change information, it is neces- 
sary to store the previous reading for difference taking. 
The way this is done is shown in Figure 15.  When the 
relay closes, the output voltage of the first operational 
amplifier becomes proportional to the D/AC voltage.  When 
the relay opens, the feedback capacitor keeps that vol- 
tage constant even though the D/AC output may have 
changed.  The operational amplifier used has a low input 
current so the capacitor is not discharged.  The same 
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input voltage is supplied to the second operational 
amplifier. The second amplifier takes the difference 
between the present D/AC valve and the valve stored on 
the first amplifier.  Thus, the output of the second 
amplifier is proportional to the change in contamination. 

The timing of the relay closure comes from the timer cir- 
cuit. The two gates shown on Figure 15 provide the proper 
coincidence toward the end of the measurement cycle so 
that the current D/A output is stored just before comple- 
tion of the new measurement cycle. The change reads zero 
during this brief period. 

Permanent storage devices were investigated early in the 
program. Electromechanical counters with output switches 
were used in a feedback scheme. This system was made to 
work during preliminary tests, but it was not included 
in the final NMS electronics package. 

3.5   Gauge Setup and Operation 

The location and function of the NMS controls are shown 
in Table IV. The proportional counter is connected to 
the preamplifier by a single, high-voltage cable, and 
the gauge is ready for operation when plugged in and turned 
on.  The high-voltage, baseline, and window potentiometers 
are set in the laboratory using a multichannel pulse 
height analyzer and should not be adjusted in the field. 
The window can be set to detect any element in the range 
from sulphur to germanium.  For the present test program, 
it was set to detect iron, cobalt, nickel, and copper. 

The sampling time is controlled by four potentiometers on 
the circuit board for temperature compensation.  This is 
also set in the laboratory and should not be adjusted in 
the field.  Two ranges of sampling time may be selected 
by means of the front panel switch: a long sample time 
and a short sample time.  The short sample time is 1/16 
of the long time.  On the present NMS, these are set for 
12 minutes and 45 seconds respectively.  This could be 
reduced to 2 or 3 minutes if a stronger source were used. 

The gain and zero controls are used in calibrating the 
NMS and need not be adjusted once the unit is calibrated. 
The zero potentiometer is set to make the meter read 
zero for clean oil.  The gain potentiometer is then set 
so that full-scale deflection of the meter corresponds 
to the desired contamination range.  In these tests the 
NMS was set to read 100 ppm full scale. 
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HV Adjust 

Baseline (B) 

Window (W) 

Gain (G) 

Zero (Z) 

Sample Time 

TABLE IV. NMS CONTROLS 

Control Name Location and Description Function 

Access through hole in 
front panel; potenti- 
ometer adjustable by 
screwdriver 

Rear panel - 10 turn 
potentiometer 

Rear panel - 10 turn 
potentiometer 

Front panel - 10 turn 
potentiometer 

Front panel - 10 turn 
potentiometer 

Front panel - switch 

Sample Switch Front panel - switch 

Test Switch Timer board - switch 

Switch Box Rear panel 
control 

- 12 switch 

Sets high voltage for 
proportional counter 

Sets lower level of 
window region 

Sets width of window 
region 

Sets gain (sensitivity) 
of NMS 

Sets zero of NMS scale 

Sets normal or short 
sample time (short = 
normal/16) 

Selects manual (single 
reading) or automatic 
(continuous reading) 

Normally in "short", 
position; functions onl^ 
when sample time is set 
to "short" 

Setting this switch to 
"test" position gives a 
reading in 1/16 the time 
of the "short" sample 
time 

Used for testing opera- 
tion of D/AC and cali- 
brating external record- 
ers 

All switches normally 
open 
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Readout of the NMS is visual.  The left-hand meter reads 
metal concentration directly in ppm. The right-hand 
meter reads change of concentration directly in ppm.  The 
change of concentration meter is a center-reading meter 
and can indicate either positive or negative changes.  A 
test point is provided on the sample and hold board for 
connecting the NMS to an external recorder. 

Several test switches are provided at the rear of the unit 
to insure that the D/AC circuit is functioning correctly. 
A two-position switch is located on the timer board.  The 
positions are marked "short" and "test", and the switch 
should be normally in the "short" position. When testing 
the D/AC circuit, put the sample time switch in the short 
sample time position and the test switch in the "test" 
position.  This will cause the unit to read in 1/16 of 
the short sample time, or, roughly, every 3 seconds.  A 
set of 1" switches is located on the black switch box at 
the rear of the electronics unit.  The first 10 corres- 
pond to the 10 bits of the menory register at the input 
to the D/AC.  Closing a switch correspords to setting one 
of these bits. The switch box is useful for calibrating 
external recorders.  In normal operation, all the switches 
should be open. 

