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FOREWORD

The speakers whose papers are published in Volume | were invited to
discuss subjects in which they are acknowledged experts. To provide
them with current information concerning the work of other scientists
and to acknowledge the work of other persons, papers covering the
many aspects of neutron sources and their applications were invited to
be submitted on an international basis. Papers were accepted until

March 1971, Submitted papers, which were summarized by invited
speakers who acted as rapporteurs, are published here in Volumes i and

L. The papers are reproduced from texts submitted by the authors and
are unedited.

This system of combining summary talks and submitted papers was
adopted because of the widely varying and interdisciplinary nature of
the rapidly growing field of neutron source application. It is hoped that
the publication of this material will provide a useful reference for ali
who are interested in neutron sources and their applications. By being
available at the meeting, Volumes [l and I may assist attendees and
help to stimulate discussion. Volume | will contain the invited papers,
the discussions at the meeting and the remaining contributed papers.
Publication will follow shortly after the meeting.
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A BOREHOLE SONDE USING A 2%°2C{ SOURCE AND A
GelLi] DETECTOR COOLED BY A MELTING CRYOGEN

Allan B. Tanner, Robert M. Moxham,and Frank E. Senftle

U. S. Geological Survey
Washington, D. C.

Joseph A. Baicker

Princeton Gamma-Tech, inc.

Princeton, New Jersey A sonde has been built for high-resolution measurement of natural or neutron-
induced gamma rays in boreholes. The sonde is 7.3 ¢m in diameter and about 2.2 m
in length and weighs about 16 kg. The lithium-compensated germanium semiconductor
detector is stabilized at -1889C for as much as ten hours by a sealed cryostatic reservoir
containing melting propane. During periods when the sonde is not in use the propane
is kept frozen by a gravity-fed trickle of liquid nitrogen from a reservoir temporarily
aitached to the cryostat section. A **2Cf source, shielded from the detector, may be
placed in the bottom section of the sonde for analysis by measurement of neutron-
activation or neutron-capture gamma rays. Stability of the sealed cryostat with
changing hydrostatic pressure, absence of vibration, lack of need for power 1o the
cryostat during operation, and freedom of orientation make the method desirable for
borehole, undersea, space, and some laboratory applications.

INTRODUCTION

Analysis of natural or activation gamma
rays in a borehole requires a radiation detec-
tor capable of good energy resolution, A Nal
(T2) scintillation detector, generally used
for this purpose, has sufficient resolution to
reveal many delayed gamma ray lines, but the
resolution is less than desirable, This is
particularly true if one wishes to record
prompt, neutron-capture gamma-ray spectra,

The high resoclution needed to perform capture
gamma=-ray analysis can only be obtained with
a semiconductor Ge(Li) detector. Ge(Li)
detectors generally require operating temper-
atures below =180°C and use liquid nitrogen
as the eryogen., The application of such a
detector down a water-filled borehole or in
an undersea environment presents a stringent
constraint on the apparatus,.

If the vapor from boiling nitrogen in a
detector sonde exhausted itself by means of a
check valve, there would be a buildup of
pressure in the reservoir as the hydrostatic
pressure increased with depth. As is shown
in Figure 1, the boiling temperature of nit-
rogen would increase, causing an increase in
the temperature of the cryostat. Instrumental
drift, increased noise, and a loss of resolu-
tion could be expected. One could install a
servomechanism to activate a pump to remove
excess nitvogen from the reservoir and thus

Ed
.Publication authorized by the Director,

U. S. Geological Survey.

regulate the boiling temperature, but this
seems to be an unduly complex solution to the
problem. Several alternatives te liquid nit-
rogen, coolers using the thermoelectric
(Peltier) effect, Joule-Thomson expansion,
closed-cycle mechanical refrigerators, and
sublimation of a solid cryogen, have been
used successfully for infrared detectors
(1,2,3).
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Use of the thermoelectric effect (and possi- .
bly other means) has been anticipated for a

borehole cryostat (4). For borehole or under~

sea applications we believe that the above

techniques would have several disadvantages:

1. Unless some provision were made to
use a liquid cryogen while the sonde was not
in service, the thermoelectric or mechanical
devices would have to be continuously powered.

2., There would be danger of permanent
damage to the Ge(Li) detector if there were a
loss of power lasting over an hour.

3. The mechanical coolers have high-
speed moving parts and would tend to transmit
vibration to the detector, which is quite
microphonic,

A different alternative, which is consid-

ered in this paper, is the use of a solid
cryogen with a melting point in the range of
operating temperature desired. The melting

point of a solid is not sensitive to hydro-
static pressure, as is the boiling point of a
liquid. A judicious choice of solid cryogen
permits design of a cryostat that is sealed,
may be oriented in any position, requires mno
power during opevration, generates no micro-
phonic disturbance to the detector, and even
provides radiation shielding.

THE CRYOGEN
SELECTION CRITERIA

The most desirable features of a solid
cryogen for a semiconductor detector are (1)
a melting point near the detector's optimum
operating temperature, (2) a large latent heat
of fusion, (3) high density of solid and
liguid. For safety it is also desirable that
the cryogen have a critical temperature above
any ambient temperature that the sonde might
accidentally warm up to and that the cryogen
be nonflammable, nonexplosive, noncorrosive,
| and nontoxic. For operating convenience it is
| desirable that the difference between the
freezing point of the cryogen and the tempera-
ture used to refreeze the cryogen (for ine
stance, that of boiling nitrogen) be suffic~
ient to refreeze during usual nonoperating
times but not so great as to cause excessive
delay between removal of the refreezing agent
and stabilization of the cyyostat at the
melting temperature of the solid cryogen. For
protection of the detector it may be desirable
to chooge a cryogen that has good shielding
properties; for example, a Ge(Li) detector may
receive significant protection from the fast

neutrons of a 2°2Cf source by an interposed
cryostat containing a high density of hydrogen
atoms. Characteristics such as supercooling,
thermal conductivity, and phase density
differences may also be significant.

OPERATING TEMPERATURE

Although Ge(L1) detectors are almost
always operated with liquid-nitrogencryostats
{(~195.8°C) and might perform better at even
lower temperatures, respectable performance
should be obtained at operating temperatures
up to about ~-180°C., Table I lists varicus
substances having low melting points, of
which rather few melt in this range.

TABLE T

Melting and Boiling Points of Some Compounds¥®

B.P. (°C)
M.P. (°C) at 1 atm.
Propane -187.6Y% - 44,5
Propene -185.2 - 47,8
Carbon tetrafluoride ~184 =128
Ethane ~-182.8 - 88.63
Methane -182.48 ~161.49
Chlorotrifluoromethane
{R=13)+ -181 - 81.4%
Ethene ~169,15 ~-104
Nitric oxide ~163.6 =151.8
Fluorine dioxide -163,5 - 57
Trifluoromethane -163 -~ 82.2
Trimethyl borine -161.5 - 20
Chlorodifluoromethane
(R~-22)t -160% - 40.,75%
Chloroethene -160 - 13.9
2-methylbutane ~160 + 27.9
1-fluoropropane ~159 - 2.5
Dichlorodifluoromethane
(R=12)% -158% - 27.79%
Methylsilicane =156.4 + 31
Tetraethyllead -136.80  +200
(decomposes)

*Unless otherwise noted, data from ref. (5),

TCommercial refrigerants known by trade names
such as, "Freon", "Genetron", "Isotron', etc.

$Data from vef. (6). S5Data from ref. (7).

Detector crystals are sometimes found that
exhibit low leakage at temperatures consider-
ably higher, however, permitting a much wider
choice of cryogens, of which the table can be
only representative, For applications where
holding time, high ambient temperatures, and
radiation shielding are very important,
selection of the detector crystal and use of
one of the higher-melting-point cryogens
appears to be indicated. An interesting
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example is tetraethyllead, which has both the
hydrogen atoms needed to shield fast neutrous
and the high-mass lead needed to absorb the

gamma rays produced by the neutron absorption.

PRINCIPAL CHOICES OF CRYOGEN

We have given most consideration to
propane and to three commercial fluorocarbon
refrigerants., Of the eligible hydrocarbons,
propane has the highest boiling point and a
comfortably high critical temperature (+96.81
°C). The fluorccarben rvefrigerants have high
densities and the inert characteristics
desirable for a cryostat. Pertinent charac-
teristics for these substances are given in
Table II. Because density data were not

TABLE II
Characteristics of Several Cryogens

Propane R-13% R-22% R-12%

~187.691 ~181% -160§ ~158%
96,811 28,95 96.05 112,08

Melting Point (°C)
Critical Temp.(°C)
Liquid Density at

B.P, (g/cm?) 0,61 1.49 1.38 1.44
Liquid Density near

M.P. (g/cm?) 0.71 1.73 1.63 1.73
S0lid Density at

M.P., (g/cm?) 0.75 2,02 1.52 1.88

Heat of Fusion
(cal/mol)

Heat of Fusion/Unit
Volume (cal/cm?)4

842.2t 980# 985.57 9909

14.6 18,9 17.3 16.6

See Table I for chemical identification.

Data from ref. (5).

Data from ref. (7).

Data from ref. (£).

Estimated from values for R-22, R-12, and

CHF3 (970 cal/mol).

7 Oral communication from R. C. Downing, E.I.
duPont de Nemours & Co., Wilmington, Del.

4L Heat of wvaporization of nitrogen is 38.5
cal/em?,

S w0 <k 4 %

available for the solid fluorocavbon refrig-
erants, new determinations were made and
appear in the table. Where they could be
compared with literature values, no discrep-
ancies greater than four percent were found.
It is noteworthy that the ice of R-22
(chlorodifluoromethane) floats on its melt
liquid.

In order to use R-13 (chlorotrifluoro=-
methane) in a sealed reservoir with safety,
it would be necessary to provide pressure
relief in the event of warmup. At the criti-
cal temperature (28.9°C) the pressure in a

sealed reservoir would rise from 38 atmos~-
pheres to about 200 atmospheres. Incorporation
of a pressure~relief element, such as a rup-
ture disk, might require undesirable design
compromises.

Use of R=22 or R-12 would permit long
holding times because of the smaller differ=-
ences between their melting points and ambient
temperatures. Cryostats containing them could
also be frozen gquite rapidly by contact with
liquid nitrogen; however, the time required
for natural warmup to the melting point would
be unacceptably long and would have to be
accelerated. As noted above detector crystals
for use at the melting points of R-22 and R-12
would have to be selected for extraordinarily
low leakage.

Propane, which was chosen as the first
solid cryogen to try, has a tendency to
supercool, rather than to freeze, when held
in clean glassware immersed in liquid nitro-
gen. We have not observed stable supercooling
in the completed borehole eryostatr. Of the
various suiltable cryogens, propane has the
melting point nearest the temperature of
liquid nitrogen; consequently it requires the
longest time to refreeze but the shortest time
to stabilize at operating temperature. The
latter consideration is probably the more
important.

THE BOREHOLE SONDE

The sonde is 7.3 cm (2-7/8 in.) in diam-
eter and about 2 m (7 ft.) long, depending on
the length of the shielding section placed
between the neutron source holder and the
cryostat section. From bottom to top, the
sonde consists of six detachable sections
[Figure 2]:

SUSPENSION CABLE
DETACHABLE END CAP

ELECTRONICS

o CRYOSTAT

Dimensions in cm
9

Ge{Li) DETECTOR

|
l

SHIELD (Length varies)

SOURCE HOLDER
——— END CAP

L
T

Diameter 7.3-5“

FIG. 2 SCHEMATIC DRAWING OF BOREHOLE SONDE
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a rounded end piece, a holder for a 252¢f

source, a shield, a cryostat holding a coaxial
Ge(Li) detector, an electronics unit, and an
end piece into which the sonde cable is clamp=-
ed. During storage and refreezing periods the
cryostat section is detached from the others
and held in a vertical positions a ten-liter
liquid-nitrogen reservoir with a "chicken
feeder' tube is mounted on the cryostat [Fig.
3]. The sonde weighs about 16 kg (35 pounds)
plus the shield and source-holder filling
material,

FIG., 3 DISASSEMBLED SONDE WITH LIQUID-
NITROGEN RESERVOIR ATTACHED TO CRYOSTAT

SOURCE HOLDER AND SHIELD

To maximize moderation of the fast 252Cf
neutrons, the source holder and shield are
made of densely compressed wood fiber (“Ben-
elex"). The source holder is annular and
accommodates the phenolic rods in which we
usually mount the 252Cf source capsules. The
shield is also annular, to permit experimenta~
tion with different shielding materials.
Shield sections of different lengths can be
made at modest cost, because no electrical
connections or watertight seals are needed.

CRYOSTAT AND DETECTOR

The choice of construction materials for
the cryostat is an important one if capture

gamma rays are to be measured. A relevant
study of materials suitable for encapsulation
of 252Cf sources has been presented elsewhere
(§). Because zirconium is one of the elements
offering the least potential interference with
capture gamma-ray analysis and has high
resistance to corrosion, the body and casing
of the cryostat are made of a zirconium alloy
("Zircaloy-2"), Zirconium's poor heat=
transfer characteristics make it unsuitable
for the cold finger, which is of copper.

Thermal insulation between the cryostat
proper and the casing of the cryostat section
is provided by conventional "superinsulation",
A plot of cryostat temperature within the cold
finger as a function of time after removal of
the liquid-nitrogen reservoir is shown in
Figure 4,
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FIG. & CRYOSTAT TEMPERATURE vs. TIME AFTER
REMOVAL OF LIQUID-NITROGEN RESERVOIR

The time during which the cold finger is
stabilized at the propane melting point is
somewhat greater than ten hours when the
environment is at room temperature., (The
Ge[Li] detector would be protected from
decompensation for a much longer period.)
Note that it takes several hours after
removal of the liquid-nitrogen reservoir for
the cryostat to absorb enough heat to reach
the propane melting temperature, During this
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period a gain shift corresponding to about
0.25 keV/°C has been observed.

Ports for evacuation of the c¢ryostat and
for access to the solid-cryogen reservoir, and
an MHV-series connector to the detector are
located within the top of the cryostat section.
By attachment of an angle connector and a con-
ventional preamplifier and bias supply the
cryostat section may be used as a laboratory-
style detector with the liquid-nitrogen reser-
voir in place. With the reservoir removed
(or empty) the cryostat section may be used in
any orientation and is free from microphonics
associated with boiling nitrogen.

A coaxial, lithium~compensated germanium
crystal of about 50 cm® volume is mounted near
the bottom end of the cryyostat section. When
tested in a conventional cryostat, the detec—
tor achieved a resolution of 2.6-keV width at
the half-maximum point on the 1.332-MeV gamma
peak of 6060, a peak-to~Compton ratio of 24
to 1, and efficiency of 9.1 percent relative
to a 3 x 3 Nal detector. As of this writing
the electronics section is still in the proto-
type staze. Figure 5 is a spectrum in the
range 0.4 - 2.3 MeV taken with the sonde and
the prototype electronics. The spectrum
consists of the fission-gamma-ray continuum

of 252¢f,
T
< s
K =
5 > ES &
£ S g T
(= & < -
& & @ o
_ © o o
% Eom o
dlﬁO < - -
2
4
- .
T ;
33 ! |
[ -
a:J 'v’“ i 1
u *ﬁg ,
0
= .
£ 50 ﬂhﬁh
3 J
E
‘3\‘1 sbiogd e i s, 1 B3 8 b, )
] 7 T T T 7 T
08 08 1.0 1.2 i4 8 L8 2.0 2.2
EMERGY {(MeV)

FIG, 5 MIXED SPECTRUM OF 500o AND MODERATED
252¢f, 0.4 TO 2,3 MeV

attenuated by water and paraffin, the hydrogen
capture-gamma peak at 2,223 MeV, the ©UCo
peaks at 1.332 and 1.173 MeV, the 0,511-MeV
annihilation peak, and various escape peaks.

ELECTRONICS

The electronics section consists of an
adjustable high-voltage power-supply unit and
a preamplifier—and-driver unit, each housed
separately and incorporating its own voltage
regulators., All power is furnished by posi-
tive and negative Z4-volt lines in the
shielded suspension cable. Signal pulses
from a low-impedance driver are transmitted
through a shielded coaxial element of the
cable. Power-supply veturn is provided by an
additional conductor.

CONCLUSIONS

At the time of writing, the sonde has
been in a late prototype stage., Evaluationof
its capabilities for neutron-activation and
neutron~capture gamma-ray analysis has not yet
been feasible, However, it is apparent that a
basic high-resolution gamma-ray detector
employing the design principles of the bore-
hole sonde has useful qualifications for
applications both inside and outside the field
of borehole or well logging: in undersea work,
the freedom from sensitivity to hydrostatic
pressure; in space, the lack of need to vent
the cryogen or to control a liquid in the
absence of gravity; and in the laboratory,
freedom to ovient the detector as desired and
freedom from bulky reservoirs during experi-
ments.

In situvations where liquid nitrogen is
difficult to obtain but power is available
during nonoperating periods, refreezing of
the cryogen could be done by thermoelectric
cooling or by small and efficient closed-
cycle refrigerators now available (4,9).
Such an arrangement would avoid the problems
associated with power losses, high-power
transmission down a cable carrying signals,
and mechanical vibration, and would gain the
temperature stability of the melting cryogen.
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UNDERSEA MINERAL ANALYSIS WITH CALIFORNIUM-252

John E. Noakes and Grover A. Smithwick James L. Harding

University of Georgia
Athens, Georgia

Al Kirst, Jr.

Westinghouse Ocean Research Laboratory
San Diego, California

QOceanonics, Inc,
Houston, Texas

Present staite-of-the-art methods emploved in exploration of sea floor mineral
deposits deal primarily with shipboard collection of samples and land-based laboratory
analyses. Grab sampling and coring methods are the primary means for bottom sampling.
Unfortunately these methods can result in the coliection of distorted, unrepresentative
samples of the sea floor. An undersea neutron activation analysis system has been
developed which permits immediate elemental analysis from undisturbed sea floor mineral
deposits. Californium-252 has been utilized as a neutron source for the activation analysis
system, Elemental analyses of minerals in ore grade concentrations have been successfully
demonstrated. Delivery of the activation analysis system to the sea floor has been accom-
plished by three different modes of operation: (1) an undersea submersible for deep water

capabilities; {2) a sled for intermediate depihs; and {3} scuba divers for shallow water
operations. Minimum radiation hazards associated with the shipboard handling of 28204

have been demonsirated.

INTRODUCTION

In recent years, much has been written
concerning the potential of mineral deposits
on the sea floor. However, aside from beach
deposits that have been worked for many years
for mineral commodities and certain non-
metallic deposits, such as shell, aragonite
and phosphate, little progress has been noted
in the exploration and correlatively less in
the exploitation of actual marine mineral
deposits. The problems associated with
marine mining are formidable and many-faceted.
Aside from various economic and legal aspects,
principal among the limiting factors are the
restrictions imposed by technological gaps in
exploration practices.

Exploration methods presently employed
are based primarily on shipboard collection
of samples followed by land-based laboratory
analyses. Hence, the project geologist must
await the results of the latter in order to
advance a given survey from a reconnaissance
phase to a more detailed target pattern, or
conversely, to have enough information to
abandon the prospect. This practice usually
necessitates repeated mobilization of ex-
pensive survey vessels and support equipment.

Research sponsored by the National Science
Foundation Sea Grants, Westinghouse,
Oceanonics, and the University of Georgia.

Although some advances have been made involv-
ing shipboard analyses with atomic absorption
spectrophotometry, such tests are not only
time~consuming but are also destructive
insofar as the sample is concerned. In many
cases, it is imperative that a specific
sample be saved for additional mineralogical
tests.

A low-cost method for rapid, accurate
and non-destructive analyses on shipboard
would be an important incentive to the
mineral industry for expansion of its marine
exploration programs. It would be optimal
if the same system could also measure mineral
concentration values in situ, or on the sea
floor, as this could find important applica-
tions in the location and choice of undersea
sites for subsequent sampling. Furthermore,
such in situ analysis would not disturb the
surficial mantle of sediments, as is often
the case in coring or dredging operations.

1t was with these parameters in mind
that the method of neutron activation
analysis, as discussed in this paper, was
selected for testing and evaluation. The
choice of Californium-252 as the neutron
source was made on the merits of its high
neutron production and dependable operation
above and within the marine environment.
The in situ analysis of sea floor sediments
where the actual analyses were performed on
the ocean floor were the first research
efforts associated with this study. The
remainder of this paper will deal solely with
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describing these initial activities and the
results obtained from this work.

UNDERSEA NEUTRON ACTIVATION ANALYSIS

Neutron activation analysis is an ana-
lytical techmnique in which stable elements
are made radioactive when they are bombarded
with neutrons. The interactions occur
within the nucleus of an element to produce
radioisotopes of the element with the con-
current release of excess radiation energy.
The newly-formed radioisotopes are unstable
and radiocactive. They exhibit this in-
stability by a time-delayed decay emitting
radiation energy equivalent to their raised
excited state. Radiation measurements can
be performed either on the prompt radiation
released at the time of activation or on
the decay of the radioisotope. Measurement
of radiation energy and intensity permits
identification of the element bombarded and
an estimate of its concentration level.

The undersea neutron activation analysis
procedure adopted for our studies was not
radically different from the normally
practiced technique except that it was done
underwater. The transportation of the
nuclear system to and about the sea floor
was carried out with a variety of undersea
vehicles., Sample activation on the sea
floor was performed by positioning a Cf-252
neutron source on top of a sample for
several minutes. Radiation measurements
were accomplished after activating by
positioning a radiation detector on the
activated sample. Sea water proved to
enhance the sample activation by thermaliz-
ing the higher energy Cf-252 neutrons. It
also had the added advantage as a neutron
shield for personnel in the water,

Radiation measurements on the activated
samples proved to be one of the most diffi-
cult procedures. The decision was made
early in the studies to measure the delayed
radiation from radioisotope decay rather
than prompt gamma radiation produced at the
time of activation. This decision was based
on the assumption that any advantages in
measuring high energy prompt gamma radiation
was offset by shielding problems associated
with the close positioning of the neutron
source and detector. The sequential activa-
tion and radiation measure of the activated
samples did not require shielding other than
the 6-7 feet of water between the neutron
source and the detector. Also, the 30-40
second time delay in removing the neutron
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source and positioning the detector per-
mitted most of the interfering short-lived
isotopes to decay before measurements were
made. A review of the possible elements
that could be activated in 2-5 minutes with
a flux of 107-10% thermal neutrons and be
expected to have enough radioactivity for
measurement were carefully scrutinized.
Table 1 lists 25 elements which fall into
this category. Of these, 14 were considered
to be most promising.

Prior to undersea testing of the neutron
activation analysis system the underwater
sensitivity levels of the method for various
elements of interest were investigated.

This was accomplished by tank studies in the
laboratory using sea water of 34 per cent
salinity and activating synthetic ore grade
samples. Simulated samples were made up of
a clay-sand matrix with selected elements
mixed at various concentration levels. The
clay-sand mix was prepared with levels
approaching the aluminum, silicon, oxygen
ratio of commercial ores. Samples were
packaged in one-gallon plastic jugs which
facilitated underwater handling and in later
studies, during transportation to the sea
floor. The question of the lower level of
element concentration that would be of
initial interest was resolved by scrutiniz-
ing the element concentration of terresterial
ores mined today (Table I1). It was decided
that the synthetic ores should contain
element concentrations equivalent to the
higher levels in terresterial ores, since
marine mining is more costly and therefore
would require higher element concentrations
for ore grade levels. Accordingly, the
elements marked with an asterisk in Table II
were made up as synthetic ore samples in
element concentration levels comparable to
terresterial ores. Final selection of these
elements was based partially on their
nuclear properties for activation analysis
and on the possible occurrence as ore bodies
in the marine environment.

UNDERSEA VEHICLES

The primary purpose of the undersea
vehicles employed in the undersea mineral
exploration studies was not solely restrict-
ed to delivery of the analytical equipment
to the floor of the ocean. Once on the sea
floor, the vehicles were also used for diver
transportation to and about areas of geo-
logic interest, thereby permitting divers
to observe geologic formations, select
representative samples and analyze them in




P‘.

place. Other advantages were the vehicles'
potential for underwater sampling and assist-
ance in surface shipboard sample collection.

Three different vehicles were used in
the undersea activities. These vehicles were
selected on a basis of their capacity to
function at specific ocean bottom depths and
perform desired underwater activities.

SCUBA DIVERS

A two-man scuba diving team was employed
when bottom samples from 10-50 foot depth
were being investigated. In the underwater
operation one diver was equipped with the
Cf-252 source housed in a water-~tight,
neutral bouyancy, steel container. This
neutron source container was mounted to the
end of a 7-foot steel handling tool, thereby
reducing radiation hazards to the diver. The
second diver carried the radiation detection
system. This detection equipment was also
encapsulated in a water-tight, neutral
bouyancy container and carried at the end of
a 7-foot steel handling tool. A small T.V.
camera was mounted on the handling tool to
facilitate observations of the undersea
operations. The radiation detector equipment
and T.V. camera were connected to the surface
by umbilical line for electrical power and
data retrieval. The analytical procedure
involved diver positioning of the Cf-252
source on the sample to be analyzed. During
periods of activation the T.V. camera was
directed to view the operation so shipboard
personnel could be alerted. After activation
the neutron source was removed from the area
and the nuclear detector positioned over the
activated sample. T.V. monitoring of the
operation allowed personnel aboard the sur-
face ship to know precisely when to start
data retrieval.

UNDERWATER SLED

An underwater sled was utilized where
bottom depths ranged from 50-150 feet. Sled
construction was of steel angle iron with
dimensions 12 feet long and 4 feet wide. Two
4-inch wide steel runners were fabricated the
full length of the bottom structure. A
4-foot upright, 4-inch diameter, steel pipe
was erected in the center of the sled to
support a T.V. camera and flood lights. The
Cf-252 source was mounted in a bow position
on the sled in a water-tight steel container.
This container was attached to the sled on a
7-foot steel handling tool which was mounted
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on a swivel at the upright center post. The
radiation detector was housed and attached
in a similar manner aft of the center post.
The swivel attachment allowed both the
Cf-252 source and detector to be positioned
in a 7-foot radius about the sled. An
umbilical line was attached from the sled to
the surface ship for electrical power and
data retrieval. A tow line from the surface
ship was attached forward of the bow of the
sled to propel the sled about the sea floor.
The underwater operations involved towing
the sled with flood lights and T.V. viewing
the sea floor. The sled's forward motion
was stopped when the Cf-252 source was
positioned over the sample to be activated.
Radiation measurements were carried out by
pulling the sled forward so the detector was
positioned over the activated sample. A
more efficient operation was achieved if a
diver, equipped with a Scott mask and audio
connection to the surface ship, rode the
sled and directed the operation. In this
mode of operation, the diver could easily
position the Cf-252 source and radiation
detector through a pivoting action of the
two handling tools,

SUBMERSIBLE

The Westinghouse Electric Corporation's
Deepstar 2000 submersible was the undersea
vehicle used when bottom depths from

150 - >300 feet were to be explored. The
submersible is 20 feet long, 10 feet at the
beam, and weighs 9.5 tons in air. Its pro-
pulsion endurance is 1 knot for 12 hours

with a maximum speed of 3 knots. Operation
depth is down to 2260 feet. It is equipped
with three viewports (2 observer and 1
photographic) and a manipulator device. The
normal life support endurance for three men
is 12 hours with a safety margin to 48 hours.
In the use of the submersible the complete
activation analysis system was housed
aboard the vehicle, thereby eliminating
umbilical connection to a surface ship.
Cf-252 source was housed in a water-tight
steel container and was attached to the sub-
mersible on a boom 12 feet forward from the
pressure hull and in full view of the
observer ports. The radiation detector was
also encapsulated in a water-tight steel
container and attached in a forward position
beneath the bow overhang and in full view of
both observer viewports. (Photo 1) The
analytical equipment (multichannel analyzer
and printer) used to store and interpret the
data was contained within the submersible
{Photo 2). The undersea activation analysis
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procedure was to maneuver the submersible on
the ocean floor so that the neutron source
was directly on top of the sample to be
activated (Photo 3). Activation was carried
out by holding the submersible in a motion-
less position. Radiation measurements were
accomplished by moving the submersible
forward 6 feet and positioning the detector
on the activated sample. Data retrieval was
carried out within the submersible.

ANALYTICAL RESULTS

The application of neutron activation
analysis to marine mineral exploration first
required establishing the operational param-
eters of the method for undersea work. At
the initiation of this study no previous
work had been published on this subject. It
was therefore necessary to investigate the
fundamental problems of undersea instrumenta-
tion delivery systems, procedural techniques
for sample analysis, spectrum of elements
that could be analyzed and their sensitivity
levels of detection. In order to carry out
these initial studies the 14 synthetic ore
samples (described previously) were selected
for the preliminary studies because of their
known elemental content. The results re-
ported here are for these man-made ore
samples and are solely meant to serve as a
guideline for later applied studies dealing
with actual analyses of marine ove samples.
The nuclear instrumentation used in these
studies, the procedures for activation
analysis and the analytical results obtained
are described from actual undersea operation.

NUCLEAR EQUIPMENT

A 200pg C£-252 source was used for the
undersea sample activation. This quantity
of Cf-252 proved both safe to handle aboard
ship and high enough in neutron production
for sample activation. The measured thermal
neutron flux in sea water on the top layers
of the synthetic ore samples was about
10% neutrons/cm?/sec. A 3 inch x 3 inch
sodium iodide thalium activated crystal
detector was used for gamma ray measure-
ments. Germanium lithium drifted detectors
were evaluated for their high gamma ray
resolution potential but presented problems
with low temperature underwater operation.
The high cross section of sodium iodide
crystals for gamma ray detection and its
less critical temperature operation were the
deciding factors for its choice. Four
different multichannel analyzers were used

for data storage and pulse height analyses.
They were a 100 channel Picker Nuclear
Spectron 100, a 400 channel Texas Measure-
ment Corporation, a 512 channel Nuclear Data
and a 200 channel Packard 930. Instrument
evaluation was based on reliable operation
at sea, capabilities to handle desired data
and data presentation. Of these instruments,
the 400 TMC and the Packard 930 proved to be
the better instruments, primarily because of
their capability for battery-powered
operation.

ANALYTICAL PROCEDURE

A study of the nuclear properties and
ore abundances of the elements listed in
Tables I and 1T showed that most elements of
interest could be sufficiently activated in
a 10-minute irradiation period to produce
measurable radioactivity. Since in the
actual undersea operation a wide spectrum of
elements would be of interest, a 4-minute
irraduation time was selected to permit
investigation of most elements without undue
delay in the undersea analysis. After
activation a large amount of the sample's
initial radioactivity was due to the short
lived isotopes. A delay of 30 seconds prior
to measurement of the induced radicactivity
allowed most of the short lived isotopes to
decay, which greatly decreased the background
activity of the sample. The 30-second delay
afforded the time for transfer of the neutron
source and placement of the detector on the
activated sample. Of the three vehicles used
in the study, the scuba divers had no trouble
meeting this transfer time; the submersible
accomplished the task with practice, and the
sled operation could meet it only with diver
direction. Radioactive measurements of the
activated ore samples were carried out for a
4-minute counting period. In some samples
the radicactivity was high enough to register
a 15-40% dead time in the analyzers.

ELEMENTS ANALYZED

The undersea analyses were carried out
with two major goals in mind. First, to
determine if undersea neutron activation
analysis could detect element concentration
levels comparable to terrestrial ores. The
second goal was to establish the range of
element detection that could be expected
above or below ore grades at imposed undersea
conditions and activation analyses parameters
set for the analytical system. Since under-
sea work requires the conservative use of the
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life support systems the most expedient
method of element identification and estimate
of element concentration was adopted. This
was to establish element concentration levels
at which photopeak energies for specific
elements could be detected. In practice, if
a photopeak was present in the analytical
data it could be assumed the element content
of the sample was at or above a predetermined
concentration level. Conversely, if no
photopeaks appeared then it could be assumed
the element was not present or was at a low
concentration of little commercial intevest.
It had originally been planned to use a
computer-multichannel analyzer with an
integrating light pen for rapid analysis, but
lack of financial support for this instru-
mentation did not permit this approach. It
was therefore decided to use a rather practi-
cal approach (described above) with equipment
at hand to show the feasibility of the method.
Photo 4 shows a multichannel analyzer, its
scope and a television screen. On the multi-
channel scope can be seen a pictorial display
of the accumulated data with a V-532 photo-
peak. The T.V. camera shows a underwater
picture of the nuclear detector measuring

the activated synthetic vanadium ore sample.
Table III shows the undersea neutron activa-
tion results as element concentration levels
that were detectable for the synthetic ore
samples with the stated imposed activation
analysis parameters. The lower detectable
element concentration range in column 4 is
estimated from the data collected in sample
analyses.

HEALTH PHYSICS

Health physics parameters are a primary
concern associated with the application of
Cf-252 sources in undersea mineral explora-
tion programs. An evaluation of these
parvameters is particularly important since
excessive radiation doses to personnel
routinely working with C£-252 sources for
shipboard operations would prohibit practical
application of the system.

The Cf-252 source used in this program
was approximately 200 micrograms, or 107
millicuries, which was encapsulated in a
stainless steel primary capsule and an
aluminum secondary capsule. The dimensions
of the source are 1.5 inches in height by
0.75 inches cylinder diameter. The dose
equivalent rates measured in air at 1.0 meter
from the source with a Texas Nuclear,
Model 9120, spherical neutron dosimeter and a
Victoreen, Model 440, ionization chamber were

450 millirem per hour neutron and 35 millirem
per hour gamma. Projected dose equivalent
estimates were based on these measurements.

The most serious hazard from the Cf-252
source occurred when the source was out of
the shipping container while being trans-
ferred to or from the undersea neutron source
housing. A 55-gallon drum filled with water
was employed for shielding and a quick-
release bracket was used to position the
housing in the drum during these loading and
unloading procedures. The measured dose
equivalent rates to personnel involved in
these procedures were approximately 250
millirem per hour to the body and 500 milli-
rem per hour to the hands. Less than 5
minutes were required to complete the trans-
fer procedures for field operations. After
the undersea neutron source housing was
loaded with the source, it was stored in the
shipping container and paraffin blocks were
positioned around the container and on top of
it for additional shielding.

Three different modes of operation were
employed to position the CFf-252 source to
achieve neutron activation of samples. When
the Deepstar 2000 submersible was used a
six-foot boom was appended to the bow of the
submersible. After the submersible had been
launched the loaded undersea neutron source
housing was lowered over the side, with a
handling line attached, to a diver who then
swam to the submersible and mounted the
source in a quick-release bracket at the end
of the boom. Once mounted, the neutron
source housing could be viewed by personnel
inside the submersible. At the completion
of a dive, the neutron source housing was
retrieved by the diver and returned to the
shielded container. The primary advantage
of this procedure was to allow the sea to be
used for shielding, thereby minimizing the
radiation dose to deck personnel and
personnel inside the submersible,

When the Cf-252 source was used on the
undersea sled or hand-held in position by a
scuba diver, a seven-foot handling tool was
attached to the undersea neutron source
housing. The housing remained in the shield-
ing container while the tool was being attach-
ed with a quick-release clamp. This handling
tool could then either be attached to the sled
by a diver or used as a manipulating tool for
hand-held operations, again allowing the sea
to be used as shielding. During all opera-
tions divers were instructed to maintain a
position that would allow currents to sweep
activation products, primarily sodium and

111-11




chlorine, away from the diver in the direc-
tion of the Cf-252 source. No radiocactivity
was detected in water samples obtained by
divers and dose equivalent estimates for
divers during these operations were less than
three millirem per hour. This estimate was
based on measurements with an Eberline,

Model PRM-5 neutron detector and a Victoreen,
Model 440 ionization chamber when the Cf-252
source was submerged to a depth of 4 feet,
the minimum working distance from the source.

Radiation doses for all personnel were
monitored with a standard, commercial service
film badge containing both beta-gamma and
neutron track films. The highest dose re-
ported was 50 millirem from gamma radiation
and 30 millirem from neutron radiation. This
dose was for an individual involved in the
procedure to load and unload the Cf-252
source in the undersea housing and represents
a level below the commonly used guide of 100
millirem per week.

In addition to film badges, personnel
who worked in the immediate vicinity of the
C£-252 source were also monitored with tissue
equivalent pocket chambers and health physics
surveys were conducted to insure that radia-
tion doses did not exceed safe working levels
and to provide additional data for dose
equivalent estimates. The highest estimated
dose equivalent from this data was approxi-
mately 30 per cent higher than the measure-
ments with the film badges.

SUMMARY

The undersea mineral exploration work
reported in this paper has shown the feasi-
bility of utilizing undersea vehicles and
neutron activation analysis to evaluate un-
disturbed sea floor mineral deposits.

Three types of vehicles were used for
undersea instrument transport and investiga-
tion of the sea floor. A scuba diver team
proved to be an excellent method for investi-
gating ocean bottom depths to 60 feet. The
Westinghouse Deepstar 2000 submersible, with
its self-contained power and life support
system, was the superior vehicle for depths
greater than 60 feet. The underwater sled
was functional but demonstrated the need for
self propulsion capabilities and diver
direction. Great advantage was found in
placement of personnel on the sea floor,
either as divers or within a submersible, to
select samples, maneuver instrumentation and
assist in sample collection.

Sea floor neutron activation analyses
were carried out on elements made up as
synthetic ores. The results showed that
samples could be analyzed for element con-
centration levels of commercial interest.

It is anticipated that with state of the art
instrumentation and application of analyti-
cal parameters specific to elements of
interest, that some 14 elements could be
feasibly detected.

The health physics study of the total
marine exploration study showed that a
Cf-252 source could be used in 21l phases
of the marine work without undue radiation
hazards to participating personnel,
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TABLE 1

ELEMENT NEUTRON ACTIVATION ANALYSIS

- 3 a
3 § g o
. e - - — 3 E 5 e
E 3 g g 2 g 558 £
P 3 A |
- 2 1) o o @ < m =
U 238ens2390sy+g~ .074 23.5m 2.8 99.27 ~ .99 .16
Fe  58Fe+n+5%Fe+y+p~ 1.1,1.29,0.19 45d 0.9 0.33 (.57,.43,.028) Neglig.
*Mn  5Mn+nsS6Mn+y+g- .85,0.8,2.1-3 2.58h  13.3 100.0 (>.5,~.3,~2) .02
Cr  S0Crens51Crsy .32 27d 16 4.4 .09 Neglig.
Ni  ®4Ni+n>65Ni+y+p- 1.5,1.12,.37 2.56h 2 1.0 (=.29,~14, ) ~.02
Mo  100pMo+n+101Mo+g- .19,.96 i5m 0.2 9.5 + .21
*y SlysnsS2vVay eg- 1.4 3.77m 4.5  99.75 1.0 .61
W 1821 183y 0.21,0.16 5.5 sec. 0.5 26.2 1.0 ~ 1.0
=W 1849505 1854y 0.13 1.7m 2.0 30.7 1.0 .87
*Co  59Co+n>80MCosy 1.33 10.5m 18.0 100.0 ~ 1.0 .28
*Cu  65Cuwn>86Cusy+R 1.04 5.1m 2.2 31.0 .09 .50
#*Ph  208phan+207mphey 1.07,0.57 .8 sec. 0.03 26.0 1.0,1.0 Saturation
Zn  68%Zn+n-59MZney 0.44 14 hr. 0.09 18.6 1.0 Neglig.
zn 70zZn+n>71zZns+y .4,.5,.6 3 hr. 0.09 0.63 1.0 Neglig.
*Sn 12%8nen>1258n+g ey .33,1.4 9.5m 0.2 6.1 1.0,.02 .31
*Al  27A1+n28ATayep" 1.78 2.3m 0.23 100.0 1.0 .78
Au 197Auens198Aneyap- .411,.68,1.09 2.7d 9.8 100.0 (.98,--) Neglig.
*Ag  107agen>1083p0ysgtepg  .66,.43,.6(.511) 2.3%m 3.0 51.4 (~.01 all) .78
Be Be+n>1UBes+p- No v 108 vr  0.01 100.0 X Neglig.
*Hg  20%Hgen+20Smpgey+p~ 0.2 5.2m 0.4 6.8 1.0 ~ .5
*Ti  S0Ti+ens51Tiey+g- .32,.93,.61 5.8n 0.14 5.3  ~.05, ~. 05 ~ .45
Mg 20Mgen>27Mgeyep” .84,1.02,.18 9.5m 0.03 11.1  »~.7, ~3 .31
*#S 3054n 378y 45" 3.1 5.0m 0.14  0.017 .9 .5
K BlKenst2 ey 8" 1.5,.32 12.5m 1.1 6.8 .18 Neglig.
P 31pen+32pag- No vy 14.5d 0.20 100.0 X Neglig.
t See later decay scheme
o Assume ¢ = 8 x 107 n/cm?/sec; 4" x 7' Nal(T1}; Yield = 0.1; Irradiation

Time = 2-5 minutes.

Promising
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TABLE II

ORE GRADE OF CURRENTLY EXPLOITED TERRESTERIAL MINERALS

Element Ore Grade (%)
U 0.1 - 0.2 Uy Og
Fe 20 - 70 Fe

* Mn 15 - 55 Mn

* Cr 15 - 68 Cry O3
Ni 0.9 Ni

* Mo 0.2 Mo

®y 1.0 - 2.0 V5 Og

* 0.3 - 1.0 W03

* Co 0.2 - 1.5 Co

* Cu 0.4 Cu

* Pb 3.5 - 5.0 Pb
n 5.0 Zn

* Sn 0.5 &Sn

* Al 50 Al, O3
Au ~ 5 oz/ton Au

* Ag ~ 10 oz/ton Ag
Be 10 - 12 BeO

* Hg ~ 5 lbs/ton Hg

* Ti 20 - 60 TiOy

* Mg 20 - 6% Mg0

15 - 40 S
14 K, O
15 P, Og

* Promising

Reference - Mineral Resources by Peter T. Fawn
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Elem

Mn

Cu
Al
Sn
Ag
Hg

Ti

An

Cf-252 thermal neutron flux~ 1 x 10% n/cm?/sec

4 minute irradiation, 30 second delay, 4 minute sample count

TABLE III

UNDERSEA NEUTRON ACTIVATION ANALYSIS OF SYNTHETIC ORE SAMPLES WITH Cf-252

Terresterial QOre
ent Element Content (%)

15 - 55.0

36.0

alytical Parameters:

Synthetic Ore
Element Content (%)
{Detected)
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15,

20.

20.