Field operation of the NMS is particularly simple.  Set 
the sample switch to manual.  Plug the unit in and turn 
it on.  Select the long or short sample time.  For a 
single reading, se the sample switch to "Auto", then 
return it immediately to "Manual".  The readout will be 
completed automatically.  For continuous readings, leave 
the sample switch on "Auto".  Remember that the concen- 
tration change display drops to zero just before the 
completion of each reading. 

3.6 Data Accumulation 

Oil samples were prepared using the techniques described 
previously in strengths ranging from 10 to 500 ppm.  The 
window was set using the thin iron foils. After adjusting 
the source position for maximum count rate, a preliminary 
calibration was made using the 45-second counting time. 
Final calibrations were made with the 12-minute counting 
time.  Using the longer counting time reduces the statis- 
tical fluctuations by a factor of four, but it makes 
testing extremely time consuming. 

With the gauge calibrated, readings were taken to deter- 
mine the sensitivity of the NMS.  The great majority of 
data was taken with samples in the range 0-100 ppm. 
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Some data was also taken at 500 ppm.    Figure 16 shows  an 
example of data accumulated during a 1-week period with 
the NMS.     The samples were  ferrocene dissolved in oil. 
The number of 12-minute readings  is shown beside each 
point.     The points  represent the mean value of the read- 
ings,  wnile the error bars  represent two standard devia- 
tions.     Also shown on the  figure are distributions  of 
readings   (see box on Figure  16).     It can be seen  from the 
figure  that the range of  readings  is typically  ±5 ppm; 
this  corresponds to two standard deviations.     The same 
conclusions hold up to 500 ppm.     Table V contains  the data 
from which Figure  16 was made.     Data accumulated on a 
different occasion at 500  ppm had a two-standard-deviation 
error of  ±6 ppm. 

Data accumulated with the  45-second sample time showed 
larger statistical  fluctuations.     Table VI shows  data 
taken and normalized to the same calibration.     Statistical 
fluctuations are on the order of ±12 ppm  (two standard 
deviations). 

Tests were also made with  iron  and copper particles  in 
oil.     The NKS responded with excellent sensitivity to 
particles.     Calibrated solutions of metal particles  in 
oil were not available,  however,   and the NMS could not 
be checked against any known standard.     It would be of 
value to have calibrated samples  from other U.   S.   Army 
programs  to cheok the NMS  response.     This would require 
installing thi NMS on a circulating oil sample holder to 
prevent  settling out of the particles. 

3.7 Additional Tests 

Data was  also accumulated  for oil samples  containing 
copper particles  and copper-iron particle mixtures. 
The NMS was able to resolve copper from iron and to detect 
either copper or iron,  or both  simultaneously,   down  to 
the  level  of 10 ppm.     A copper X-ray  from a contaminant 
corresponding to roughly   30  ppm is  shown in Figure  10. 

Samples  of actual helicopte" transmission oil  from Fort 
Eustis were supplied and tested.     Contamination levels 
ranged  from zero to  17 ppm.     Some of these samples had 
minute particles held  in suspension. 

The  components oi  the measuring head were  tested  for per- 
formance  at elevated temperatures.     The proportional 
counter  and Pu23     source were  set up to fluoresce  a thin 
iron  foil  and heated to 300oF.     The proportional  counter 
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TABLE  V.      NMS  READING VS   CONCENTRATION 
(12-MINUTE  SAMPLE  TIME) 

0 ppm 70 readings Mean ' =  3.9 o = 2.9  ppm    i 

Reading: 
Frequency: 

-11  - 
1 

-10  -9 -8 
10    4 

-7 
4 

-6  -5  -4 
14  10   10 

-3  -2  - 
12     5 

1 0 
2 0 

12   3  4       j 
4   111       \ 

10 ppm 70 readings Mean =  5.9 o = 2.3 ppm    | 

Reading: 
Frequency: 

-1 
1 

0     12 
10    1 

3 
2 

4     5     6 
8   17   19 

7     8     9 
1  11     5 

10 
3 

il             i 
1             | 

20  ppm 76 readings Mean =  14.0 a = 2.8 ppm    j 

Reading: 
Frequency: 