Synthetic Ore
Element Content (%)
(Estimated Lower Range)

0.5
2.0
1.0
3.0
0.3
16.0

4.0
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CALIFORNIUM-2B2 NEUTRON ACTIVATION FOR TERRESTRIAL,
SEA FLOOR, AND POSSIBLE PLANETARY SURFACE ANALYSIS

R. W. Perkins, W. A. Haller, H. G. Rieck,

L. A. Rancitelli, and N. A. Wogman

Battelle-Northwest
Richland, Washington

The high neutron emission rates presently available from 25 2Cf sources have

dramatically improved the potential applications of both laboratory and /n situ neutron
activation analyses of minerals. In recent laboratory studies of 200 Ib. ore samples,
techniques have been developed which permit the very rapid analysis of more than 16
elements at concentrations which are generally well below those of commercial interest.
These developments were based on studies conducted with 260 pg and 1.8 mg 25%Cf
sources for neutron activation and a 50 cc Ge{Li) diode for the gamma-ray spectro-
metric analysis. In feasibility studies carried out in several feet of water in an ocean
tidal zone, it was demonstrated that elements such as Au, Ag, and Mn could be
measured in concentrations as low as a few ounces per ton. This report describes the
technology which has been developed for either ground-based or shipboard laboratory
mineral analysis, the technology and equipment which is being developed for i situ
analysis of the floors of fresh and salt water basins, and the potential applications of
this technology for planetary surface analysis.

INTRODUCTION

In situ elemental analysis is extremely
desirable in a large number of applications.
Mapping of the mineral composition of ter-
restrial areas and of the ocean floor could
be greatly simplified by rapid in situ
elemental analysis, while the surfaces of
the planets could be analyzed remotely. In
considering possible methods for multielement
analysis, one normally considers x-ray, arc
or mass spectrometry, and alpha scattering
techniques. While these techniques are
usually considered as laboratory tools, they
can potentially be used for in situ analyses,
and indeed, the alpha scattering techniques
have received worldwide attention because of
their successful implementation in analyzing
major elements in the Tunar surface. All of
these procedures involve rather complex
instrumentation and have not been seriously
considered for hostile environments.such as
the ocean floor or for the surface analysis
of planets with dense atmospheres.

Two major developments during the past
few years have dramatically changed the
potential of neutron activation analysis for
both the quantitative measurements performed
in mineral assay laboratories and for a
variety of in situ mineral analyses. These
include the production of useful quantities
of the isotopic neutron source, 2°2Cf, and
the development of very efficient, high
resolution Ge{Li) gamma-ray detectors for
measuring the neutron activation products.

The extremely compact nature of the 252CF
source permits two different approaches to
mineral analysis by neutron activation.

When the neutrons are captured by the various
elements in the mineral, "prompt gamma-rays”
are emitted immediately, and their measure-
ment can be employed to determine the
elemental content of the sample. This
method has been investigated,for the measure-
ment of manganese and gold‘'!’/ in simulated
ocean floor conditions, ?n§ silver in simula-
ted terrestrial deposits‘?/. In addition,
the capture of neutrons by most elements
produces radionuclides of the element, and
in their subseguent decay "delayed gamma-
rays" are emitted which can be measured to
determine the elemental content of the
sample. The detection of prompt gamma-rays
allows the measurement of certain elements
such as iron and silicon, which cannot be
determined by subsegquent radionuclide
analysis. However, the necessary physical
proximity of the 252Cf neutron source and
detector for the prompt gamma-ray measure-
ments makes a much less sensitive procedure
for the nondestructive analysis of many of
the elements in minerals. Recent studies

in our Taboratory have demonstrated that by
induced radionuclide analyses the majority
of elements of commercial interest can be
measured in minerals at conce?tsations well
below those of economic value'3/. These
measurements also suggest that in situ
analysis of terrestrial surfaces and the
floors of fresh and salt water basins can be
made with comparable sensitivities to those
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which we have observed in the laboratory.

A major constraint in the use of 252Cf
sources for in situ analysis has been the
relatively high radiation level associated
with milligram-size 252Cf sources which are
required for this work. In recent develop-
ments at our laboratory, it has been demon-
strated that neutron multiplication of 30
to 40 fold can be ashieved in a small sub-
critical assembly(” . This technology could
allow a 30 to 40 fold smaller 252CF source
to be used for the in situ analysis program.
When an actual in situ neutron irradiation
was to be made, the 30 to 40 fold wultipli-
cation could be obtained by mechanically
inserting the source into the multiplier
device. The major advantages of this tech-
nology in both economy of the 252CF source
size and the radiation shield problems
during shipment and non-use periods are
obvious.,

The present work has been concerned
with determining the feasibility of seabed
and terrestrial mineral analysis and with
developing practical methods for implementing
these types of measurements. These studies
suggest the feasibility of this type of
technology for application to planetary sur-
face analysis on planets with both vare and
very dense atmospheres.,

TECHNOLOGY DESCRIPTION AND EXPERIMENTAL
EVALUATION

Californium-252 provides essentially a
point source of fission neutrons which re-
quire moderation for their most effective use
in either laboratory or im situ activation
analysis. The spontaneous Tission decay
mode_ of 252Cf in¥01ves the emission of 2.34
x 10 n.mg"1.sec" , thus the actual mass of
the 252CF source is insignificant. In ogr
initial laboratory feasibility studies(3 R
the 252Cf source was contained in the center
of a 4-inch thick slab of paraffin. A 200
1iter drum located directly over this source
served as a neutron moderator and contained
a 3-inch diameter vertical access port
through which mineral samples could be placed
within about 2 inches of a 260 microgram
252CF source. The characteristic gamma-ray
spectra for some 20 minerals, after 2-5
minute irradiation and counting periods, were
obtained from this system. This information
demonstrated the practicality of this tech-
nology for laboratory mineral analysis. To
evaluate the potential of in situ neutron
activation analysis of terrestrial and ocean
floor regions, the experimental arrangement

shown in Figure 1 was used. In this arrange-
ment a 210 microgram 252CF source was located
in the bottom of a 2 foot diameter by 4 foot
high polyethylene tank. This container in
turn was located in a 6 foot diameter water-
filled polyethylene tank which served as a
radiation shield. With this arrangement,
bulk ore or simulated ore samples which
represented an essentially infinite source
could be irradiated. After a short irradia-
tion, they could be rapidly removed and
placed under a Ge(Li) diode detector for
counting as shown in the illustration. The
addition of seawater and fresh water around
the 252Cf source-moderator and the Ge(Li)
diode detector permitted the simulation of
the anticipated irradiation and counting
geometries at the floor of ocean and fresh
water basins. Without the water present, a
terrestrial (earth's surface) analysis could
be simulated. The radiation level at the
surface of the 6 foot diameter shield was
about 0.3 mr per hour. Measurements of the
gamma-ray spectra of various types of ore
and of simulated ore samples showed excellent
photopeak resolution and indicated the
feasibility of employing this type of tech-
nology for both tervestrial and ocean floor
analysis.

An essential step in developing this
technology for seabed mineral analysis was
an actual in situ feasibility demonstration.
This feasibility demonstration was conducted
at the Battelle-Northwest Marine Research
Laboratory at Sequim, Washington. For this
study 200 pound samples of minerals, or
simulated mineral samples containing known
amounts of various elements, were placed in
the tideland ocean floor during the Tow tide.
These samples were contained in cut-off 55
gallon drums which were approximately 10
inches deep and 22 inches in diameter (see
Figure 2). At high tide when the measure-
ments were made, these samples were covered
with 4-5 feet of seawater. The samples were
irradiated with a 210 microgram 252Cf source
which was Tocated about 2 inches from the
bottom of a 6 inch diameter by 10 inch high
paraffin moderator. This source was position-
ed directly over the center of the sample.
Irradiation times of 120 seconds followed by
a 30 to 40 second decay period and an in situ
counting time of 200 seconds were employed.
The gamma-ray spectrometric measurements
were made with a 50 cm3 Ge(Li) diode which
was centered directly over the sample,
Figure 3 shows the gamma-ray spectrum of a
silver bearing dunite sample which was ir-
radiated and counted under these conditions.
The silver content of this sample was 0.05%,
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while the manganese content was about 0.1%.
The concentrations of Mn and Ag, as well as
those of Mg, Al and V, were easily measurable
from the photopeak areas. There was not a
detectable photopeak from 2*Na and the photo-
peak from 38C1 (37 min) was relatively small.
This confirmed our laboratory observations
that induced 2%Na and 38C1 in the ocean
floor should not significantly interfere
with measurements of the mineral composition.
As indicated in Figure 3, several elements
can be observed and measured reasonably well
from their photopeak areas after a short
irradiation with the 210 wmicrogram 252Cf
source; however, this source size is

not sufficient for the measurement of all

of the elements of interest. From consider-
ation of the total acceptable counting rate,
it appears that a 5 mg 252Cf source would be
about optimum for this type of application;
however, radiation shielding and handling
considerations dictate a source of 1 mg or
less which should be adequate if a large,
efficient Ge(Li) diode detector is used for
analysis. If a neutron multiplier unit
could be used, the needs for both the high
flux during usage and the Tow flux during
loading and shipping could be met.

A detailed study of the sensitivity
with which the various elements in mineral
samples can be measured with an approximate
2 mg 252Cf irradiation source is being con-
ducted in a laboratory mockup arrangement.
The experimental arrangement used for this
program is shown in Figure 4. As indicated,
the 252CF source is located near the bottom
of a 12 inch diameter by 12 inch high
paraffin moderator. This moderator is
centered at the bottom of a 6 foot diameter
by 7 foot deep polyethylene tank which in
turn is contained in a 15 foot diameter by
7 foot deep plastic swimming pool. With
this shielding, no gamma or neutron flux
could be observed at the edge of the pool or
the surface of the water. However, a
neutron dose rate of about 10 mr/hr was ob-
served at the sample channel opening. The
mineral samples to be analyzed were contained
in 10 inch  high by 22 inch diameter cylin-
ders as previously described. With the
sample channel and sample dolly arrangement
shown in Figure 4, the samples could be
placed directly under the source for neutron
irradiations. The neutron flux at the sur-
face of the sample and at various depths
within it was determined by foil irradiation
techniques, Figure 5 shows the thermal
neutron Flux at the surfaces of paraffin
and seawater substrates in the irradiation
position directly beneath the 252Cf source.

The thermal neutron flux is only reduced by
about 25% at the surface of seawater relative
to paraffin. The neutron fluxes at the sur-
face of paraffin and fresh water substrates
are almost identical. In Figure 6 the
horizontal thermal flux profiles at the
surface of a dry dunite sample, dunite
saturated with fresh water, and a dunite
sample saturated with seawater are shown.
There is very little difference between the
thermal flux at the surface of fresh and

salt water saturated dunite, however, the
neutron flux at the surface of the dry dunite
is substantially less,

Saturation of the dunite with fresh
water or seawater increases the density from
1.5 to about 1.8. However, water does serve
as an excellent moderator and results in
the substantially higher thermal neutron
flux at the surface of these dunite samples.
As shown in Figure 7, the maximum thermal
neutron flux at the center of a seawater
saturated dunite substrate is about 1.7 x 107
n.cm~2.sec™! and this decreases somewhat
faster with depth than with lateral distance
from the source. In this substrate the
average thermal neutron flux is about 2 fold
tess than this center value through the
volume of a 20 cm diameter hemisphere and
about 3 fold lower through a 35 cm hemis-
phere. In Figure 8 the thermal and epi-
thermal neutron fluxes at the surface of
a seawater saturated dunite substrate are
presented. It is important to note that the
epithermal flux even at the center of the
sample is about 25 fold less than the thermal
flux. In addition, the epithermal flux drops
off much more rapidly than the thermal flux.
Thus the neutron flux impinging on the sam-
ple is reasonably well moderated.

Major emphasis in this program has been
toward determining the sensitivity with
which some 30-40 trace elements can be
measured in an ocean floor substrate and
determining calibration constants which can
be used for an actual seabed mineral
analysis. Table I summarizes the sensitivi-
ties for the measurement of 16 elements based
on the use of a 1.8 mg 252Cf source in the
irradiatign facility shown in Figure 4, and
the 50 cm® Ge(Li) diode detector system
shown in Figure 1. These measured sensitivi-
ties were all determined for seawater satura-
ted dunite containing known amounts of the
elements of interest; however, several actual
mineral samples have been measured and
indicate sensitivities within the ranges
shown in Table I. The sensitivities are
based on a 2 minute irradiation followed by
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a 30 to 60 second delay and a 2 minute
counting period. Such irradiation and
counting periods appear adequate for the in
situ ana]ysws of most elements. The sensiti-
vities in Table I' for the simulated in situ
condition are similar to those which were
observed earlier,in our laboratory mineral
assay facility 4) . As suggested from the
neutron flux curves for fresh-water-saturated
dunite, the sensitivity for elemental analy-
sis at the floor of fresh water basins is
only slightly better than for the ocean
floor. The sensitivities for elemental
measurements on terrestrial areas with a
given neutron source size are somewhat less
than on the ocean floor because of the lower
thermal neutron flux near this substrate
surface. However, the rather wide range in
sensitivities presented in Table 1 certainly
cover the sensitivities for all three types
of substrates.

DISCUSSION

While there are numerous parameters
affecting analysis of ocean and fresh-
water basin floors and of terrestrial sur-
faces, they are adeaquately accounted for
if the simulated samples very nearly resemble
the actual study areas. There are compensa-
ting factors and even if one were to apply
the detection efficiency factors obtained for
sea floor analysis in the analysis of a dry
terrestrial surface, the errors would be
less than 50%. Where the actual density of
the material is reasonably well known it
appears that measurements to an accuracy of
+ 10% will be possible. One problem which
must be recognized, however, is that the
observed sample sizes are somewhat different
for each photon energy. For example, the
sample size actually observed with 198y
which emits a 0.41 MeV is much smaller than
that from 2°A1 which emits 1.779 MeV photons.

TERRESTRIAL MINERAL EXPLORATION

The very small physical sizes of both
the 252CF source and the Ge{Li) dicde detec-
tor make their combined use appear very
attractive for in situ mineral exploration
programs. From our laboratory studies in
which massive (200-1b) ore samples were used,
sensitivities comparable to those in Table 1
were obtained and these could be achieved
for in situ terrestrial mineral analysis.
For Borehole measurements a "nuclear probe"
consisting of a 2%2Cf source separated by a
specific distance from a Ge(Li) diode could
be used in the simultaneous assay of several
elements. The practicality of employing

Tvely.

such a igyging technique for multiple element
analysis in wells or boreholes vs. collecting
samples for Taboratory analysis at the time
of drilling would depend on the objectives

of the programs,

SEABED MINERAL EXPLORATION

The continental shelf portions of the
ocean floor are known to contain vast reserves
of several minerals, vet relatively little
exploration of these areas has been performed.
The technology, described in this report,
for rapid nondestr2c§ive mineral analysis in
our earlier report‘!/ and in this work would
be applicable to a shipboard laboratory and
in situ analysis of the ocean floor respect-
Figure 9 shows a conceptual design of
a nuclear probe which is being built for
performing in situ mineral analysis of the
ocean floor at depths of a few hundred feet.
The operation will involve first the position-
ing of the probe on the ocean floor. A
sequence will then be initiated which will
rotate the 252Cf source to the irradiation
position, hold it there for a preset time of
about 2 minutes, then reverse positions of
the 252Cf source and the Ge{li) diode
detector for a 2-minute count. With this
procedure, a rather detailed mineral assay
could be made in a S-minute interval at each
point of interest. The probe could be opera-
ted from a surface vessel using a TV monitor
for probe positioning.

SUMMARY AND CONCLUSIONS

This study employing a 252Cf neutron
source for neutron activation, together with
one of the best available Ge(Li) diode gamma-
ray detectors, demonstrates the remarkab]y
practical potential of this approach for in
situ mineral exploration. Laboratory studies
with a 2°2Cf source indicated that most of
the elements of commercial interest can be
directly measured by a 2-minute irradiation
and a 2-minute count. A 1-mg 252Cf source
would be adequate for such measurements and
a rather detailed guantitative analysis of a
substrate sample could be performed in 5
minutes by a trained technician.

The recent demonstration of the practis
cality of 2°2Cf neutvon flux mu]tip]ication(“)
could permit the use of a 50 microgram
source for this application and eliminate
most of the shielding problems associated
with its use.

In situ mineral exploration of the ocean
floor, particularly on continental shelf
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regions, appears feasible. Compared with any
other potential method for in situ analysis,
this approach appears extremely attractive.
It could provide a rapid and practical
approach to establishing the elemental con-
tent both of the ocean floors and of the
floors of the large fresh water areas of the
world,

In situ analysis of terrestrial surfaces
and in boreholes or wells also appears feasi-
ble and may prove extremely useful. This
approach could allow the rapid logging of
boreholes for a wide spectrum of elements.

It is obvious that a similar approach could
be employed on a roving vehicle for unmanned
planetary mineral analysis.
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SENSITIVITIES FOR THE MEASUREMENT OF TRACE ELEMENTS
IN A SIMULATE OCEAN FLOOR MATRIX*

Element] Isotope
Indium 1lemip
Selenium 77mSe
Silver 108ag
Titanium s1T4
Vanadium 52y
Gold 1984y
Manganese 56Mn
Aluminum 2841
Arsenic 76As
Cobalt 60MMCg
Copper 66Cy
Mo1ybdenum 101pMg
Antimony 122gh
Cadmium 1iimgg
Magnesium 27Mg
Nickel 55N

* Two minute irradiation
Two minute count

Detectable
Half Life Concentrations
84 min 1-10 ppm
18 sec 10-100 ppm
2.4 min 10-100 ppm
5.8 min 10-100 ppm
3.77 min 10-100 ppm
64.8 hr 10-100
2.5 hr 0.01- 0. 1%
2.3 min 0.1 - 1%
26.5 hr 0.1 - 1%
10.5 min 0.1 - 14
5.1 min 0.1 - 1%
14.6 win 0.1 - 1%
2.8 day 1-10%
49 min 1-10%
9.5 min 1-10%
2.5 hr 1-10%
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Figure 3
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THE USE OF 2%2Cf AS A NEUTRON SOURCE FOR

WELL LOGGING

Hans J. Paap
Hugh D. Scott

Texaco Inc.
Bellaire Research Laboratories
Bellaire, Texas

A major goal of the well logging industry is the identification of potential oif
producing horizons in the earth formations surrounding a borehole. Neutron logs are
used to determine porosity, salinity, and the presence of gas. Improvements and new
technigues possible with higher intensity ?*2Cf neutron sources are discussed.

INTRODUCTION

Most oil and gas is produced
from accumulations in the pore spaces
of reservoir rocks. An important
phase in exploration for oil and gas
is the measurement of the properties
of the earth formations surrounding a
borehole to accurately identify the
presence of potential producing hori-
zons. This is known as well logging
(Slide 1). The major parameters
needed to evaluate a reservoir are
the bed thickness, the rock porosity,
the permeability and the hydrocarbon
content. In situ measurements are
made by lowering logging instruments
into the borehole to measure the
electrical, acoustical and nuclear
properties of the formation. In Slide
1 a neutron log is being obtained by
lowering an instrument into the bore-
hole using a multiconductor cable.
The instrument contains a neutron
source and a detector to measure
gamma rays produced by interaction of
the neutrons with the rock formation.

Electric logs are used to differ-
entiate between oil bearing and water
bearing formations by measuring the
resistivity of these formations.
Acoustic logs are used to determine
porosity, and nuclear logs can also
be used to measure the formation
density, porosity, and saltwater con-
tent. Combinations of acoustic and

nuclear logs can be used to obtain
better knowledge of lithology since

they respond differently to rock type,
and in favorable situations to dis-
tinguish between oil and gas.

True formation measurements are
complicated by the fact that the bore-
hole fluids used in drilling the well
invade and contaminate the formationms.
After the borehole has been cased
with steel pipe and cement, the prob-
lem of obtaining further logs to re-
evaluate the well is essentially
limited to nuclear methods since
neutrons and gamma rays can penetrate
steel and cement.

NEUTRON SOURCES

Neutron sources have been used
for oil well logging since 1941. For
several years Po-Be and Ra-Be neutron
sources were used emitting about 107
neutrons/second. More recently Pu-Be
sources have become the standard type
of source due to the lower gamma ray
output, but the neutron source
strength has remained about the same.
Systems using the d-t reaction in
miniature accelerators have also been
developed for pulsed neutron logging
by the well logging industry.

A comparison of isotopic neutron
sources availlable commercially for
0il well logging is shown in Slide 2.
Pu-Be has a very long half life, is

I11-30

‘w




relatively cheap, but is limited in
neutron yield by physical size. Am-
Be sources can be made which emit 10
neutrons/second but the price is pro-
hibitive for large scale commercial
use. A source which will be marketed
soon and which looks very attractive
from neutron yield, half life, and
price considerations, is Ac-Be. This
source will probably be used in the
future by the well logging industry.
Po~Be sources can be made with a
yield of 109 neutrons/second, but the
short half life of 138 days makes
this source uneconomical. The avail-
ability of Cf252 in the near future
at the recently announced price of
$19 per microgram él microgram of

£232 emits 2.3x100 neutrons/second)
will make this source the strongest
and cheapest available with a reason-
able half life. 1In Slide 2 the data
for Cf252 do not include handling and
encapsulation charges for individual
sources since these are not yet avail-
able.

NEUTRON LOGGING

Neutron logs of a well are ob-
tained by lowering into the borehole
a source of fast neutrons together
with a detector of neutrons or gamma
rays spaced at a specific distance
from the source. The neutrons are
slowed down in the borehole and the
surrounding formation by successive
collisions losing most energy in
collisions with hydrogen nuclei. When
the neutrons have been slowed down to
thermal velocities, they diffuse ran-
domly until they are captured by
nuclei of atoms such as hydrogen,
silicon, and chlorine. As a result
of these captures, high energy gamma
rays are emitted, some of which enter
the borehole and may be detected in
the logging instrument. The energies
of these gamma rays are characteris-
tic of the element capturing the
neutron and serve to identify the
presence of these elements. As an
alternative to detecting the capture
gamma rays, the logging instrument
can detect neutrvons diffusing back
into the borehole. Since the popula-
tion of neutyvons at a particular dis-
tance from the neutron source is sen-
sitive to the hydrogen content of the
formation, the neutron intensity can
be related to the formation fluid
content and thus the formation
porosity.

Since the depth of investigation
of conventional neutron logs is only
a few inches, a large proportion of
the measured response comes from the

borehole mudcake and zone of invasion
in open hole logging and from the cas

ing column and cement in cased hole
logging. It is generally believed
that 1if the source to detector spac-
ing is increased, the ratio of the
formation to borehole signal can be
improved. However, this cannot be
accomplished without a considerable
increase in neutron source strength.

The possible availability of
C£252 for industrial applications has
encouraged us to investigate the po-
tential of this isotope as a neutron
source in well logging. Two _sources
containing 61 and 702ug C£292 on loan
from the AEC and emitting 1.4%108 and
1.6x109 neutrons per second, respec-
tively, are being used for this work.

TRANSPORTATION AND HANDLING
oF cF29? sources

The use of these high intensity
sources for oil well logging pre-
sented some new problems in handling
and transportation. A photograph of
the mobile radiation shield is shown
in Slide 3. Both sources are stored
independently in this shield and the
radiation level at the edge of the
truck bed is less than 2 millirems/
hour as required by the State of
Texas. The design of this shield is
shown in Slide 4. The neutron moder-
ating material is petrolatum to which
boron has been added in the form of
borax to absorb thermal neutrons.
Lead around the source chawmber ab-
sorbs most of the gamma rays emitted
by the source. A cable is attached
to the source holder, and a push rod
is provided to remove the source
holder from the shield.

The shield was designed so that
the 700ug source could be remotely
transferred from the shield to the
logging sonde. (Slide 5). To load
the 700ug source into the sonde

1) a special ramp holding the
logging sonde is placed close to the
port of the shield. The logging
cable is attached to the top of the
sonde.
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2) the lucite plug is removed from
the shield and the ramp is aligned
with the port.

3) the source still attached to
the winch cable is pushed from the
shield into the bottom of the sonde
with the 6' long push rod.

4) the sonde is automatically pull-
ed by the logging cable until it is
suspended above the wellhead.

5) the winch cable is detached
from the source with a 30-foot long
actuating rod and the sonde is lower-
ed into the well.

This sequence is reversed to re
move the sonde from the well and re-
place the source in the shield. The
radiation dose to personnel during
this operation is in the range of
0.5 to 1.0 millirem.

CF252

LOGGING RESEARCH

The investigation has been di-
vided into five areas of interest as
shown in Slide 6.

1) Activation logging

2) Dual spaced neutron logging for
porosity

3) Chlorine logging

4) Neutron-gamma logging for gas

5) Neutron capture gamma ray
spectra

1. Activation Logging

The technique of activation
logging has been developed mostly in
the USSR where logging speed is not
an important commercial factor. A
continuous activation log is made by
moving the neutron source down the
borehole to activate the formations
followed by a detector to measure the
delayed gamma rays emitted as radio-
active nuclei decay (Slide 7). Tests
hage shown that neutrons can produce
A128 in shales by the reaction
A127(n,y)A128, and can also produce
A128 in sands by the fast neutron
reaction Si28(n,p)A128, A128 decays
with a half life of 2.3 mins and
emits a gamma ray with an energy of
1.78 MeV. For Pu-Be neutrons which
have an average energy of 4.5 MeV,
many neutrons exceed the threshold
energy of 3.85 MeV _for the Si28(n,p)
A128 reaction. Cf252 neutrons have
a lower average energy of 2.3 MeV
so that fewer neutrons from this
source exceed the silicon threshold.

This results in less silicon inter-
ference with C£f252 as shown in the
next slide (Slide 8). This shows the
results of activating formations con-
taining various amounts of quartz
sand and alumina. From the magnitude
of the intercept on the vertical axis
it can be seen that the interference
from silicon if Cf2 is used is much
less than if Pu-Be is used. For the
range 10-20% Al03 this interference
is 7-9 times smaller if C£252 is
used.

The second advantage of Cf252
over Pu-Be for aluminum activation
logging is that C£232 sources are not
as limited in neutvon output (Slide
9). The largest Pu-Be sources in use
in well logging emit only 107
neutrons/second. With this source
strength activation logs must be run
at about 3 feet/minute to achieve
acceptable detector count rates.

This speed is obviously uneconomical
for commercial 1og§ing. With a C£252
source emitting 109 neutrons/second,
detector count rates of 100-200 cps
can be obtained and a logging speed
of 20 ft/min can be used.

A typical activation_log ob-
tained with the 700ug C£252 source is
shown in Slide 10. This log shows
three beds containing different
amounts of aluminum or shale. The
natural gamma ray log must be sub-
tracted from the activation log for
quantitative analysis.

2. Dual-Spaced Neutron Logging
for Porosity

Several parameters which can
affect neutron porosity logs are
shown in Slide 11.

Borehole region:
. Borehole size
. Borehole fluid (mud, saltwater)
Mudcake on side of borehole
. Sonde position in borehole
. Borehole casing
Cement between casing and
formation

SV O B

Formation region:

7. Formation matrix (lime, sand,
dolomite)
8. Salinity of formation fluid
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9. Shaliness of formation
10. Formation temperature

Many of the neutron porosity log
ging instruments operated today by
the commercial well logging service
companies use a single epithermal
neutron detector spaced at §ome
specific distance from a 10/ neutron/
second Pu-Be or Am-Be neutron
source(l) ., Epithermal neutron detec-
tion is used to minimize the perturb-
ing effects of strong thermal neutron
absorbers in the formation and bore-
hole. $§lide 12 shows an improved
type of porosity logging instrument
using two detectors. Th%f system was
suggested by Allen et al ) and re-
quires detectors at large spacings
from an intense source emitting more
than 5x108 neutrons/second. This
system is based on the fact that the
borehole strongly attenuates the
neutrons, whereas the formation is a
relatively weak attenuator. Thus, to
increase the sensitivity to the form-
ation the detectors should be posi-
tioned as far as possible from the
source. By using two detectors and
taking the ratio of the counts in
these, it should be possible to mini-
mize the effects of variations in
the borehole parametevrs. This tech-
nique uses two thermal neutron de-
tectors to measure the neutron slow-
ing down length L which is an epi-
thermal neutron parameter. This can
be used to determine the formation
porosity if the formation matrix is
known.

The availability of CfZSZSOUICGS
emitting more than 107 neutrons/
second now makes this technique
possible. We have made porosity logs
using two He-” neutron detectors at
spacings up to 72 and 102 cms from a
700ug C£252 source. 1In Slide 13 are
shown typical neutron distributions
measured in freshwater limestone and
dolomite formations. The increase in
slope with porosity corresponds to
the decrease in slowing down length
L. The position of the dolomite
curve illustrates the presence of
the matrix effect.

The response of the dual neutron
detector system in cased test forma-
tions is shown in Slide 14. Fresh-
water sandstones, limestones, and

dolomite have been investigated. The
limestones were also saturated with
saltwater and borated water. Bore-
hole sizes used were 6", 73", and 9".
From this it can be seen that this
log

(a) is only slightly affected by
borehole size variations

(b) is only slightly affected by
saltwater and boron in the
formation, but

(c) is quite sensitive to the form-
ation matrix composition.

Calibration lines are therefore
necessary for sandstone, limestone
and dolomite and if the porosity
measurement is to be valid, the mat-
rix composition must be derived inde-
pendently from another type of log.

Further measurements indicated
that this log is

(a) essentially insensitive to the
presence of casing in the
borehole

(b) is almost insensitive to wvari-

ations in the borehole salinity,
and

(c) is only slightly affected by
the position of the logging
instrument in the borehole.

In the next slide (15) the re-
sults obtained with a single epi-
thermal neutron detector in the sonde
are shown. It can be seen that this
detector produces a response which
is very sensitive to borehole size
and the position of the instrument in
the borehole. For comparison, the
next slide (16) shows the much
smaller effects of these parameters
on the dual detector porosity log.
Variation of borehole size from 6" to
9" produces a very small change in
response. A typical dual thermal
neutron detector porosity log is
shown on the next slide (17). Log #1
was obtained with the shorter spaced
detector at 60cm from the source and
log #2 was for the longer spaced
detector at 90cm. Assuming a lime-
stone matrix, the ratio shows that
the porosity varies from 20% to 0.5%.

In general, it can be concluded
that the dual detector system is much
less sensitive to variations in
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borehole parameters. This should
make the dual detector log particu-
larly useful for cased wells where
insensitivity to borehole casing and
cement is required. A limitation of
the log is that the formation matrix
must be known.

3. Chlorine Logging

Results obtained with the
Texaco chlor%ne logging system using
the 6lug Cf272 source have been re-
ported fully in the AEC Cf2Z52 Prog-
ress Report No. 4, and, therefore,
will not be covered in detail here.

Briefly, a chlorine log of a
well delineates low-salinity zones
which may contain 0il., The chlorine
log essentially depends upon the high
thermal neutron capture cross section
of chlorine which is present in the
saltwater of the formation traversed
by the borehole., By moving a sonde
containing a neutron source and a
NaI(Tl) gamma ray detector through
the borehole, chlorine capture gamma
rays can be measured in the borehole
as a function of depth. Zones of low
salinity, possibly bearing oil, can
be delineated by comparing the
chlorine log with a log measured
simultaneously which is essentially
independent of chlorine.

By using the 6lug szs2 source
for the Texaco experimental chloripe
log in cased holes instead of a 107
neutron/second Pu-Be gource, it has
been possible to improve the signal-
to-noise ratio by 65%. This can be
used to increase the logging speed
from 10 to 30 ft/min.

4. Neutron Gamma Logging for Gas

One method used to differen-
tiate between o0il and gas in a new
well is to run two neutron porosity
logs on the same day with different
spacings and hence with different
depths of investigation. In favor-
able cases these logs will indicate
equal porosities where there is only
water and oil but different porosi-
ties where there is gas, since the
longer spaced detector is less in-
fluenced by the invaded zone than
the shorter spaced detector. Since
this technique is limited to source-
detector spacings compatible with

good detector count rates, an investi-

gation is being made into extending
this method to much larger spacings
and larger depths of igvestigation
using the stronger Cf232 sources.

This work is presently in prog-
ress. An illustration of the possi-
bilities of the method iz shown in
the next Slide (18). The mud used
for this well was heavily weighted
with iron oxide. This had deeply
invaded the formations and had a
strong attenuating effect on the
capture gamma rays so that the struc-
ture in the logs was heavily sup-
pressed. The slide shows logs of a
section which includes two known gas
sands separated by a shale interval.
The invasion of the mud in the shale
interval was less than in the gas
sands and consequently the logs track
quite closely in the shale interval.
However, in the gas sands the C£29
log shows a much deeper response to
the gas and clearly detects the gas
beyond the zone of mud invasion.

At the same time it was possible
to log at twice the speed with the
Hlug C£252 gource and obtain the same
statistical fluctuations as with the
Pu-Be source.

5. Neutron Capture Gamma Ray
Spectra (Slide 19)

Capture gamma ray spectra in
borehole formations can be measured
by steopping a logging instrument with
a standard Pu-Be neutron source and
NaI(Tl) gamma ray detector opposite a
formation of interest. Analysis of
this spec%gym by a least squares
technique can be used to diagnose
the cause of a particular anomaly in
the logs run previously in the well.
This slide shows the components f£rom
H, Ca, 8i, Fe, and Cl which add to
produce the observed spectrum. Point
by point measurements are usually un-
economical unless the data are of
extreme practical value and in open
holes the technique is hazardous be-
cause of instability of the borehole.
(Slide 20.) By analyzing spectra
accumulated with the sonde moving
very slowly up the well, it is poss-
ible to obtain logs for calcium,
gilicon, chlorine, and hydrogen.
These help to define and quantitate
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the limestone, sand/shale sequences
in the well. The stronger Cf£252
neutron sources are now being used to
investigate what improvements can be
made in logging speed with this
system and how the spectra can be
improved in quality.

The next Slide (21) shows spectma
taken at two different source to de-
tector spacings. From this slide it
can be seen that the gamma rays from
the iron casing become less relative
to the calcium gamma vays from the

formation as the spacing is increased.

This improvement is shown on the next
slide (22). From this slide it can
be seen that the formation signal can
be increased significantly relative
to the borehole response by increas-
ing the source to detector spacing.
It is hoped that this improvement in
formation to borehole si%nal which
can be achieved with Cf232 sources
can be used to advantage in a con-
tinuous logging system.

CONCLUSIONS

In summary, the results obtained
so far using CE252 for well logging
are very encouraging. By using the
stronger Cf232 neutron sources, it
has been possible to use larger spac-
ings between the neutron source and
detectors in the logging instrument.
This increases sensitivity to the
formation parameters and reduces
spurious borehole effects, thus im-
proving log quality significantly.
Additionally, the use of stronger
C£f252 sources has increased logging
speeds significantly. 1t appears
that the techniques and improvements
made possible by the availability of
C£252 peutron sources in the neatr
future will be a valuable addition
to the petroleum industry.
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SLIDE 2
COMPARISON OF NEUTRON SOURCES

FOR WELL LOGGING
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i0® 200
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SLIDE 3
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SLIDE 5

SLIDE 6

USE OF 2%2¢f IN LOGGING

I. ACTIVATION LOGGING

2. DUAL-SPACED NEUTRON LOGGING FOR POROSITY
3. CHLORINE LOGGING

4. NEUTRON-GAMMA LOGGING FOR GAS

5. NEUTRON-CAPTURE GAMMA RAY SPECTRA
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SLIDE 7
ACTIVATION LOGGING
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SLIDE 11
PARAMETERS AFFECTING

NEUTRON POROSITY LOGS
BOREHOLE REGION

BOREHOLE SIZE

BOREHOLE FLUID (MUD, SALTWATER)

. MUDCAKE ON SIDE OF BOREHOLE

. SONDE POSITION IN BOREHOLE

. BOREHWOLE CASING

. CEMENT BETWEEN CASING AND FORMATION

@B H W -

FORMATION REGION

T. FORMATION MATRIX (LI/IME, SAND, DOLOMITE)
8. SALINITY OF FORMATION FLUID

9. SHALINESS OF FORMATION

[0. FORMATION TEMPERATURE

SLIDE 12
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DETECTORS .
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oo | 1 ()

fa
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@
L]

I11-40

COUNTS PER SECOND

!

FORMATION POROSITY, (°/a)

SLIDE I3
MEASURED NEUTRON
DISTRIBUTION

61 pg 29%ct SOURCE

e |_IMESTONE '
«e=DOLOMITE N
e==WATER

| 1 i Y |
40 60 80 100
SOURCE TO DETECTOR SPACING (cm)

DUAL DETECTOR POROSITY LOG
CASED FORMATIONS

00
80 |~ SLIDE 14
60 I~ Fw
Sw
40 - B
8"
7"
20 - 8"
DOLOMITE
10 = SANDSTONE
s -
6 - LIMESTONE
4 -
252
700 pgm Cf SOURCE
2|~ DETECTORS AT 72 AND
102 CMS
<&
; i ] 1 !

o] 4 8 12 1) 20 24 28

2

RATIO OF COUNT RATES —{C:—'Og-— « 100
7



100
80

L-1¢)

40

FORMATION POROSITY, (%)

SLIDE 15

SINGLE DETECTOR POROSITY
LOG IN LIMESTONE

700 pgm 227 Cf SOURCE
e DECENTRALIZED
e CENTRALIZED

DETECTOR 60 CMS FROM
SOURCE

i | | i 1} 1

o] 2000 4000 8000
EPITHERMAL COUNT RATE (CPS)
DUAL DETECTOR POROSITY LOG
IN LIMESTONE
100
80
80 SLIDE 18
a0 -
B
~ 20—
>
=
[
o
@
g 1o
z 8
9 -
L Y =
s - \
&
o - 700 pg 2ofcH
DETECTOR AT 72 AND
- i02-CMS
s DECENTRALIZED
2 ke o CENTRALIZED
gu \eu.’....sﬂ
e
' J i ] ] 1 i \
o 4 8 i2 18 20 24 26

RATIO OF COUNT RATES %%3— * 100

DETECTOR POROSITY LOG

4780 —

DEPTH FEET
&
@
o
o
i

4880

r————

=,

SLIDE 17

.-

-

] i {200 11110 T 1 1 A B

OO0

4700

4800

(FT)

DEPTH

4900

5000

—— 8 201086 3 | 05
- 2 LIMESTONE POROSITY
CPS x 1000
{/s)
SLIDE 18

-e-- 2320y 2y 8"
——— PuyBe 15.7"
SAND

TE=| SHALE

SANDY SHALE

T e e e e

100




SLIDE (¢

. COUNTS / CHANNEL

(n,y) SPECTRUM
FROM WELL FORMATION

COUNT TIME : 10 MINS.
essmeses FIELD DATA
10~ e | EAST SQUARES FIT
F tmmone CHLORINE
.k e e (RO N
© s=w= HYDROGEN
% | wmmewe GILICON
! s omem CALCIUM
5 =
ny
R
¥
§
&
o
2 3 4 5 6 7 8
GAMMA RAY ENERGY (MEV)
] 3 i
100 200 300
CHANNEL
SLIDE 20
DEPTH H LOG CILOG SiLOG Ca LOG
2100} - - JUL;I,T;TH T
J_1uxL0R MARL ~ J_—l;r
2200} - L ‘L‘J_L .t__'rl 'r—
1 i1 L H ! X 1 .
2300} - :\:‘.r AUSTIN CHALK‘T‘TJ—E
{ 1 j—I' 1 i i M 1 i L
- 1 I 1) 1 }] 1
2400+ - r r T EAGLEFORD SHALE -
3 i 1 1] 13 i) i
:E‘LBUDA uMEx::;'::;::
2500+ - o
TR RO G e
-
2500 A - L T GEORGETOWN LIME ==
Q i0 0O 3 60240 4 8

NORMALIZED COUNT

COUNTS PER MINUTE

I11-42

SLIDE 21
GAMMA RAY SPECTRA
IN CASED LIMESTONE

8000
PuBe
4000}
2000} W
o} i
800 k-
400}
200 H
b
o } ] |
10O 3.0 5.0 7.0
GAMMA RAY ENERGY (MEV)
SLIDE 22
IMPROVEMENT IN FORMATION
TO BOREHOLE SIGNAL
4.0
N
u[.:n
Yo30-
-4
[w)
o
12}
[F3}
[+4
(K%}
3
S 20
i
2.4
(=}
@ 25.5%
o
-
Z
© 1.0
=
3 CASED LIMESTONE
« POROSITIES AS
2 INDICATED
o | | |
10 20 30 40

SPACING (INCHES) ——>

2.0




252Cf NEUTRON INDUCED RADIATIVE CAPTURE GAMMA RAYS

FOR HiIGH ENERGY DETECTOR CALIBRATION

Jacob . Trombka, E. Elier, and G. A. Oswald”

Laboratory for Space Physics
NASA - Goddard Space Flight Center
Greenbelt, Maryland

M. J. Berger

High energy gamma say sources produced by prompt neuiron radiative capture were developed in
order to study the variation of pulse height, the shape of pulse height distribution, and resolution as a

function of energy for scintillation detectors. The system as described below has also been used to cali-

S. M. Seltzer

Center for Radiation Research
National Bureau of Standards
Washington, D. C,

brate the gamma ray spectrometers which will be flown aboard Apollo 15 and 16.

Spectral distribution of gamma rays in the 3 to 12 Mev energy region using a 3 in. x 3 in, Nal(T1}
detector have been studied for a number of nuclear species such as: Nickel with lines at 8.999 and
8.533 Mev; Mercury — 5,967, 4,842, 4,740, and 3.289 Mev; and Hydrogen — 2.223 Mev. The neutron

excitation of these samples was carried cut by placing these samples in a neutron moderator near a

252CF source (~2 ig).

Methods for inferring photon spectra from the pulse height spectra have been developed and are to
be used to interpret the gamma ray measurements carried out during the Apollo 15 and 16 flights. De-
tailed knowledge of the response of the flight detectors as a function of energy is required to perform
the analysis. In the energy region above 3 Mev, it is extremely difficult to obtain response functions for
truly monoenergetic gamma rays. Therefore the following approach has been taken: Monte Carlo calcu-
lations have been carried out to determine the nature of these response functions in the 3 to 12 Mev
region, These spectra have been compared with the experimentally determined spectra obtained using the
2520f system described above. These comparisons form a basis for predicting the shape of the pulse height
spectrum for gamma rays of any energy in this range.