8 
1 

9   10 11 : 
3     4    6 

L2   13   14   15 
9   23     3     9 

16   17   18 
<)     3     3 

19 
1 

20   21           | 
1     1           j 

20  ppm 15 readings Mean =  16.80 a = 3.4  ppm    | 

Reading: 
Frequency: 

12 
1 

13    14 
2      1 

15 
1 

16     17 
4        1 

18     19 
1       0 

20 
1 

21     22 
1       1       | 

50 ppm 22 readings Mean =  45.2 0   = 1.8 ppm    1 

Reading: 
Frequency: 

43 
4 

44    45 
4       6 

46 
0 

47     48 
7       0 

49 
1 

100 ppm 38 readings Mean = 95.4 0   = 2.8 ppm 

Reading: 
frequency: 

91 
1 

92  93  94 
2     7    8 

^7=-. ■sr=r — T- taaaaaaa 

95 96  97   98 
2     4     7 

99   100 
1       0 

101 
0 

102     103 
1         1 1 
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TABLE VI. NMS READINGS VS CONCENTRATION 
(45- -SECOND SAMPLE TIME) 

Number 
Nomin al of Standard 

Date Concentratior i Readings Mean Deviation 

2/1 20 20 20.6 6.3 
50 20 62.3 6.2 

100 20 98.6 5.5 

2/8 10 8 4.5 5.2 
20 10 19.3 7.5 
50 11 51.1 4.9 

100 11 98.0 5.2 

2/9 0 10 -6.4 4.7 
10 10 6.1 4.8 
10 10 9.0 5.3 
20 10 18.2 6.4 
50 10 47.2 6.4 

100 20 92.1 4.9 
100 10 93.7 7.5 

2/18 0 10 0.0 7.6 
10 11 6.7 6.2 
20 10 20.9 5.8 
50 10 45.2 7.3 

100 
ssras 7-sjr 

10 
g.. -.J—L1 -1 :-J=t=^ JUJ—L '-■ 

93.2 5.8 
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energy resolution deteriorated  from 18% (full width at 
half maximum - FWHM)   to 22%   (FWHM) ,  but this was  still 
adequate to detect the iron X-rays with no loss of NMS 
sensitivity. 

The Pu 23e source is classified by the manufacturer as 
suitable  for industrial gauging applications.    It meets 
the American National Standards   Institute   (ANSI)   speci- 
fication C-33232. ( '    In terms of temperature character- 
istics,   the  source remains  intact between -710F and 
3560F.     For vibration,  the source has been subjected to 
25-50  cps  at  5 G and 50-500  cps  at  10  G.     It should be 
noted,  however,   that for radiological safety reasons 
the Pu238   source would not be used in airborne gauging 
applications.     Krypton 85 sources have been used in 
airborne systems W   and can be built to meet the required 
specifications. 

/ 

37 



• 

4.0     DISCUSSION OF  RESULTS 

236 The yields and theoretical detection limits for the Pu' 
tritium, and Kr85 (Cu target) sources are presented in Table VII 
Also included in the table are estimates made for a Kr85 source 
with a molybdenum (Mo) target. The two standard deviation 
detection limits have been normalized to a 12-minute count time. 
This count time could be reduced to 3 or 4 minutes by using 
stronger sources.  For ground-based versions of the NMS, 
50 millicuries of Pu238 could be used, while for airborne 
versions, 500 millicuries of Kr85 could be used.  Gauges used 
in aircraft for measuring oil quantity use 500 millicuries of 
Kr85 , as specified in MIL-0-38338A. 

In practice, the NMS using Pu23B successfully detected iron in 
oil with a two-standard-deviation detection limit of ±5 ppm in 
the range 0-100 ppm.  This is very close to the theoretical de- 
tection limit presented in Table VII.  Tests showed that the 
NMS easily detected changes of 10 ppm.  Other experimenters 
have sought to find small concentrations of metals in oil using 
XRF, but previously reported detection limits have all been 
above 50 ppm.(7)(8) The present nucleonic metal sensor represents 
a substantial increase in sensitivity over previous efforLs. 

The use of rugged proportional counters and lightweight, main- 
tenance-free sources, such as Pu238 or Kr85, makes the NMS a 
practical instrument as well as a technically sophisticated 
one. The instrument must be calibrated and setup with great 
care, but once the NMS is ready for use, operation is extremely 
simple. Proportional counter tubes have been used as X-ray 
probes in several satellite programs'9' and can easily be con- 
structed to endure high-temperature,-vibratory environments. 
Both Pu238 and Kr85 sources are easy and economical to fabricate. 