INTRODUCTION

High energy gamma ray sources produced by
prompt neutron radiative capture were developed
in order to study the dependence of pulse height,
the shape of the pulse height spectrum, and resolu-
tion as a function of energy for scintillation detec-
tors. This type of calibration is required in order
to obtain the photon energy spectrum from an
analysis of the pulse height spectrum,

Radioactive sources are available to study
the energy dependence up to about 3 MeV, but above
this range no radioactive isotopes with a signifi-
cant half life exists, The source that is needed in
our particular application must be portable be-
cause it will be used in the calibration of the sein-
tillation detectors to be flown aboard Apollo 15 and
16, The gamma ray pulse height specira obtained
during these flights will be used to infer the ele-
mental composition of the lunar surface {1-4). The
information contained in the photon spectrum is
more directly interpretable in terms of elemental
composition than is the pulse height spectrum.
Methods for performing this analysis are described
in References 5 and 6,

*Presently at the University of Cincinnati, Work
at Goddard Space Flight Center on University
Cooperative Program.

An excellent monocenergetic (6.13 MeV)
gamma ray source using the '3C (o, n) '°0 reac~
tion has been developed at the Oak Ridge National
Laboratory (7). Our problem requires calibration
up to about 10 MeV, Thus the possibility of pro-
ducing high energy gamma rays by neutron radi-
ative capture has heen investigated. Various en-
evgies can be obtained by changing the nuclear
specie irradiated, Pure monoenergetic emitters
cannot be obtained, therefore experimental mea~
surements of polyenergetic spectra were obtained.
Monte Carlo caleulations’ were then carried out to
obtain theoretical shapes of the response functions
characteristic of the given detector for the various
energies in the polyenergetic sources, The poly-
energetic spectrum was then synthesized and com-
pared with the experimental measurements. In
this way we have been able to construct a library

"The method used combines a photon Monte Carlo
program with an equally detailed electron Monte
Carlo program (8,9). The entire photon-electron
cascade set up in the Nal detector is followed by
random sampling, in order to account for the es-
cape of energy from the detector in the form of
scattered photons, annihilation radiation, bremm-
strahlung, electrons and positron., This method
has previously been used in calculations of the
response of 8i detectors to high-energy elec-
trons (10). Details of the response function cal-
culations for Nal will be published elsewhere,
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of response functions as a function of energy up to
about 12 MeV for Nal(Tl) detectors,

DESIGN OF THE EXPERIMENT

A one microgram 252Cf neutron (~ 2 x 10°
neut/sec) was used to excite gamma emission from
various samples placed near the source. Since
the process of neutron production is by fission,
the neutrons are produced at high energies and
must be thermalized in order that the capture in-
teraction probability be maximized,

Figure 1 is a drawing of the experiment
configuration for performing the measurement,

SOURCE AND
SAMPLE HOLDER

Nal(Th) TO AMPLIFIERS

AND
MULTICHANNEL

% g ANALYZER
L

A

FIGURE 1. Experimental Configuration For
Radiative Capture Spectral Measurements

The 252Cf is placed in the center of a water mod-
erator. The moderator is then surrounded by a
water-boron thermal neutron shield, This shield
prevents a large flux of neutrons outside the con-
tainment system. This shield is not only needed
for radiological safety purposes but also reduces
the neutron induced gamma ray emission from the
detector and surrounding media, The shielding
problem is a rather critical factor in obtaining
meaningful spectral measurements, These con~
siderations led to the design shown in Figure 1.

There are two other major gamma ray
sources contributing to the background., The first
source consists of fission gamma rays emitted
from 252Cf. The second source consists of gamma

rays emitted subsequent to neutron capture and in-

elastic scattering in the moderator and contain-
ment materials. Attempts made to reduce the

fission gamma ray background by using gamma
ray shields were unsuccessful. It was found that
the shielding material produced sufficiently in-
tense high energy gamma rays to decrease the
signal to background ratio significantly from that
obtained without the shield,

The fission gamma ray background in the
lower energy region considered was the major
source of interference, Because of this back-
ground problem only measurements in the photo~
peak and first and second escape peak area were
possible,

The sensitivity and spectral information
found in Reference 11 was used to select the sam-
ples for irradiation in this program.

EXPERIMENT RESULTS

Figures 2 and 3 show HgO and NiO prompt
capture pulse height spectra using a 3" xX3"" Nal(Tl).
The background spectrum is superimposed on

1108 v S T el
3 £ 1
Tz Hed 75.7gm. ]
=z Hal (T 3x3in.
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FIGURE 2, Comparison of Background with HgO,

3000 Sec Each, Using a 3" X 3" Nal(Tl) Detector
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Figure 3, Comparison of Background with NiO;
3000 Sec Each, Using a 3" X 3" Nal(Tl) Detector

both figures, The measurements shown were per-
formed over 3000 second accumulation time,
Background spectra were obtained by performing
the measurement without the sample present, The
2.223 hydrogen line with the first and second es-
cape peak can be easily seen, The oxygen (6.13
MeV) lines are less obvious, The major lines of
Hg and Ni are indicated. The photopeak (f), single
escape (s), and double escape (d) peaks are also
indicated, Below about 4 MeV, the sample and
background spectra merge and it was therefore
difficult to obtain information concerning the pulse
height spectrum below this energy. The Compion
continuum for these high energy gamma rays are
rather small, therefore the contribution in this

lower energy region is not too great (see Figured).

COMPARISON WITH THEORY

A typical calculated response function for a
10.83 MeV gamma ray incident upon a 3" x 3"
Nal(Tl) crystal is shown in Figure 4. The Monte
Carlo calculation yields directly only the

distribution of the amount of energy left in the
detector. This distribution must be further
smeared by a Gaussian that represents the intrin-
sic resolution of the detection system. The in-
trinsic resoclution is a quantity that must be ob-
tained experimentally and is determined by such
processes as electron to photon conversion in the
scintillator, the light collection on to the photo-
cathode, the photon to electron conversion in the
photocathode, and finally the amplification process
in the photomultiplier dynode string, The results
depicted in Figure 4 includes this Gaussian in-
trinsic resolution effect.

In most of the literature the full width at
half maximum (FWHM) of the Gaussian intrinsic
resolution function has been assumed to be pro-
portional to the square root of the energy. A
careful analysis of our experimental results plus
a study of other pulse height spectra found in the
literature indicate that the FWHM is proportional
to the two thirds power of the energy. This has
been found to be the case from 10 Kev up to 20
MeV. For the resulis shown in Figures 4 and 5,
we have used the power law,

10.32 MeV

981 Mev
10.83 Mev

RESPONSE Mev

-3 L i 1 i ] H ] L]
e i 2 3 4 3 % 7 8 9 0 i1 iz
ENERGY. MeV

Figure 4. Response of a 3" X 3" NaI(Tl)
Detecior to a Narrow Parallel Beam of 10,83 MeV
Gammas Incident Along the Crystal Axis

Figure 5 shows a comparison between the
high energy capture lines of Ni at 8.999 MeV and
8,533 MeV as measured (i,e,, difference hetween
background and sample pulse height spectrum,
Figure 3) and as calculated using Monte Carlo
methods, The capture gamma ray spectrum and
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Figure 5. Comparison of Monte Carlo Calcula-

tions with Experimental Data for the Two Highest
Energy Ni Lines

the relative intensity compared to the 8,999 MeV
is shown in Table 1 (11).

In this particular calculation, we were only
interested in the higher energy lines., The Monte
Carlo calculation included only the two highest
energy lines with relative intensities as shown in
Table 1. Thus the comparison should only be made
above 8 MeV. There should be and there is a di-
vergence between the experimental and theoretical
below this energy. The experimental measurement
is higher than the calculated value. The large
error in the experimental measurement indicated
in Figure 5 is due in great part to the difficulty in
determining the exact magnitude of the background,

TABLE 1

Relative Intensity of Ni Capture
Gamma Ray Specirum

Energy in MeV Relative Intensity
8.999 1.00
8.533 0.45
8.121 0,083
7.819 0.22
7.697 0.033
7.536 0.12
6.837 0.29
6.584 0.047
6,105 0.050
5,817 0.056
5,695 0.024
5,312 0,027
4,859 0.028

The comparison thus between measurement and
calculation show good agreement,

SUMMARY

A method using 2%2Cf neutron source to ex-
cite high energy gamma rays has been developed,
This method can be used to calibrate gamma ray
detectors in the energy region above 3 MeV.,
Further, using the measured spectra to determine
the deviation from linearity of the energy and the
intrinsic resolution parameters as a function of
pulse height for the given detection system, theo~
retical (Monte Carlo) calculations can then be car-
ried out to obtain detail information on the shape
of the pulse height distribution in the region up to
15 MeV. The results of the measurements and
calculations show good agreement.
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NEUTRON TECHNIQUES IN GROUND WATER EXPLORATION

Vasilii |. Ferronsky .

international Atomic Energy Agency
Vienna, Austria The interest of many countries in using ground water has especially risen during the
last years, in line with the increased pollution of surface water. An increased consumption
of ground water for irrigation in arid countries can also be observed, and many types of
brines are used for industrial purposes. Mineral waters are employed for balneological and

therapeutical purposes, and thermal waters for development of energetics.

The paper describes the use of neutron sources for different kinds of neutron well
logging, for exploration of aguifers and their properties under different geological condi-
tions. Examples for the use of penetration neutron logging in the investigation of unsatu-
rated and saturated zones in the upper layer of soils in arid and humid areas are given.
Different aspects of neutron techniques to be applied in investigations of recharge of
ground water through unsaturated zones for hydrogeological observations are presented.
Some factors influencing the finding of an optimal network for observations of regime of
moisture in unsaturated zones are described. Reference is made to different types of
moisture gauges, with neutron sources which are used for these purposes.

The activities of the International Atomic Energy Agency to promote development
of neutron methods in ground water exploration are also mentioned.

1. INTRODUCTION

As is known, water is an indispensible
atbribute for the life and activities of
man on the earth., Therefore, the problem
of investigation of water has always been
of interest, both in practical and scienti-
fic aspects. Water is one of the simple
chemical compounds of hydrogen and oxygen,
and forms of its presence in nature seem 1o
be rather simple to understand, Nevertheless
water has kept a few secrets to itself
which man failed %o reveal up to now, one
of it being its origin on earth, The solving
of this problem is the principal basis for
understanding other regulations of nature
connected with the distribution of water on
the surface and inside the sarth, The know-
ledge of the abovementioned regularities
would be a valuable scientific basis for
exploration of different itypes of under-
ground water, the consumption of which is
growing continuously.

Presently a nunmber of hypotheses exist
concerning the origin of water. One of them
is ite meteoric origin, explaining the pre-
sence of water by the capture by the earth
of a comet containing enormous iace masses,
This melted ice started to create the
earth's hydrosphere,.

Another hypothesis, spread out widely
in the last years, explains the formation
of the hydrosphere by means of fusion and
de-gasification of light components from
the planet during heating, by the decay
energy of radicactive elements. At this

time, it is assumed that the earth was
created by condensation of cold nebuls
under gravitation forces.

However, it is necessary to recall
that a number of facts have been observed
through the analysis of which i1t is not
difficult to contradict the abovemeniioned
hypotheses (_1_).

When analysing the data of the iso=
topic composition of different types of
waters (atmospheric, oceanic, surface and
underground waters) one can find one more
interesting facts in different types of
underground waters, including deep water
of ancient sedimentation basins, water of
0il and gas formations, mineral, thermal
and pore waters and liguids included in
magmatic rocks and minerals, the concen-
tration of heavy isctopes does not exceed
the one in modern ocean waters (g). In all
the abovementioned types of water the con-
centration of deuterium is practically not
exceeding the means of 0,0156 at.,%, and the
concentration of oxygen-18 sppears to be
within the limits of 0,2005 2t.,%. These
meang of deuterium and oxygen-18 are
characteristic for ocean water, The exclu~
sion of these regularities appears to
exceed the concentration of oxygen-18 in
thermal waters, and alsoc in waters which
have been subjected to strong heating, Bui
this can easily be explained by oxygen
exchange of water with water-bearing rocks
or by the so-called oxygen shifi,
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Tt is interesting to note that many
authors counted the thermal waters always
to the juvenile waters, as the isotopic
composition data as a rule correspond with
those of modern waters of infiltration
origin, It has itc be pointed out that the
fact of identical isotopic composition of
different ancienit underground waters with
modern oceanic waters and the absence of
increased concentrations of heavy isotopes
in deep underground waters is in contra-
diction to the hypothesis of gasification
of water vapour from deep earth layers,
This latter process must lead to signifi-
cant fractionation of water along the
depths and to enrichment of more deep
water with heavy isotopes,

It must therefore be stated that at
present there are no sufficiently well-
founded hypotheses on the origin of watey
on the earth, The topic of this symposiun
does not include a discussion of this
prcblem, Bui it 1s necessary to siress
that the absence of a sufficiently reliable
solution of this problem leads to difficul-
ties in developing a general theory for
ground water formation, which has a direct
relation to the choice and use of techni-
ques for ground water exploration, and also
to the interpretation of results of geo-
physical measurements.

2, NEUTRON METHODS AND FIELD OF THEIR
APPLICATION IN GROUND WATER EXPLORATION

Activities in the field of industry
and agriculture have developed in such a
way that the absence of one or the other
kind of raw material is constantly noted,
Water is one of the most important types of
raw material, the consumption of which is
constantly growing, and its field of use
increasing steadily. The main natural
reservoir of different types of water,
above all fresh water, is the sarth crust
of continents, where the water was accumi-
lated for centuries, It is not =0 long ago
that the exploration of underground water
had the main purpose to identify sources
for domestic and industrial supply. This
purpose has now been expanded considerably.
Underground water has a much higher speci-
fic weight in the common balance of waters
uged for irrigation in agriculture in arid
areas., It plays an important role as a raw
material including different chemical ele=-
ments, the discovery of which led Lo the
industrial development of countries which
have otherwise poor mineral resources, It

is possible ¢ assume that the storage of
mineral resources in underground water in
gsedimentation basins is practically uncon-
fined, Mineral and thermal waters have
formerly been widely used in many countries
for balneclogical purposes, and later for
energetic needs, This important reason for
underground expleoration leads to the needs
for new methods of geological exploration,

Presently, neutron methods can be
counted to the more universal and perfect
methods for investigation of different
types of underground waters, taking into
account their physical basis, Their appli-
cation however depends on many additional
factors connected with differences in tasks
te be solved and also, more, on the diff-
erent geological conditions in the investi-
gations, Moreover, during investigation of
ground water for practical purposes it is
a8 a rule necessary to have not only data
about the gqualitative volume of water- in water
bearing formation, but more additional data
about the water-bearing formations them-
gelves, to solve the task of practical use
of underground water, In this connection
practicaly neutron methods have been used in
combination with other investigation
methods,

Bearing in mind the different tasks to
be solved during the ground water explora-
tion, the application of neutron sources
can be derived from two main groupss:

The first group of methods includes
the use of neutron sources for investigse
tion of deep ground water located in deep
layers, The conditions for such deep
ground water exploration are such that it
is practically only possible to investigate
them in wells, In this connection neutron
gsources are used for different types of
neutron logging in wells, There are a
number of factors which determine their
application as followss: depth of investi-
gation and temperaiure increase with depths
presence of casings and mads presence of
annulus and needs of cementation of the
spaces differences in diameter of the welly
complicated geological siructure and
different degree of mineraligzation of under-
ground water,

Taking into account the abovementioned
factors and bearing in mind the limitation
in the resolution of neutron methods it
follows from the physical basis of distri-
bution of neuitrons and itheir interaction
with the surrounding media, that different
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modifications of neutron logging for deep
hydrogeological wells are develeping, A4s

a rule, in the exploration of ground water
neutron methods are used in combination
with other methods of investigation of
wells: with gamme-gamma logging, with
electrical and acoustic methods, with flow-
meter and with tracer methods.

The second group of methods includes
the use of neutron sources for investiga=
tion of shallow ground water located in un-
consclidated deposits in saturated and un-
saturated zones. This group of methods
includes the tasks connected with the
measurement of moisture in surface layers
in unsaturated zones of soils for hydro=-
meteorological and agriculiural purposes
and for investigations of subsoil waters
in unsaturated and saiturated zones for
irrigat;9ﬁ/purposes.

/

The specific conditions for solving
these tasks are a relatively free access
t0 the waters to be investigated in the
surface layers, Here the technical
solution of the task is considerably easy
and conditions for application of neutron
sources are improved, and more precise
quantitative data sbout the content of
water in soils are received,

In the practical sclution of the abovew
mentioned tasks neutron sources can be
applied as follows: penetration neutron
logging, which does not require the boring
of a hole, and also different kinds of
neutron moisture gauges and tracers with
subsequent use of neultron sources.

The reason for using neutron methods
in combination with other nuclear and ele-
ctrical methods of investigations should be
stressed here, namely, that the hydrogeo-
logical investigations also have the aim to
provide extensive information on aguifers
and water-bearing soils.

3. APPLICATION OF NEUTRON SOURCES FOR

EXPLORATION OF DEEP GROUND WATER

Heutron sources for investigation of
deep ground water are applied in logging of
hydrogeological wells., The neutron logging
with isotopic sources has developed in the
form of modification of thermal and epi-
thermal neutron-neutron logging, neutron-
gamma logging and activation logging on
aluminium, chlorine, natrium, manganine,
oxygen, and spectrometric neutron gamms

logging.

In principle, the neutron logging con-

sidte of recording the scattered nsutron
radiation emitted by a fast neutron source
in a sonde which is moved about in the well,
Here, use is made of the dependence of the
anomalous cross=section for the slowing-
down of fast neutrons to thermal energies
in hydrogen atoms. Neutron logging gives

a diagram showing mainly the distribution
of the moisture content of the rocks in the
given well section, and also the content of
those elements which are anomalous neutron
absorbers,.

The physical and theoretical
ples governing the interaction of
with a medium of wvarious chemical composi-
tions, the resclwving power of the neutron
method for determining molsture content in
relation to the sensitivity and range
required and the factors governing choice
of the optimum sonde parameiers are well
known (3,4). The slope of the curve of the
relationship between neutron response and
moisture content of the medium depends on
the distance between the radiation source
and the neutron detector. For short sondes,
these guantities are directly proporiional,
while for long sondes they are in inverse
semi-logarithmic dependence. For sondes of
medium length (10 - 20 cm) the dependence
of the radiation recorded on hydrogen con-
tent undergoes inversion (reversal of the
sign), and the method becomes insensitive
to variations in the moisture content,
Inversion sondes are used for identifying
rocks containing elements which are anoma-
lous neutron-absorbers, and, in particular,
water formations containing mineraliszed
water.

princi-
neutrons

Short sondes are highly sensitive to
variations in hydrogen content, They per-
mit low-activity radiation sources o be
used and have the highest resolving power
in relation to the size of formation., Bub
they have the smallest range and, if they
have drilling mud around them in a well,
they give practically no information on the
formation, These sondes have found a use
in peunetration logging whereas only the
long sondes are used in well surveys,

In neutron logging the other factors
affecting the moisture content parameter
are well design, mud, cement plug in the
annulus, cavities, and so on, These factors
which are associated mainly with the
drilling and well construction practices,
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cause serious interferences and reduce
the accuracy and precision of the resulis.

Depending on the radiation being
recorded, we distinguish between thermal-
neutron logging, epithermal-neutron
logging, and neutron-gamma logging.

The neutron-gamma logging method con-
sists essentially in recording the capture
gamma radiation, which ocecurs as a result
of the absorption of thermal neutrons from
the fasi-neuitron source by the atoms of
the rock-forming elements., The yield of
capture gamma radiation in a homogenous
medium is proportional to the density of
thermal neutrons and, therefore, depends
on the slowing-down properties of the
medium, i.,e, on its hydrogen content, But
since here the gamma quanta are recorded,
there is also a dependence on the density
of the medium and the number of gamma
gquanta per neutron capture. The presence
in the medium of chlorine - anomalous
neutron absorber and anomalous gamma
emitter - increases the yield of capture
gamna radiation (approximately 2.4 gamma
quanta per neutron capture). In hydrogeo-
logical studies this property is used for
delineating the extent of fresh and saline
chloride waters and for stratification of
chloride water in the water-bearing
formation, Neutron-gamma logging is used
mainly for differentliating a section in
respect of moisture content., Its advan-
tage over thermal-neutron and epithermal—
neutron logging lies in its greater radius
of sphere of the rocks volume measured and,
consequently the diminished effect of the
well conditions on the measurement results,
The latier consideration is especially
important in the study of high-density
sections and of cased and cemented wells,
In the study of porous sections, it is
profitable {0 use thermal-neuitron logging
when the section contains fresh formation
water and epithermal logging when 11
contains highly mineralized water,

Unlike ordinary neutron logging,
pulsed neutron logging studies the none
stationary neutron field in the well, By
studying this field, we cannot only
investigate the space-energy distribution
of neutrons, as in the different versions
of neutron logging, but alsc the time
distribution of neutrons in the well,

Por the purpose of studying the non-
stationary processes of interaction of
neutrons with matter, a pulsed neutron
source of pulsating action - a so-called

The neutrons
are emitted periodically by the generator
during a short time interval AT, which is

impulse generator - 1s used,

called the duration of the pulse, Neutrons
are recorded between the neutron pulses
during a certain time At, called the time
"window", The time interval between the
end of the neutron pulse and the beginning
of recording is called the delay time $..
The measuring channel is set at a given
value of %,, and the thermal neutrons or
the gamma-Quanta are recorded periodically
after each pulse, which follows at a
frequency varying from a few pulses per
second to hundreds of cycles per second,
depending on the generator type. By
measuring with different delay times, we
can study the time distribution of the
neutron field in the well n = f(td).

If the neutron source acts in pulse
operation the process of slowing down and
diffusion of neutrons can bhe divided in
point of time, In the first 10 - 102 msec
the predominant process of neutron-matter
interaction is the process of slowing down.
The diffusion of the thermal neutrons occurs
in the time interval from 102 - 104 Sec.
This process is governed by the difffision
parameters of the medium in the well and,
in the formation, by the diffusion co-
efficient of the thermal neutrons D = &
(where €'y is the macroscopic scattering
cross-—gection and v is the neutron velocity
at a given te%perature) and their average
lifetime T= g {vhere &_ is the macro=
scopic captur@ cross-sec%ion for thermal
neutrons in the medium), Table I gives
the values of D and T for different rocks,
minerals and salis contained in water (2).

Pulsed neutron logging differs from
stationary neutron logging in that iis
readings depend mainly on the diffusion
parameters of the formation and, in partie
cular, the average lifetime of neutrons
which, as is seen in Table I, depends on
what the formation contains in the nature
of anomalous nesutron absorbers - chlorine,
boron, iron, potassium, etc, An important
advantage of the pulse method over the
ordinary method is that well conditions
have very little effect on the measurement
results, especially in gamma radiation
recording in pulsed neuiron-gamma logging.
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TABLE I

NEUTRON DIFFUSION PARAMETERS OF MINERALS AND ROCKS

Minerals Chemical 2 ol 5D,2
and rocks composition i msec 107¢m " gec
Kaolin A1203.25i02.2H201 0,36 0.8
Montmorillonite A1203.48102.2HEO: 0,55 1.2

A1203.48102.3H20j 0.46 0,97

A1203.45102.4320’ 0,40 0.81

A1203.45102.SH2O 0.35 0.68
Clay A1,04 - 29,7% 0.31 0,40

510, - 45,0%

CaCly = 10,0%

Fe,0y = 4,08%

H,0 - 11,0%
Clay marl Clay - T5%

CaCOy - 25% 0.44 1.9
Marl Clay - 50%

CaC0y + Calig(CO3)L 0,53 2.8

- 50% ]
Quartz 5102 1.1 2.7
Orthoclase K{AlSiO308) 0,30 3.1
Calcite CaCO3 0.63 2.2
Dolomite CaMg(CO3)2 0,96 g 1.9
Gypsum 02850, + 2H,0 0,25 & 0.6
}
: 1
Magnetite Fe304 0.04 1.1
Rock salts Nall 0,006 1.7
Water HQO 0.20 ’ 0.35
Waphthenic hydrocarbons: CnHQN 0,19 i 0.34
j
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The use of neutron sources i1s pPro-
fitably for lithological differentiation
of the geological section together with
other nuclear and electrical methods and
for differentiation of the clay content
sectiong in particular. Neutron response
is linked with clay content, since the clay
materials contain crystallized water as
well as all the elements which readily
absorb thermal neutrons, such as potassium,
iron and also boron, the compounds of which
are absorbed on the clay material. A4s a
result, in neutron logs with long sondes an
increase in the clay content of the forma-
tion will be accompanied by a diminuition
in the response owing tc the increased
hydrogen content and neutron-absorbing
elements., The method most sensitive to
variations in the clay content is thermal
neutron logging, However, the dependence
of the thermal neutron response on clay
content is not unambiguous, since hydrogen
content varies also with porosity, For a
more reliable lithological differentiation
of the section, i% is advisable to combine
thermal neutron logging with gamma-gamma
logging. The gamma-gamma response of
gsandy clay section is ito all intents and
purposes a funcition of porosity and is
independent of clay content. Another
method of obtaining reliable differentia-
tion of a sandy clay section is pulsed
neutron logging, When the well is filled
with fresh water - base mud and the
formation contains fresh water, it is
advisable to use pulsed neutron-neutron
logging, since this method, unlike pulsed
neutron-gamma logging, is free of backgrouni.
Pulsed neutron-neutron logging, in measure-
ments with time delay, enables us to
differentiate a section in respect of its
clay content on the basis that the clay
materials are sirong thermal-neutron
absorbers and, therefore, the lifetime of
the neutrons in the formation, as deter-
mined from the pulsed neuiron-neutron
response, will depend on clay content. The
higher the clay content, the shorter will
be the neutron lifetime and the lower the
pulsed neutron-neutron response,

The role of neutron logging in combi-
nation with other nuclear logging for
identification of water-bearing formations
is irreplaceable, By differentiating sandy
clay sections in respect to clay content, it
is possible to identify likely water
formationss the latter are high-porosity
non=-clay sand and sandstone formations. In
the case of sandy clay sections in which the
formation radicactivity is due to its clay

content, water-bearing formations can be
identified unambiguously by a combined use
of neutron and gamma logging, As in the
case of differentiation of sections, it is
ugeful here to use thermal neutron logging
with a 40 - 50 cm sonde, In sections in
which water=bearing formations are sand-
stones or pebbles with high radiocactivity
of the fragmental material, the combination
of thermal-neutron and gamma logging is not
sufficient, But water-bearing formations
with good reservolr properties may be
missed if they are plugged with unfiltered
mud that penetrates into formation. The
gamma-gamna logs as well as the gamma logs
do not obviously distinguish such formations
from a formation with high clay content,
and show them as unsaturated, Further-
more, the better the filtration properties
of the formation, the greater is the proba-
bility of its being plugged with mud, IF
the formation consists of quartzite sand-
stones it can be identified by pulsed
neutron-neutron logging, which has a
considerably higher range.

In & section consisting of carbonate
rocks, the water-bearing horizons may be
associated with highly porous, cavernous
of fissured formations, The first two
types of water-bearing rocks can be identi-
fied on neutron logs on the basis of
increasing formation porosity. In carbo-
nate sections, it is most advantageous to
use neuiron-gamma logging with a 60 cm sonde,
which is somewhat less sensitive $o porosity
variations than thermal-neutron logging but
which is, as was pointed out above, more
resistant to disturbances dus to the well
conditions,

The most difficult problem of all is
to identify water horizons in fissured
formations, especially in crystalline rocks.
Figsured formations can be identified by
methods using radioactive tracers -
solutions of salts and elements with
anomalous nuclear properties. 4 solution-
of the most easily accessible salt, NaCl,
may be used for this purpose in freshwater
sections. 4 better result may be obtained
with KC1, which has a higher solubllity in
water than NaCl. The solutions of boron
salts are still more effective and widely
applicable, Their neutron-absorbing power
can be increased if we use salts enriched
in the B isotope.

In case of fissured formations, in
which the volume of the porous space is
very small, only pulsed neutron-gamma
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logging provides a suitable recording
method, Unlike neutron-neutron methods,
this method can be used where the well is
filled with a solution that zbsorbs neut-
rons and, therefore, shields the neutron
detector. The main advantage of this
method over the radioisotope methods is
that the well background can be eliminated
if the $timing is suitably chosen., Pulsed
neutron-gamma logs obtained with sufficien-
tly long delay times are not sensitive to
the well conditions if the lifetime of
neutrons in the mud contained in the well
is ghorter than in the formation,
Obviously, this condition is best satis-
fied when a solution containing the neutron-
absorbing elements is pumped into the
formation,

The porosity of water=bearing layers
may be determined by neutron legging, in
sections composed of sands and carbonates,
If the formation porosity is higher than
20% it is better to use thermal neutronw
neutron logging for fresh formation-water
and epithermal neutron-neutron logging for
saline water, with 40 - 50 cm sondes,
Feutron-gamma logging with 60 cm sonde is
the best method for low-porosity formations.

As we know, hydrodynamic methods are
used for determining the filtration pro-
perties of a formation, The radiocactive
logging methods, like the other methods,
give only indirect information on the
infiltration properties of the formation,
The hydrodynamic methods are, however, too
laborious. In order to use radiocactive
logging data to evaluate the filtration
preoperties, it is desirable to find some
suitable means of correlating the results
of hydrodynamic gitudies with those of
radioactive logging. In sections composed
of carbonate rocks with a granular type of
porosity, we observe a relationship between
permeability and formation porosity, as
determined by the neutron method. Accordingly,
we can find the criticsl wvalue of porosity
below which the formation does not produce
water, In complicated cases, where no
univalent correlation exists between the
radiocactive logging data and formation
porosity, as determined by hydrodynamic
studies, a multivalent correlation is
established by regression analysis,

Apart from hydrodynamic studies, the
punping of air or gas into the formation
has been tried as a method of obtaining the
reference data on formation porosity. By
experimental studies on formation models,
it was found that there is a close

relationship between permeability and the .
coefficient of displacement of water by air,

On the basis of these studies a method may

be suggested for studying water-bearing

layers, which consists in pumping air or

gas into formations and determining the -
coefficient of displacement of water by air
or gas, using neutron logs., The neutron
response may be calibrated in advance in
units of air saturation of pore space of
the water-bearing formation occupied by
air, For each formation two neutron logs
are taken - one before pumping air and one
after. Then, the air saturation of the
formetion with the best filtration proper-
ties is determined,

The degree of mineralization of water
in the formations may be determined by
neutron logging. The method which is most
sengitive to the mineraligzation of water
saturating a formation, is pulsed neutron-
neutron logging., This method may be used
for determining the average lifetime of
neutrons in the formation. TIf the forma-
tion porosity has been determined by an
independent method or by core analysis, and
if the average lifetime of a neuiron in the
formation skeleton, as calculated from the
latter®s chemical composition is known,
then we can determine the average lifetime
of neutrons in the formation water,

The dependence of €’ on the NaCl content of
the water is illustrated by the data in
Table 11,

TABLE II

NaCl % t;,/usec

205
202
190
177
139
114
7698
571
45.0
36.5

WO oW = O OO
e & & @ ® o © @ ®
SO OCO OOV

P DY e et

As can be seen from these data, the
parameter T is highly sensitive %o
variations in the NaCl content of the
water,

formations with mineralized water can
be differentiated from freshwater forma—
tions in wells if the mineralization exceeds
2% in respect of NaCl at 20% formation
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porosity. In this case, the difference in
the values of T will be about 10%. It
is most advisabfgr%b use pulsed neutron-
neutron logging for identifying minerali-
zed water and determining its minerali-
zation in cased wells which have been idle
long enough for the zone into which mud
filtrate has peneirated to absorb the
filtrate. In complicated cases, where the
composition of the skeleton is not known
and the average lifetime of neutrons in
the formation skeleton T7 . cannot be
determined with sufficienf accuracy, the
mineralization of water can be determined
by the so-called "time-measurements®
method. For this purpose, pulsed neutron-
neutron logs are run immediately after the
well is cased, when the formation is filled
with the mud filtrate, the average lifetime
of neutrons in which is known and equal to
£i1t The average lifetime of neutrons
inTthE* formation T, is determined, But
it is necessary to Bw the porosity in
order to solve the problem., Therefore,
pulsed neuitron-neutron logging is always
accompanied by neutron and gamma logging.

Survey of the technical gonditions of
wells includes studies to detect defects
in the casing and in the cement column,
For detecting defects in the casing or the
cement column use is normally made of
radioisotopes, which may be replaced with
boron or saline-water solutions which
absorb neutrons intensively, The best
method for the detection of defects in a
well using these substances is pulsed
neutron logging.

4, THE USE OF NEUTRON SOURCES FOR SHALLOW
SUBSOIL WATER EVALUATIOW,

A wide spectrum of practical tasks
connected with the evaluation of shallow
gubsoil water in unsaturated and saturated
zones is8 to be found in the field of irri-
gation and engineering geological investi-
gations.
which it is planned to irrigate or drain

involve a large number of problems connected

with construction and operation of irrigge
tion systems and with forecasting water and
salt balance in the areas in question. The
most complicated ones of these problems are
those which involve the determination of
the drainage capacity of the unsaturated
ZoNne,
to the swamping and salination of the areas
under irrigation in arid regions, and tfo
intensive erosion by water and wind in

Hydro-reclamation studies in areas

Inaccurate calculations here may lead

areas being drained in humid regions.

Penetration neutron logging together
with other nuclear logging is profitable
for solving the abovementioned problems,
The technological process of obtaining
long diagrams while making holes provided
the penetration logging to be very effec-
tive from the technical as well as
economical point of view, In penetration
logging special hydraulic equipment has to
be used for operation of the sonde which is
screwed with column of rods, (6).

In hydro~reclamation and engineering
geological studies, penetration neutron
logging is used for determiming the litho-
logical composition and siructure of the
geological section in unsaturated and
saturated zones, for establishing the
physical characteristics of soils (moisture,
porosity) for determining the level of sub-
surface water and stratification of water—
saturated soils, for investigating the
water-spreading zones in experimental
inudation, etc.

In studying the lithological structure
of loose deposits it is advantageous to use
the neutron logging in addition to the
gamma and gamma~-gamma logging. On the
diagrams of the moisture content of soils,
obtained by neutron logging, the boundaries
of abrupt variations of properties often
coincide with the boundaries of the
individual litho-genetic types of soils,
The sands in the section under study have
a much lower bulk weight than the clay
depositss the moisture content of the sands
is also lower than in the clays in the
unsaturated and saturated zones with the
regquired degree of accuracy, By calibra-
ting the sonde it is possible to record the
neutron logs in units of moisture content,

The comparison of the quantitative
data of the moisture content obtained by
penetration neutron logging and by conven-
tional sampling wethods shows, that these
data are in sufficiently good agreement
with regard to the absolute value., There
is alsoc good agreement as regards the
general pattern of variation in the moisture
content with depth, However, we do observe
a divergence between individual data, which
iz sometimes as much as 5 - 7% of the
absolute value of wvolumeiric moisture
content. These divergencies are due to
namely considerable natural inhomogeneity
of moisture content as beitween individual
types of deposits., Since the volume of the
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s0il in moisture determination by thermal
neutron logging exceeds the volume of the
sample in laboratory studies by three
orders of magnitude, the representativeness
of the comparsble methods is widely
different. Therefore, the spread in the
gbsoclute values of moisture content is
quite understandable,

It may be noted that in the neutron
logging sondes used, the distance between
the detector and the neutron source is
chosen as short as possible, For design
considerations the minimum distance is 5 cm,
This design of the sonde (called Yshort'),
enables to conduct measurements in the pre-
inversion sector of the curve I = f (w)e
Here we observe a linear dependénce between
the neutron radiation being recorded and
moisture content in the 0 - 35% volumetric
moisture content range. According to the
experimental data, if the sonde length is
decreased to 1 = 2 om, the dependence
remains linear up 1o 60% volumetric moisture
content,

From the diagrams of moisture content
and bulk weight 1t is not difficult to plot
the diagrams of porosity, degree of moisture
saturation for the unsaturated zone and bulk
weight of soil skeleton, These diagrams
may be derived by calculation using the
elementary formulas of soil science,

In reclamation studies of areas which
it is intended to irrigate or drain, a very
important problem is to find the spatial
distribution of the physical properiies of
soils in order to evaluate the drainage
capacity of the unsaturated zone. This
problem is solved with the help of pene-
tration logging data, Owing to the high
efficiency and mobility of theequipment, it
is possible to obtain a set of logs for the
given section at pre-determined horizontal
distances, Using these diagrams, we can plot,
for the section, the spatial distribution
of moisture content, bulk weight and poro-
8ity.

The position of water-bearing layers
in a given section may, in general, be found
from neutron logs and gamma logs, In sandy
clay deposite, where the ground water level
lies in the sand, reliable data on the
position of the level may be obtained from
one neutron log. But if the groundwater
level lies in clay soils, the surface of
this water has no clear boundary in the
natural position. This phenomenon is due to
the existence of a high-lying boundary for
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the capillary rise of water. In this case,
the boundary of the ground water level is
taken arbitrarily on the basis of the degree
of water saturation of the soil pores. It
isg customary to regard soils as fully water-
saturated when the coefficient of water
gaturation is close to one,

In studying the movemeni of saline
water front in areas to be irrigated, we
can use thermal and epithermal neutron
logging., The difference in intensities of
the thermal and epithermal neutron radia-
tion gives the degree of salination of soils
and water on the basis of chlorine content,

The filtration properties of soils in
unsaturated zones of areas to be irrigated
are studied under field conditions by
experimental filling of wells, shafts and
pits with water. Penetration neutron
logging was used to determine the water
dispersion gzone after the experimental
filling of a pit. &4 pit 4 x 4 m in area
and 2 m in depth was filled with water and
the water level maintained for several days.
Before filling, thermal neutron logs were
taken along the line passing through one of
the pit's axes every 2 m in the horizontal
plane, The spatial distribution of the
natural moisture content in the section was
plotted from these diagrams., During the
dispersion of water in the unsaturated zone
after the pit was filled, logging was con- -
ducted again and the spatial distribution
of the moisture content in the section was
replotted, After filtration from the pit
became steady, the final picture of water
dispersion was obtained from the thermal
neutron logs, It showed a zone of complete
soaking, a zone of intense capillary
wetting of the soill and a zone of high
wetting,.
Qualitative estimation of the water
content of soils and subsoil layers in the
unsaturated zone is successfully carried
out with the help of neutron moisture
gauges, of which there are many different
types constructed by a number of firms., At
the present time these gauges are the most
reliable means to give us certain informa~
tion on moisture of soil in situ.

Two techniques are used in practice to
determine the moisture content of soil by
neutron moisture gauges. The first is based
on the recording of thermal neutrons and is
used when there are no strong absorbers of .
thermal neutrons in the soil, The second .
is based on the recording of epithermal
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neutrons and is used in determining the
moisture content of soll with a high salt
concentration.

There are many publications in which
detailed consideration is given to the
theoretical aspecis of using the neutron
gauges for moisture content determination
and to the influence on the results by
factors such as the density and chemical
composition of the medium and the probe
parameters {4, 7). It is shown in these
studies that the neutron method can be
used to determine moisture content to with-
in + 1%, The soil volume measured can be
as much as several thousand cubic centi-
meters, depending on the probe parameters
and on the measurement conditions,

Numerous practical and scientific
tasks are solved with the use of neutron
molisture gauges for investigation of soill
moisture in hydrogeology, hydrometeorology,
agriculture and engineering geology. The
gauges are also used for investigating the
processes of seepage and leakage of water
from irrigation canals and reservoirs.

During the measurement of molisture by
neutron moisture gauges and during the
investigation of the special distribution
of moisture it is necessary to take into
account that information, content and
representation of the moisture data
obtained are affected by the following pro-
perties of the soil: (1) the variation
range of the parameters {2) its space
variability: and (3) time variability
(presence of disturbances, anomalous
absorbers and scatterers, effect of moist—
ure content), The most important charac-
teristics of the neutron method of deterw
mining the moisture content of scils
includes (1) measurement range; (2) nature
of measurement (linear, non-limear);

(3) total error of measuremsnt; (4) volume
of one measurement {sphere of measurement)
and the nature of the average of the para-
meter of this volumes (5) time for one
measurement (series of measurements)s; (6)
arrangement of the network and the time
conditions of observations: (7) total
number of observationss (83 protection from
disturbances,

The total error of the neutron method
of determining moisture content depends ons
(1) natural variations of the properties
being measured from point to points (2)
influence of impurities, mutual influence
of density and moisture content, calibra-
tion errorsy (3) instrumentational eTTOrs;

{4) technological errors,

The influence of the abovementioned
factors and their taking into account
during the measurement of moisture by
neutron moisture gauges can be achieved on
the basis of methods of mathematical
statistics and information theory which can
serve as a tool for the evaluation (8),

* ¥
¥

The problem of using neutron sources
for underground water exploration is one
of the questions which are the subject for
international co-operation, being imple-
mented through the TAFA, The more active
actions of hydrologists from different
countries in the field of using nuclear
methods in hydrology started in connection
with the establishment of the International
Hydreological Decade {1964 - 1974), The
Co~ordinated Council of IHD, UNESCO
established a working group on nuclear
methods in hydrology for practical imple~
mentation of this co~operation. The
technical and scientific secretary for this
working group is provided by the IAEA,

Scientific and practical aspects of
using the neutron sources for underground
water exploration found their reflection in
the following IAFA publications which were
completely or in part prepared by the
working groups: *Quidebock on Huclear
Techniques in Hydrology" (9); "Nuclear
Logging in Hydrology" (10); "Wuclear
Moisture Cauges" (7).

Three symposia on nuclear methods in
hydrology were organiszed also, during which
questions of using neutron sources for
underground water exploration were dis-
cussed together with others, The pro-
ceedings of these symposia have also been
published by the International Atomic
Energy Agency (11, 12, 13).
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RADIOCISOTOPE NEUTRON ACTIVATION
FOR ON-STREAM PROCESS ANALYSIS

John R. Rhodes

Columbia Scientific Industries
Austin, Texas

The high penetration of neutrons and gamma rays makes nuclear techniques weli-
suited to on-stream analysis in industrial conditions. The availability of neutron-emitting

radioisotope sources, particularly 2% 2Cf, makes possible the manufacture of relatively
inexpensive, rugged and reliable process analyzers. Progress in development of techniques
and instrumentation is reviewed.

Early work was limited to laboratory demonstrations of the activation of fluorine,
vanadium, manganese, selenium, silver, and indium in flowing solutions. More recently,
parts-per-million seasitivity has been reported for on-stream determination of sodium
magnesium, aluminum, chlorine, cobalt, copper, and hafnium in solutions using a non-
recirculating loop system designed for industrial process analysis. The practicability of
recirculating systems for slurry analysis has also been demonstrated and the development
of instruments for on-stream monitoring of fluorine, barium, and silicon in ores reported.