A great advantage of a nucleonic metal sensor based on X-ray 
fluorescence is its ability to detect and distinguish different 
metals. The NMS could be provided with several discriminator 
circuits, each set for a different metal; changing from metal 
to metal would be accomplished by a selector switch.  Tests 
with the mixtures of iron and copper particles have shown that 
the NMS could be used to detect either iron or copper, or both, 
simultaneously. 

Finally, the NMS has potential for wide application to any 
system where knowledge of metal concentration in oil is an 
important parameter. 
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Source 

TABLE  VII 

Strength 

.      COMPARISON OF SOURCES  TE£ 

Fe X-rays      Back-          Ip . 
(cps/        ground              Jl 

10 ppm)          (cps)         Bkgd 

JTED 

2a  Detection 
Limits        | 

(12-minute     1 
sample)        1 

Pu238 10 mCi 1.33 44.5 0.0 30 ±   3.8 ppm 

H3 

(Tritium) 
16 Ci 1.93 303 0.0064 ±6.7 ppm     1 

Kr85/Cu 120 mCi 2.91 8S3 0.0032 +  6.6 ppm 

Kr85/Mo* 120 mCi 2.00 225 0.0089 ±  5.6  ppm     | 

♦Estimated yield 
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Drawings of the UH-l Transmission Oil System supplied by 
U. S. Army Air Mobility Research and Development Laboratory, 
Fort Eustis, Virginia. 
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5.0  POSSIBLE FUTURE PROGRAM CONSIDERATIONS 

The present program has resulted in the succossful development 
of a nucleonic metal sensor capable of detecting metals in oil 
to an accuracy of i 5 ppm. The NMS can be constructed to endure 
the rigors of the airborne environment with little or no main- 
tenance and excellent sensitivity and radiological safety factors. 

There are two areas in which the NMS project might logically be 
continued. The first area involves a test program on helicopter 
gearboxes in ground based test cells, to determine the correla- 
tion between engine failure and concentration of metallic debris 
in oil. The second area involves design engineering on the NMS 
itself, to miniaturize the detector and mounting system for easy 
inclusion in airborne oil systems. 

Detailed information about the rate of increase of metal in oil 
is not available at present. A ground based NMS designed to 
operate on a test stand gearbox could be used to study the rela- 
tion between component failure and metal concentration. This 
study could include analysis of the lubricating oil by other 
techniques for comparison.  A single electronics package could 
be used to control several sensors located in different areas 
of the transmission oil system. Examination of drawings sup- 
plied by the Directorate* suggests the sump and an area near 
the transmission oil pressure transmitter as possible locations 
for nucleonic metal sensors. 

One extremely valuable piece of data would be the correlation 
between the concentrations of metal in solution and metal par- 
ticles in the oil. This could be determined by examining the 
oil with the transmission operating and the metal particles 
circulating, and comparing this with readings obtained with 
filtered samples with particles removed.  Information such as 
this would have direct correlation with the effectiveness of 
the» off-line analysis such as the SOAP program. 

A possible design for the airborne NMS is shown in Figure 17. 
Two detectors and two sources are used in this design to enable 
both sides of the oil flow path to be examined, and to effec- 
tively double the thickness of oil sampled. The outer container 
would be oil tight so that in the event of an overpressure 
rupturing the 10-mil beryllium windows, no oil would be lost 
from the lubricating system. 
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Figure  17.     Airborne NMS Design. 
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There is another area where nucleonic technology might have 
application in measuring contamination in lubricating systems. 
This technique is outside the scope of the present contract, 
but it is mentioned hero because it is related to the problem. 

As a result of our work in air pollution measurement, our com- 
pany has developed a beta gauging technique which is very 
effective in measuring the total mass of dirt accumulated on a 
filter, including metallic, as well as nonmetallic, material. 
Combining this technique with the XRF technique would provide 
an instrument which could measure the total amount of contam- 
ination present, identify and measure the total amount of heavy 
metals present, and, if desired, also measure the amount of 
metals in solution. 

By using filters of selected sizes, all particles of any given 
size circulating in an oil or hydraulic oil system could be 
trapped and measured.  It would be envisioned that this filter 
would be of small size, not part of the main filtering system, 
and located in the system to ensure maximum entrapment of all 
circulating particles. 