Current work is reported herein on the use of 2% 2Cf for on-stream determination of
low cobalt levels in process solutions; copper, silver, and gold in ores; and calcium in

cement raw mix.

INTRODUCTION

Neutron activation is a widely used and
rapidly developing laboratory technique for
elemental analysis (1, 2), but applications
in the more severe industrial environment are
more recent and, as yet, much fewer. Neutron
techniques have considerable potential in
this area since they possess certain very
marked advantages over conventional methods,
particularly in on~-stream analysis. The
relatively high penetrating power of both the
incident neutrons and emitted gamma rays
makes measuvements feasible on flowing
streams carried in standard steel containers
or on moving bulk materials transported by
ordinary conveyor belts. Speclal presenta-
tion cells with thin and/or transparent win-
dows are not necessary. Also the high pene-
tration (up to a few inches) minimizes er-
rors due to heterogeneity in analysis of

coarse granular solids and slurvies with vari-

able particle size. The weight of material
being measured, whether a continuocus or a
batch sample, can often be made large enough
to be representative of the process stream at
that time, thus removing a very important
source of error in process analysis of heter-
ogeneous materials. In addition the recent
availability of 252¢f, a neutron source hav-
ing extremely high specific output, should
greatly increase the degree of utilization
and speed of acceptance of the technique.

-1

APPARATUS

An activation analysis system consists
basically of a shielded source where samples
can be rveproducibly positioned for neutron
irradiation, a sample transfer system where
the time delay between irradiation and count-
ing can be controlled, and a counting space
where the ivrradiated samples are located for
megsurement of characteristic gamma~vays of
intervest, normally using a shielded lithium-
drifted germanium or thallium-activated
sodium iodide gamma-vray spectrometer.

In cn-stream analysis the sample is con-
tinuously moving between ivradiation and
measurement, and optimization of flow rates
and rvesidence times with respect to wanted
and unwanted radioactivity has to be consider-
ed., Simplified theoretical formulae for de-
tector count rate as a function of residence
times in the different loop components, flow
rate, time, half-1life, source strength and
detector efficiency have been compared for
both open and closed loop systems (3).

The sample to be analyzed may be solids
on a conveyor belt, or a liquid or slurry in
pipes. 1In general it is preferable to route
a sample of the plant stream to a separate
analysis loop so as to better control the
analysis conditions, although some experiments
have been performed divectly on a conveyor
belt. (3, 4).




Both closed and open analysis loops have
been considered (3, 5, 6) and Figure 1 shows
a schematic of a possible closed loop arrange-
ment. If preferred, samples from the process
stream can be introduced continuocusly, with a
continuous bleed-off (not shown in the Fig=-
ure). Naturally this would complicate the
analysis somewhat, but is perfectly feasible.

G AMMA SOURCE\\
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slurry loops can easily be envisaged, such as
where two samples could be recirculating in
separate parts of the system at the same time,
one being activated whilst the other is
counted.

Figure 2 shows a typical schematic of

the electronic system and Figure 3, a photo-
graph of a process slurry analyzer.
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FIG. 1 SCHEMATIC SHOWING PRINCIPLE COMPONENTS OF CLOSED LOOP SLURRY PRESENTATION SYSTEM

The ancillary measurement of solids con-
tent is required for slurry analysis, since
the information required is element content of
the solids, not of the slurry.

The choice of loop parameters such as
activation and counting cell volumes, and flow
rate, depends on the mechanical properties of
the material to be analyzed (e.g., the settl-
ing rate of solids in a slurry) as well as on
the nuclear properties (e.g., neutron and
gamma-ray energy, and half-life). A good deal
of research into optimization of these para-
meters is being conducted at this time. One
of the results of this has been the installa-
tion of an activation cell by-pass in the
Columbia Scientific facility (Figure 1), to
allow short-lived activity to decay and so im-
prove detection sensitivity for longer-lived
radioisotopes. Another has been the careful
design of the activation and counting cells so
as to preserve a constant cross sectional area
of flow, equal to the cross sectional area of
the connecting tubing. More sophisticated

V-2

NEUTRON SOURCES

Of the available neutron sources (nuc-
lear vreactors, accelerators and radioiso-
topes), the use of reactors is ruled out for
process control, unless one happens to be on
site.

One of the main problems with accelera-
tor neutron generators is the need to change
targets frequently or, with sealed tubes, the
expense of buying a new tube. In laboratory
analysis this is acceptable because a typical
irradiation time is about one minute per sam-
ple and the total duration of tube operation
may be only one hour per day. However, on-
stream analysis often demands 24~hour contin-
uous operation, and changing neutron targets
or tubes every few days is clearly unaccep=-
table. A further disadvantage of neutron
generators using the normal (d,T) reaction is
that the resulting 14 MeV neutrons are ener-
getic enough to make the water in the analysis
loop strongly radioactive by the 180(n,p)l®N
reaction.

-
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Radioisotope sources are, for all practi-
cal purposes, stable, and can be chosen to
have an effectively unlimited life. Thus
they are very well-suited to industrial con-
ditions. Radioisotope (a,n) sources produce
neutrons with a continuous range of energies
up to about 10 MeV, the most probably energy
being about 4 MeV. Until now the highest
outputs available have been only a few times
107 n/sec., using several tens of curies of
an g-emitter such as 2%lam, 228Th, or 210po,
intimately mixed with a Be target. 12kgh-Be
(v,n) sources give similar outputs of much
lower energy neutrons. In spite of the short
half-life (60 days) of !2%Sb, the isotope is
relatively cheap and an on—-stream analyzer
using this source has been developed. (7).
Even where outputs of specific (a,n) or (y,n)
sources above 108 n/sec are technically
feasible, the price is comparatively high, or
the physical size of the source is so great
that the neutron flux per unit volume of sam-
ple irradiated is relatively low.

These problems have reduced the attrac-
tiveness of the technique and slowed its
acceptance by Industry.

The recent availability of 252¢f spontan-—
eous fission sources, whose specific neutron
emission is several orders of magnitude great-
er than that of (o,n) and {y,n) sources, prom-—
iges to open up the whole field of on-stream
neutron activation analysis. A 1 mg source
emits 2.34 x 10° n/sec, will cost a little
over $10,000, and can be encapsulated in a cy-
linder 1 inch long x 0.4 inch diameter. The
half-life is 2.65 years.

DETECTION SYSTEMS

The usual measurement system is a gamma-
ray scintillation spectrometer as shown in the
schematic in Figure 2. A three-inch diameter
% three-inch thick NaI(Tl) crystal has been
found to be a suitable compromise between de-
tection efficiency and cost and is now widely
used. Larger crystals, in particular five-
inch diameter x four inches thick, are also in
use. In many cases there is a trade-off in

cost of sodium iodide against cost of neutroms.

For industrial conditions thermal stabil-
ity of the system gain is most important. Wa-
ter cooling of the photomultiplier can be
used, or if the gamma-ray spectrum is parti-
cularly simple, it can be counted in toto,
thus reducing considerably the need for gain
control. The vecent availability of 243 pm a
sources embedded in the Nal{Tl) crystal has
provided a convenient means of stabilizing the
gamma~ray spectrum. The peak due to 26lpm o

particles can be made to appear at any con~-
venient pulse height equivalent to a y-ray
energy below about 6 MeV. The peak is rather
sharper than a corresponding y-ray peak and
has no associated Compton distribution. A
single channel analyzer window can be locked
onto this peak to provide continuous automatic
stabilization.

Ge{(Li) detectors, with resolutions one

to two orders of magnitude better than NaI(T1)
have not yet been used in industrial analyses.
Their main disadvantage is the need for cryo-
genic cooling at all times but the latter is
not at all impractical in an industrial envir-
onment; liquid nitrogen is now a very common
commodity and thermoelectric or other coolers
are quite practicable.

APPLICATIONS

REVIEW

There have been very few reported appli-
cations of radioisotope neutron activation
analysis of flowing sample streams, although
the technique was demonstrated as early as
1962 by Anders (8) who activated fluorine,
silver, and selenium in aqueous solutions us-
ing a small 228Ra-Be source (1.3 x 10° n/sec).
Although count rates were so low as to
necessitate irradiation and counting times of
about six hours, the feasibility of rapid on~
stream analysis using stronger sources was
clearly envisaged.

Gluck et al. (9) in 1961 studied on-
stream production of intrinsic radiotracers
for industrial process control. Although this
igs not the same as continuous process analy-
sis, the work is useful for the design studies
made on optimum volumes of activation and
counting cells and on the functional relation=-
ship between flow rate, mean residence time
in the irradiation cell, and mean delay time
between irradiation and counting, for an open
loop system. The sensitivities for deter-
mination of manganese, indium, vanadium, and
silver in aqueous solution were studied exper-
imentally using 10 and 50 €i2!0 po-Be sources.
Sensitivities for some sixty other elements
were calculated and tabulated.

Recently Downs and Davis (7) have de-
scribed an on-stream activation and detection
system for industrial process monitoring and
radiotracer production. The instrument com—
prises an open loop for solution transport, a
7.2 kilocurie '2%Sh-Be (v,n) source and a 3

spectrometer. Detection sensitivities were
investigated for seven elements (sodium,

inch %z 3 inch NaI~T1) gamma-ray scintillation.
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magnesium, aluminum, chlorine, cobalt, copper
and hafnium) in solution and were found to be
in the range 0.1 p.p.m. (Hf) to 60 p.p.m. (Mg)
Sensitivities for another 65 elements were
calculated.

Slurry transport imposes further con-
straints on the design of activation analysis
loops. Flow velocities of 2 to 10 feet/sec
in the analysis cells and connecting pipes
are required to keep the slurry in suspension
and, under some conditions, it is necessary to
use continuously=-stirred activation and count-
ing cells. Thus, reduction of the volume flow
rate to increase the specific activity (7, 9)
is not always possible. Also, the use of long
lengths of pipe for time delay may unaccept-
ably increase frictional losses, and conse-
quent head pressures.

It has been shown that recilrculating loops

can be used to avoid some of the problems of
slurry transport, provide steady flow condi-
tions for the analysis and, in certain cases,
enhance the signal (3, 5, 6). Using the
closed loop system, longer-lived activity can
be allowed to build up to levels orders of
magnitude greater than would be possible in an
open loop, especially if the flow rate has to
be kept high to maintain slurries in suspen-
sion.

Starnes (5) has set up a small recircul~
ating slurry loop designed primarily for
determination of fluorine and barium in
fluorite and barytes slurries. The source
used is 3 Ci of “"!Am~Be and the detector, a
3 dnch % 3 inch NaI(Tl} crystal. Re-entrant,
baffled activation and counting cells each of
volume 3 liters are connected by 0.3 inch bore
plastics tubing.

Fluorine is activated by the *%F(n,0)!®N
reaction (gamma-ray energles 6 to 7 MeV, half-
life 7.14 seconds). Barium is activated by
the '37Bafn,n")'®"™Ba veaction {(gamma-ray
energy 0.66 MeV, half-life 2.6 minutes).

With flow in one divection the delay be-
tween irradiation and counting is about 4 sec~
onds, which allows the fluorine determination
to be made. With the flow reversed the delay
is about 50 seconds allowing the Ley activity
to decay and the barium determination to be
made.

The solids content of the slurry (about
35% w/w) is monitored continuously with a
137¢cs gamma-ray density gauge.

.

NORMALISED FLUORINE COUNT RATE {(COUNTS/SEC)
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Figure 4 shows a calibration curve ob-
tained using various fluorite oves at differ-
ent solids contents.
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CURRENT WORK

Using the on-stream analysis facilitcy
shown schematically in Figures 1 and 2 and
described in reference (10), we have com—
pleted preliminary investigations of the
determination of cobalt in solutions; copper,
silver and gold in ore slurries; and calcium
in cement raw mix slurries. This work is
part of an evaluation of the potential uses
for 252¢f in on-stream analysis being per-
formed under the auspices of the U. S.

A, E. C. loan program. The weight of 282¢r
used was 400 ug, with a total output of 8 x
102 n/sec at the time of the experiments.




Cobalt in Solution. Cobalt is an im-
portant catalyst and occurs in certain organ-
ic and aqueous process streams in concentra-
tions from 10 to 10" p.p.m. For the purpose
of this test a suitable simulated solution
was cobalt nitrate in water, and solutions
containing up to 800 p.p.m. Co were made up.
The preferred nuclear reaction for activa-
tion of cobalt is by thermal neutrons as
follows. 3%o(n,y) ©0™Co; y-ray energy 1.33
MeV, half-life 10.5 mins.

Each solution was recirculated for 30
minutes and S5-minute counts taken after 1
minute and 20 minutes. Figure 5 shows the
calibration curves obtained. Background
under the 1.33 MeV pesk was estimated by
counting windows on each side of the peak.
The slope of the calibration obtained after
20-minute irradiations was 7.8 net counts per
p.p.m. cobalt. Since the standard deviation
on the net count was 200 in 5 minutes, the
detection limit (1 standard deviation) is 25
p.p.m. cobalt. For the measurements taken one
minute after irradiation started, the corres-

Ore Analysis. Activation of a typical
ore matrix indicated that the main source of
background is due to the 1.78 MeV y-rays from
2741 ¢n,v) 2823 (and, to a lesser extent, from
28gi(n,p) 2%1). Pigure 6 shows the spectrum
obtained from a natural ore sample, counting
for the last 5 minutes of a 7-minute recir-
culating activation. The ore sample contained
12.7% Cu, 3.1 oz/ton Ag (90 p.p.m.) and 0.03
oz/ton Au (0.9 p.p.m.). Peaks due to activa-
tion of copper and silver are seen, but none
due to activation of gold. The 2821 peak is
prominent and its Compton continuum is a major
source of background under the lower energy
peaks. The >®Mn peak is also prominent and
could be due to small quantities of manganese
in addition to the relatively large amount of
iron known to be present.

An ore matrix simulating the average
elemental composition of sedimentary or ig-
neous rocks was made up by mixing powdered
chemicals as follows: Si09, 58.0%, Alg0g,
14.0%; CaCo 4, 10%; Fe203, 5.3%; NapCOg, 4.5%;
4,2%3 Mg0, 3.0% and TiO 0.8%.

KZCOB’ 2t
ponding detection limit (one standard devia~
tion) is 40 p.p.m. cobalt.
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FIG. 5 CALIBRATIONS FOR DETERMINATION OF COBALT IN SOLUTION
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The sensitivity for determination of sil-
ver in ores was estimated by recirculating
the simulated ore marrix spiked with known
quantities of Ag%O. The preferred veaction
is 109Ag (nyy) ! OAg, y-ray energy 0.66 MeV,

activation cell by-pass). Five-minute counts
were taken beginning 1 minute after commence-
ment of activation, and 5 and 14 minutes after
commencement of the decay cveles. Net counts
were obtained for the 1.04 MeV copper peak.

half-1ife 24.5 seconds.

The activation and

counting schedule for each sample was 2
minutes' recirculating activation with a 50-
second count starvted 50 seconds after commence-

ment of the activation.

The calibration curve

Figure 8§ shows
curves obtained for
The relative slopes

are tabulated below.

the three calibration
copper determination.
and standard deviations

obtained of net count in the 0.66 MeV vy-ray
peak against Ago0 content is shown in Figure
7. The net count was obtained by subtract-
ing background as before. The slope of the
calibration curve was 5.8 net counts per
p-p.m. Ag50. The standard deviation on the
net count, in the range 0 to 1000 p.p.m.
Agoy0, was 170 counts which is equivalent to
30 p.p.m. Agy0, or 1 oz/ton.

Copper is activated by ®5Cu(n,v) %%Cu
which decays by emission of 1.04 MeV y-rays
with a half-life of 5.1 minutes. Simulated
ore matrix samples spiked with Cul were acti-
vated and counted as follows. Ten minutes of
recirculating activation was followed by 20

.minutes of recirculating decay (using the

Net Counts Std. Dev.,
Conditions Per % Cul % Cul
1-6 min count 3350 0.13
15-20 min count 2800 0.09
24=29 min count 1100 0.20

The earliest count shows a relatively high
background due to 2841 activity (note that
net counts are plotted in the figure). The
count begun after 5 minutes' delay shows near
optimum sensitivity due to the more rapid
decay of the 2851 activity, but the last
count gives poorer sensitivity because the
65Cu has decayed too.
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The preferred reaction for gold deter-
mination is !%7au (n,v) 198Au, y=ray energy
0.41 MeV, half-1ife 2.7 days. The advantage
of the long half-life is that long activa-
tion, decay and count times can be utilized
to increase sensitivity. Naturally times of
the order of a day are unrealistic, since if
this time were available classical methods
could be used. Artificial ore slurries
spiked with up to 535300 p.p.m. gold were re-
circulated for just over 20 minutes each and
a ten-minute count started after 10 minutes.
Measurement of the 0.41 MeV v-ray peak pro-
duced a linear calibration with a standard
deviation of 400 p.p.m. gold.

Calcium in Cement Raw Mix. One of the
most important petential applications of on-
stream neutron activation is to the deter~-
mination of "basicity ratio" in iron ore pro-
cessing and cement manufacture. This in~
volves determination of calcium and silicon,
and alsc possibly iron, aluminum and magnesium.
The key to this analysis is to assess the
feasibilicy of the calcium determination. 1In
spite of interference from our light pulser
peak (equivalent energy 2.8 MeV) we have made
a preliminary study of determination of cal-
cium using the reaction *8Ca (n,v) Y9¢ca (v
energy 3.1 MeV, half-1ife 8.8 minutes).

Using a simulated cement raw mix slurry
{12.5% solids comprising 80.5% CaCO4, 14.0%
8109, 4% Al,04 and 1.5% F8203} the statistical
accuracy for counting the 3.1 MeV peak was
estimated to be 1.07% CaC0y (assuming the pul-
ser peak to be absent) in a S5-minute count
after a 24~minute rvecirculating activation.
This is considered to be extremely promising
and we plan to make further investigations
after modifying our detector to remove the
pulser peak from the vicinity of the H90a
Y-ray energy.

Sensitivity. The sensitivity requirved
of the above analyses in process control de-
pends on the process. For cobalt determina-
tion the sensitivity reported here is ade-
quate in some processes, but in others it
must be ten times better. In silver orve assay
a precision of about 0.1 oz/ton is required.
Ore grade copper ore contains a few tenths of
one percent but in copper ore processing the
tailings must be analvzed with at least 10%
precision, and they contain less than 0.17%
copper. Sensitivities of better than 0.1
p.p.m. gold are required in gold ore analysis
but for determination of gold in electroplat-
ing bath solutions, another important appli-
cation, the sensitivity obtained in this work
is almost adequate.

If the signal can be increased without
increase in background, a proportionate in-
crease in sensitivity rvesults; if both signal
and background increase together the sensi-
tivity increases with the square voot of the
signal. It is usually possible to avoid
greater rates of background increase by ju-
dicious choice of irradiation and delay times.
Whether or not the signal can be increased
without a corresponding background increase
depends on the analysis. It is likely to be
possible in the case of cobalt determination,
where the matrix is dilute nitric acid, but
in ore analyses, production of 281 and 56Mn
will always present problems.

Assuming that the 2°2Cf source weight
(i.e. output) is limited to 4 mg by cost of
isotope and bulk of shielding:; that the total
of irvadiation, decay and count times is
limited to about one hour; and that for slurrvy
analysis the solids content can be increased
by a factor of four to 50% by weight, we ex-
pect the following sensitivities to be obtain-
able: «cobalt in solution, about 1 p.p.m.;
silver in ores, about 5 p.p.m.; copper in
ores, about 0.02% to 0.01% depending on the
matrix; gold in ores, about 5 p.p.m. (and in
solucion, about 20 p.p.m.); calecium in cement
vavw mix, better than 0.17 CaCly at 80% CaCl4y
(counting statistics only).

CONCLUSIONS

Although only preliminary results have
been obtained so far, it is gquite clear that,
with the availability of 252Cf, neutron acti-
vation will have wide application in on-
stream industrial process analysis. The ab~
sence of hetervogeneity effects represents a
significant advantage for neutron activation
over other methods used for ore analysis.

Activation of the matrix is an important
factor reducing sensitivity, particularly in
ore analysis, and high sensitivities veport-
ed without allowing for this will not be
attained in practice.
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USE OF A SEALED TUBE NEUTRON GENERATOR FOR

QUALITY CONTROL IN EXPLOS
ACTIVATION ANALYSIS (FNAA)

Staniey Semel and Samuel Helf

Feltman Research Laboratory
Explosives Division

Picatinny Arsenal

Dover, New Jersey

IVES BY FAST NEUTRON

Two years of experience with a Kaman Nuclear sealed tube neutron generator for
FNAA is reviewed. The history of the neutron output for the first sealed tube used with
this system for 70 hours of operation is described and the operational experience is
briefly discussed.

The analysis for total nitrogen content via the 1?N(n,2n}! ? N reaction for a variety
of organic explosives is described. Data are given for nitrocellulose, TNT, HMX, and
Octols, It is shown that high accuracy and precision, comparable to wet chemical analysis
is obtained using dual-axis rotation during irradiation and careful choice of reference
standard. Comparison of accuracy and precision is also made with a single-axis rotation
method.