This concept is presented as a possible approach to developing 
a total contamination sensing system. 
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APPENDIX 
X-RAY ABSORPTION 

Although the X-ray absorption method was not ured as the final 
solution to the nucleonic metal sensor problem, XRA was shown 
to be capable of detecting metal in oil at the level of 10 ppm. 
The XRF and XRA programs shared many common features, particu- 
larly in the area of the electronics assembly.  Valuable ex- 
perience gained in the XRA studies was subsequently applied to 
the final configuration of the NMS using XRF. The middle third 
of the program was devoted primarily to X-ray absorption, and 
a brief summary of what was learned is presented in this appen- 
dix. 

I.    Theory 

The principle of the X-ray absorption   (XRA)   method is 
shown in Figure 18.     In clean oil,  some of the photons 
from the X-ray source penetrate  through the sample and 
are counted when they reach the  detector.     Other photons 
are absorbed by the oil molecules.    The addition of a 
metallic contaminant to the oil does not change the ab- 
sorption properties of the oil,  but because the metal 
atoms  absorb much more strongly  than the oil atoms,   a 
small increase in metal  concentration will  greatly 
increase the absorption of X-ray photons. 

X-ray absorption is  a well-known phenomenon.     The  inten- 
sity of a narrow beam of monoenergetic X-rays transmitted 
through a thickness  x of  absorber is given by 

I  =  loe-VpX (4) 

Here I is the detected beam intensity or count rate in 
the absence of an absorber, p is the absorber density 
(gm/cm3), and y the mass absorption coefficient (cm2/gm) 
for x in cm.  In a homogeneous metal-oil mixture, p can 
be written 

y = ym p + yo (1"p) (5) 

where p is the weight fraction of metal  and  JJ    and  p    are 
absorption constants  for metal  and oil  respectively.0 We 
can calculate the effect of a change in metal concentra- 
tion,  Ap,  on transmitted beam intensity: 

Al *  -I ium - y0)  p x Ap (6) 

We wish  to maximize  this  change  compared to the statisti- 
cal  uncertainty   AE     =   / I   .     We define a  figure of  merit 

44 



. mt'l. if "i'vm ■■'.'.'" 'IMJ»«WI,»."I 
. 1 

/ 

Clean Oil 

-»x 

-^x 
%^ 

1 
X-ray Oil Sample        X-ray Detector 
Source 

I 
Electronics 
and Readout 

Contaminated Oil 

^       X 

o 
o 

->o 
->>* 

fO 
-*x 

o 
o 

TK 

X-^r 

Figure  18.     X-Ray Absorption System. 
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F =  /^s an^ maximize F with respect to x. The maximum 
value of F occurs for x = 2/py. 

We again approximate 

oil carbon 

Figure 2 shows that 

y.   > 70 u Miron     Hcarbon 

for low-energy X-rays; but for 

p < 10"3 

equation (5) becomes 

^carbon 

Substituting this into equation (6) with 

p x = 2/^carbon 

and 

we find 

^m" y0) « iron 

AI = -I 2 
y- iron Ap 
carbon 

Table VIII lists the ratio 

yiron /^carbon 

the percentage change in count rate for 

Ap = lO"3 (10 ppm) 

and the optimum thickness  for a wide  range of X-ray 
energies.     In calculating x, we have used a value of 

p = 0.95  gm/cm3 

for the oil.  Also shown in the table is the number of 
counts required to make the statistical fluctuations the 
equivalent of 10 ppm or less.  This information indicates 
what source strength will be needed for an XRA version of 
the nucleonic metal sensor. 

The above calculations have involved many simplifying as- 
sumptions, such as monoenergetic, well-collimated X-ray 
beams and equal photon path lengths through the oil. In 
practice, the sensitivity of the NMS may be less than 
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TABLE VIII. X-RAY  ABSORPTION PARAMETERS 
VS INCIDENT ENERGY 

E   (keV) 
yironAarbon "/ I   at   10 ppm x   (cm) Counts         i 

6 8.1 0.02 % 0.2 3 X io7    I 
8 72 0.14 % 0.5 5 X 105 

10 79 0.16 % 1.0 4 X 105       1 

15 78 0.16 % 2.8 4 X 105       | 

|      20 62 0.12 % 5.1 7 X 105 

30 33 0.07 % 8.1 2 X 106 

40 17 0.03 % 10 1 X 107 

50 10 0.02 % 11 3 X 107 

|    100 2.4 Q,..005% 14 4 X io8    1 
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calculated.  However, we expect roughly a 0.2% decrease in 
count rate for every 10 ppm of iron added to the clean oil. 

The effect of temperature changes on count rate can also be 
estimated.  As the temperature increases by an amount AT, 
the oil density will change due to volume expansion. We 
have 

y-j' <i + otAT) (7) 

p = Pj/d + «AT) (8) 

Here V0  is the orijr.ial volume, p0  the original density, 

and a.  the volume expansion coefficient.  For most oils. 

a 0.3 x 10"3/OF 

at 60 F.     Inserting equation   (8)   into equation   (4)   and dif- 
ferentiating with respect to temperature change, we  find 
that the count-rate change due  to temperature change is 

cxAT 
Aim = I  PP, (1 + otAT) (9) 

But we have chosen 

and for 

yp0 x = 2 

aAT<<l 

we  find the percentage change in count  rate 

A] kIT/ 71 = 0. 05%   /0F 

Every change of 4 F causes  an effect which is the same  as 
changing the metal concentration by  10  ppm.    Thus,  tem- 
perature compensation is of the utmost  importance in 
applying XRA as  a tool  for locating metal in oil  at the 
level of  10  ppm. 

II. Experimental Procedures 

The X-ray  absorption scheme shown in Figure 18 detects 
contamination by measuring a change  in  the number of 
photons transmitted through the oil.     Table VIII  shows 
that this  change  is maximum for 8-20  keV photons.     The 
Kr85  and tritium sources discussed previously were also 
tested for use  in X-ray absorption.     The high-energy 
bremsstrahlung spectrum from the Kr85  source reduced the 
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sensitivity of this source in the XRA configuration.  In 
addition, the beryllium window required to contain the beta 
particles reduced the output of 8 keV copper X-rays.  Tri- 
tium was selected as an alternative source. To increase 
the sensitivity of the NMS, a 1-mil-thick copper absorption 
edge filter was used to filter out the high-energy portion 
of the tritium bremsstrahlung spectrum, and the oil sample 
itself acted as a filter for the low-energy portion of 
the spectrum. 

Energy resolution is not a prime requisite for the detector 
in an XRA system, and avalanche-type detectors were inves- 
tigated in detail. The avalanche detector is the solid- 
state analog of the gas-filled proportional counter. The 
detectors purchased proved unsatisfactory for use in the 
NMS; the junction depth was variable, causing the amplitude 
of the output pulses to fluctuate.  In addition, the de- 
tectors were not capable of operating at elevated tempera- 
tures.  An argon-filled proportional counter was eventually 
selected for use in the XRA system. By making use of the 
energy discrimination capability of the proportional 
counter system, the sensitivity of the instrument could be 
increased. 

A measuring head was constructed which held the source, 
detector, oil sample, platinum resistance thermometer, and 
heaters.  The source was mounted on a threaded insert so 
the thickness of the oil sample could be varied.  The opti- 
mum thickness proved to be 0.16 inch.  This was a drawback 
for the XRA system since a constriction would be required 
in the oil flow path. 

During the XRA program, the basic electronics unit was 
assembled and the concept of temperature compensation was 
first implemented. With changes in the D/AC circuit, 
timer, and sealer circuits, this unit was later used for 
XRF. 

In order to reduce statistical fluctuations to the level 
of ±5 ppm, measurement times of 22 minutes were required. 
During this time the NMS sealer accumulated 2.7 x 106 

counts, at a rate of approximately 2000 ops. At 500 ppm, 
the measured decrease in count rate was 9.4%. At lower 
concentrations, the decreases were: 100 ppm - 2.2%: 
20 ppm - 0.39%: and 10 ppm - 0.17%.  Temperature changes 
of ±30 F caused fluctuations of ±0.36% in the number of 
counts accumulated.  This reduced the sensitivity of the 
NMS to ±20 ppm. 

Several proposals were advanced to perform temperature 

/ 
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compensation.  The first one involved using an arbitrary 
function generator to vary counting time with temperature. 
This did not prove to be feasible because of the long 
counting times required for each measurement. A second 
approach was to keep the measuring head at an elevated 
temperature. This temperature would be maintained by a 
heating circuit. The heating circuit in turn was to be 
controlled by a feedback signal from the temperature sens- 
ing electronics. Temperature compensation appeared feasi- 
ble, but difficult.  It was decided at this point in the 
program to expend the balance of the time and funds on 
the XRF work. 
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