Application of FNAA to the analysis of binary mixtures containing two compounds
of different nitrogen content is also described. The total nitrogen content of a sample is
first measured by activation and then related to composition of the mixture, This method
is applied to Octol compositions, containing varying proportions of TNT (18.50% N) and

HMX (37.84% NJ}. A technique is described for the simultaneous irradiation of nine
QOctol samples and one reference standard using single-axis rotation. The precision of
duplicate assays for 378 plant samples is given and discussed.

INTRODUCTION

The recent availability of high output
sealed tube neutron generators, based on the
5H(d,n)"He reaction, makes the technique of
neutron activation analysis more attractive
as a practical tool for process and quality
control applications. The chief advantages
of this design over the more classical
differentially-pumped Cockcroft-Walton type
of generator are elimination of the high
vacuum system maintenance and even more
important, elimination of the need for fre-
quent tritium target changes and handling.
In this laboratory, a Kaman Nuclear model
A 711 sealed tube neutron generator (1) has
been used for two years, primarily for the
fast neutron activation analysis (FNAA) for
gross elements in explosives, propellants and
related high energy materials.

A physical layout (not to scale) of the
laboratory facility is shown in Fig. 1. The
concrete block walls of the cell housing the
generator tube and associated components are
1.7 meters thick, The system also includes a
Kaman Nuclear dual-axis rotator assembly for
simultaneous transfer and irrvadiation of a
reference and unknown sample, and a dual
-scintillation detector system designed for
simultanecus counting of activated samples.
Automatic transfer of samples between load
station to the rotator assembly in front of
the target and back of the count station is
accomplished pneumatically by means of two

PPPPTPPRY

FIG.I NEUTRON GENERATOR
FACILITY

SEALED TUBE NEUTRON GENERATOR

200 KV POWER SUPPLY

CLOSED-L00P REFRIGERATION SYSTEM

DUAL-AXTS SAMPLE ROTATOR ASSEMBLY

PROTOM RECOTL NEUTRON FLUX MONITOR

SAMPLE LOAD STATION AND DUAL CRYSTAL COUNTING ASSEMBLY
CONTROL CONSOLE FOR NEUTRON GENERATOR

PROGRAMMED TTHER FOR SAMPLE TRANSFER SYSTEM
POLYETHYLENE SAMPLE TRANSFER TUBING

G T O

1.2 cm. (i.d.) polyethylene tubes which loop
down at both ends of the system and pass
underneath the concrete shielding through a
pipe duct. Total one-way traverse distance
for the samples is approximately 9 meters.
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OPERATIONAL HISTORY

The first sealed tube used with this
system was operated for 70 running hours,
mostly at maximum neutron output conditioms,
before replacement., Of this total operating
time, approximately 50 hours were used for
short-run activation analyses up to 3
minutes each. The other 20 hours were used
for special radiation effects experiments of
14 MeV neutrons on materials. In one of
these latter experiments the generator was
operated continuously for a period of nine
hours. During this run, the beam current
remained stable but there was a slight grad-
ual decrease in relative neutron output as
measured by a proton-recoil flux monitor.

“"Absolute' neutron yields were measured
periodically by means of pellet activation
techniques. Teflon and hexaiodobenzene
pellets are preferred for such measurements
because of the convenience in preparing or
pressing pellets to any desired dimension
and weight and also because of the relatively
long half-lives of the radiocactive products.
The pertinent nuclear reactions and pro-
perties for these two materials are given in
Table 1.

TABLE I

Nuclear Data for
Neutron Yield Measurements

Teflon Hexaiodobenzene
(CoF2)n Celg
Reaction 19 (n,2n) 1 8F 1271 (n,2n) 1281
Cross Sectiona, mh. 67(2) 1350(3)
Tl/z 109.8 min. 13.1 days
Ey, MeV 0.511 0.667
(annihilation)

Sfor 14.8 MeV neutrons at 0°.

Neutron yield and flux measurements have
been standardized by mounting the pellets
15.0 ecm, directly in front (0°) of the target
cap and irradiating for 30 minutes at maximum
generator output conditions (180 KV, 4.0 ma).
The pellets are counted on a lead-shielded
10 x 10 cm. NaI(T1) scintillation detector
assembly. Photopeak efficiencies are
geriodicallg checked experimentally using

2Na and 137Cs standards (for the 0.511 and

0.667 MeV photopeaks respectively) prepared
in the same physical geometry as the pellets
from calibrated reference solutions.

Neutron yield determinations at various
operational running times for the first
sealed tube are given below:

Hours Neutrons/sec
15 8.5 x 101V
41 4.7
45 5.7
47 6.2
49 5.7
68 6.8

Each 47 neutron output listed is the
average value obtained from activation of
both a teflon and hexalodobenzene pellet.
Agreement between the two pellets was within
+ 10% or better. The differences shown from
period to period are therefore significant
to within this limit. The relatively large
increases in yield at 45 and 68 hours of
operation are real and occurred after the
metal dome surrounding the sealed generator
tube was reflushed several times with fresh
SFg insulating gas. It is postulated that
formation of gaseous breakdown products in
the insulating gas with time may result in a
reduction of the effective ion beam current
on the target.

The neutron flux distribution very close
to the target was found to be asymmetric and
experiments with teflon pellets gave results
similar to those described in detail by
other workers (4,5) for Cockcroft-Walton
accelerators. At distances greater than
2.5 cm. in front of the target, the neutron
flux was symmetrical.

After 70 hours of running time operation
of the generator became erratic and it was no
longer possible to maintain a stable beanm
current. The first sealed tube was replaced
and the initial vield on the second tube was
determined as 8.0 x 10'7 neutrons/sec.

ANALYSIS FOR TOTAL NITROGEN CONTENT

Control of purity in explosives is often
as important as in pharmaceutical and biolog-
ical products. Low concentrations of impur-
ities can not only affect performance, but
even more critically, can influence safety
in handling. As in other chemical industries,
process and quality control requires the
testing of large numbers of samples. Wet
chemical and non-nuclear instrumental tech-
nigques, although generally highly accurate

and precise, suffer from the usual disadvan- .

tage of slowness. For some developmental
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programs of new products, the more conven-
tional analytical techmniques have the added
disadvantage of being destructive with regard
to the sample. This limitation can be severe
when sample quantity is restricted and tests
other than chemical analysis are required.

Almost all explosives and propellants,
particularly those of organic composition,
contain nitrogen, usually in high propor-
tions. A rapid non-destructive method for
total nitrogen content as a measure of purity
is therefore attractive. Fast neutron activa-
tion via the 1“N(n,2n)!3N reaction provides
such a method by radioassay of the 10 min.
positron annihilation radiation (0.511 MeV)
from 13N, Application of this technique to
explosives has been discussed by Rison et al
(6) but data is given for only two samples of
hexahydro-1,3,5-trinitro-s-triazine (RDX).
For samples weighing 50 mg. these authors
report an absolute errvor of -0.3% nitrogen.

From previous published work on FNAA as
applied to gross elemental analysis in the
percent range, the conditions for optimum
precision and accuracy can be summarized as
follows:

{1} Reference standard and sample to be
analyzed should be as similar as
possible in composition to minimize
interferences from activation of other
elements (6,7).

(2} Reference standard and sample should be
as similar as possible with respect to
weight, volume and density to minimize
geometry counting errors and to
eliminate the need for gamma and neutron
self-shielding corrections (8,9).

(3) Simultaneous irradiation of both refer-
ence and sample to eliminate neutron
flux correction.

{4) Dual-axis rotation of reference and
sample during irradiation to insure a
uniform neutron dose to both. [For
certain samples, e.g. metals, where the
element to be assayed is not uniformly
distributed, an even more complex
rotation has been found necessary (10)].

These conditions are being used routine-
ly at this laboratory for total nitrogen con-
tent assay of "pure" homogeneous high energy
compounds (see Experimental for details).
Some representative results are given in
Table I1I. Included are four samples of
nitrocellulose of different degrees of
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TABLE II

Total Nitrogen Content in
"Pure' Explosives by High Precision FNAA

% Nitrogen

Chemical
Sample Analysis FaaP
Nitrocellulose 12.60 12.57 + 0.05
Nitrocellulose 12.18 12.12 + 0.10
Nitrocellulose 13.11 13.03 + 0.07
Nitrocellulose 13.23 13.23 + 0.06
TNT 18.508 18.50 + 0.06
HMX 37.84% 37.78 + 0.06

Stheoretical value for pure compound

bvalues listed are the mean of at least four

determinations + 1o (std. dev. from the mean)

nitration and one sample each of the high
explosives TNT (2,4,6-trinitrotoluene) and
HMX (1,3,5,7-tetranitro-1,3,5,7-tetrazacyclo-
octane). The nitrocellulose samples were
supplied from plant production lots and the
listed nitrogen contents under "Chemical
Analysis" were determined by a nitrometer
technique; these values are usually precise
to within a few hundreths of 1%. The TNT and
HMX were from highly purified laboratory
samples and the nitrogen contents listed are
calculated values for the pure compounds.
Precision and accuracy as indicated by the
FNAA data for these compounds are excellent
and most likely represent the optimum that
can be achieved by this technique.

Rison et al (6) demonstrated that 50 mg.
of explosives, of composition similar to
those discussed in this study, could be
handled safely with a pneumatic transfer
system. For the work described here, sample
size varied from 0.5 g. for the nitrocellu-
lose samples to 2.3 g. for the TNT and HMX,
The explosive nature of the materials can
pose a special problem for these relatively
larger quantities. During pneumatic trans-
fer the polyethylene vials containing the
samples approach speeds of 15 meters/sec.
and come to rvest against a metal stop at both
irradiation and count stations. However,
because of the wide overhead loops in the
polyethylene transfer tubing at each end of
the system, the samples are slowed down




considerably before coming to rest. The
hazard from shock initiation is therefore
reduced to a minimum. In over 1000
irradiations with explosives of the type
tested no detonation occurred. It should be
cautioned, however, that the handling tech-
niques described in this paper are for the
very shock-resistant secondary explosives
and propellants, For low shock-resistant
explosives such as lead azide, mercury
fulminate or other initiating agents, more
stringent handling conditions would have to
be utilized,

ANALYSIS OF BINARY MIXTURES

Neutron activation is also being used
routinely for the assay of binary mixtures
containing two compounds of different nitro-
gen content, This method has been applied
extensively to Octol compositions which
contain varying proportions of TNT and HMX.
The mixture is normally manufactured by
dispersing finely-divided crystalline HMX in
hot molten TNT and cast loading the melt into
ammunition items., The finished product is
designed to contain a specific HMX content
in the 60-80% by weight range. Because HMX
is not soluble in the molten TNT, non
-uniformity of composition can result and
hence the need for quality control by
chemical analysis.

The conventional assay technique is an
extraction procedure whereby a 5 g. sample
of Octol is treated with hot benzene to
remove the TNT and the insoluble HMX is
determined gravimetrically. Analysis time
per sample is approximately 3 hours and each
sample is assayed in duplicate. For this
particular product, in addition to a
decrease in analysis time, a non-destructive
method is especially desirable because of
other physical tests that are also required
on each sample. ’

By FNAA, the total nitrogen content of
a sample is first determined and then
related to composition of the mixture.
Since Octols contain no ingredients other
than "pure' TNT (18.50%N) and ''pure" HMI
(37.84%), the following linear relatiomship
is derived from the calculated nitrogen
content of each ingredient:

% HMX = 5.171 N - 95,66

where N is the nitrogen content of the
mixture in % by weight.
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For Octol containing 60-80% HMX, a 0.2%
change in nitrogen content is equivalent to
approximately a 1% change in HMX content.
Determination of HMX content to an accuracy
of = 1% is considered acceptable for a rapid
non-destructive method. A study was made of
various FNAA techniques with regard to
accuracy and precision for the assay of
Octol samples. Three synthetic samples were
carefully prepared from purified HMX and TNT
containing 60, 70 and 80% HMX respectively.
These were analyzed by the following activa-
tion methods using an 80/20 (80% HMX) Octol
as the reference standard in all cases:

@ Dual-axis rotation with sequential
counting.

@ Dual-axis rotation with simultaneous
counting.

® Single-axis rotation with sequential
counting.

For single-axis rotation a special
lucite wheel was fabricated, designed to hold
up to 12 small snap-cap polyethylene vials
(see Experimental). In this series of
experiments, however, only one sample and the
reference standard were irradiated on the
wheel as for dual-axis rotation analyses.

The results of these experiments are pre-
sented in Table 1I1. Chemical analysis by
extraction is also included for each sample
as another basis for comparison.

Analysis by dual-axis rotation again
vielded excellent results; agreement with
calculated values for total nitrogen was
G.1% or less in all cases. The corresponding
average absolute errors in HMX content for
the three samples were 0.45 and 0,26%
respectively for sequential and simultaneous
counting as compared to 0.31% for chemical
analysis. Differences between the two
modes of counting for dual-axis rotation are
not considered significant and the choice of
counting arrangement is arbitrary for LN
radioassay in these samples. It should be
noted, however, that for simultaneous
counting, great care must be exercised in
the precise balance of the two single-channel
analyzers for the 0.511 MeV photopeak window.

Predictably, analysis by single-axis
rotation is not comparable in accuracy to
dual-axis votation. The mean absolute error
was 0.24% and 1.24% for total nitrogen and
HMX content vespectively. Dual-axis rota-
tion, however, despite its undeniably greater




TABLE IIT

Comparison of Various FNAA Techniques for
Assay of Synthetic Octol Samples

% Nitrogen® Chemical
Dual-Axis Rotation; Dual-Axis Rotation; Single-Axis Rotation; Analysis
Sample Calc., Sequential Counting Simultaneous Counting Sequential Counting % HMXP
70/30 32.03  32.16 + 0.09 32.07 + 0.16 32.35 + 0.14 70.59
(70.65 F 0.47) (70.18 ¥ 0.82) (71.58 * 0.70 70.70(70.65)
60/40 30.11  30.19 + 0.09 30.19 + 6.11 30.27 + 0.17 59.13
(60.42 T 0.49) (60.42 T 0.60 (60.88 ¥ 0.87) 60,63 (32-88)
80/20 33.98  34.03 + 0.13 33.94 + 0.14 34.22 + 0.16 79.99
(80.28 F 0.70 (79.82 ¥ 0.75) (81.27 ¥ 0.85) 80,68 (80.33)

Mean of six determinations on sach sample + 10 (std. dev. from the mean); Value in

parenthesis is corresponding % HMX + lo

bTyo determinations on each sample; mean given in parenthesis

accuracy and precision, is limited to only
one sample and reference standard per
irradiation. It is the preferred method in
this laboratory where speed is not essential
- but when the number of Octols to be
analyzed is large, multiple sample irradi-
ation on the lucite wheel with single-axis
rotation is used. The precision of this
latter technique for six plant samples of
Octol is shown in Table IV. In this series

TABLE IV

Precision of Single-Axis Rotation FNAA for
Assay of Octol Plant Samples

Faa® Chemical Analysis?
Sample A % HMK % B

1 30.11 % 6.29 60,02 + 1.42 59.04, 59.07 (59.06)
2 30.60 + 0.22 62.56 + 1.15 63.50, 63.60 (63,55}
3 31.94 + 0.33 70.02 + 0.94 70.25, 70,29 {70.27)
4 31.97 & 0.44 70.16 + 1.87 70,06, 70.14 (70.1¢)
5 32.23 + 0.25 71.00 + 1.27 69.94, 69.81 (69.88)
6 32.29 ¥ 0.22 71.28 + 1.14 69,40, 69.79 (63,60}

aMean of 10 determinetions on each sample * 1o (std, dev. from

the mean)

bTwo determinations on each sample; mean given in parenthesis

each irradiation consisted of six Octol sam-
ples, an 80/20 Octol reference standard and a

blank vial mounted on the lucite wheel. The
FNAA results were again compared with
chemical analyses for HMX content. The mean

1o precision for 10 determinations on each of
the six samples was + 1.30% HMX and the
average difference between FNAA and chemical
analysis was 0.84% HMX.

For routine quality control on large
numbers of Octols, each sample is assayed
twice and for one irradiation, the lucite
wheel is loaded with nine samples, a
reference standard and a blank vial. Agree-
ment between duplicate assays for 378 plant
samples analyzed in this manner is summarized
in Table V. For 48% of the samples, the
difference in HMX content for duplicate runs
was 1% or less and 2% or less for 87% of the
samples. The chief advantage of multiple
sample single-axis rotation is speed.
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TABLE V

Precision of Duplicate Assays for HMX Content
in Octol Plant Samples by Single-axis Rotation FNAA®

% of Total No.

Difference in % HMxD No, of Samples of Samples
.00 - 6.50 95 25.1
0.51 - 1.00 85 22.5
1.01 - 1.50 80 21.2
1.51 - 2.00 69 18.3
2.00 - 2,51 31 8.2
2.51 = 3.00 11 2.9
3.01 - 3,50 1 0.3
3.51 - 4.00 4 1.1
4,01 ~ 4.50 2 0.5

Total = 378

2Nine plant samples, one reference std. and one blank irradiated
simultaneocusly and counted sequentially

Bpotueen duplicate analyses on same sample

EXPERIMENTAL

FNAA BY DUAL-AXIS ROTATION AND PNEUMATIC
TRANSFER OF SAMPLES:

Samples were contained in special poly-
ethylene vials specifically designed to fit
the Kaman Nuclear dual-axis rotator assembly.
These vials are 4.5 cm. long and 1.0 cm. o.d.
with an internal volume of 2.3 cm®. When
filled, a vial contains approximately 0.5 g.
of nitrocellulose and 2.3 g. of TNT, HMX or
Octol.

A 12.60% N nitrocellulose was used as
the reference standard for all samples of
this material (Table II). TNT and HMX were
compared against "pure' samples of each
other respectively. For assay of Octol
samples a synthetic 80/20 Octol was used as
the standard in all determinations.

Nitrocellulose samples were irrvadiated
for three minutes; TNT, HMX and Gctols for
1 minute. Sequential counting was accom-
plished in a 7.6 x 7.6 cm. NaI(T1l) well
- crystal detector assembly and a single
-channel pulse height analyzer to measure the
0.511 MeV annihilation radiation using a 20%
window, A one-min. count time was usually
sufficient to exceed 10" counts. Simul-
taneous counting was performed by means of
the dual 7.6 x 7.6 cm. flat NaI(T1l) crystal
detector assembly in conjunction with the
Kaman Nuclear programmed timer system for
automatic sample transfer. The signal from
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each detector was fed to an individual
single-channel pulse height analyzer. The
0.511 MeV photopeak (20% window) was care-
fully matched in each detector-analyzer pair
with a 42Na source.

FNAA OF OCTOL SAMPLES BY SINGLE-AXIS
ROTATION:

The lucite wheel fabricated for this
purpose is 1.2 cm. thick and 13.8 cm. in
diameter. A concentric groove, 1.2 cm. wide
and 0.7 cm. deep is located on one face of
the wheel close to the rim. This groove is
designed to hold standard No. 3 snap-cap
polyvials (Olympic Plastics Corp.), 2.3 cm.
long, 0.9 cm. o.d. with a usable volume of
1.5 em®. Approximately 1.5 g. of Octol can
be contained in a vial. As many as 12 vials
can fit on the wheel for a single irradi-
ation.

For assay of Octols, the wheel is
mounted 7.5 cm. in front of the target cap
and rotated at ~ 100 r.p.m. Up to nine
plant Octol samples are loaded onto the
wheel with an 80/20 reference standard and
one blank vial. Following a 3-min. irradi-
ation, a ''cooling" period of 3 min. is
allowed after which the samples are removed
for sequential counting in the well-crystal
detector system. A blank correction for this
analysis is important and a typical counting
sequence is sample-sample-blank-reference
-sample-blank-sample-sample-blank, etc. Each
vial is counted for 1 min. and all counts are
corrected for 3N decay taking the time for
the first sample as zero.

CHEMICAL ANALYSIS FOR HMX CONTENT:

5.0 g. of Octol sample is treated with
30 ml. of HMX-saturated benzene at 90°C.
The mixture is then filtered through a tared
crucible and the residue is washed with more
HMX-saturated benzene. The crucible is then
dried at 100°C and the HMX content is
calculated.

CONCLUSIONS

The use of a sealed tube neutron
generator is a convenient source for gross
element activation analysis, in particular
for routine laboratory and plant quality
control applications. The elimination of
vacuum system maintenance and tritium
target changing is a decided advantage.




Total nitrogen content in organic ex-
plosives and related materials can be
determined by FNAA to an absolute accuracy
comparable to wet chemical or combustion
analysis, i.e. to within less than 0.1% N.
This is accomplished by dual-axis rotation
of the sample and a carefully selected
reference standard during neutron
irradiation. The optimum reference standard
is one of similar composition, demnsity,
weight and volume to the sample being
analyzed. Rapid pneumatic transfer of
organic explosives of low mechanical shock
sensitivity poses no special safety problems.

For large numbers of individual samples,
a multiple sample irradiation system with
single-axis rotation can be used for more
rapid analysis. Precision and accuracy by
this method are not as good as compared to a
dual-axis rotation technique. Absolute
accuracy for total nitrogen is in the order
of 0.2%. This method is useful only for
those reactions where the half-life of the
product is long enough to allow for
sequential counting of multiple samples from
a single irradiation.
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APPLICATION OF NEUTRON CAPTURE GAMMA RAVYS USING A
252cf NEUTRON SOURCE TO INDUSTRIAL PROCESS

STREAM ANALYSIS :
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An examination of the neutron capture gamma ray method using a % 2Cf neutron
source indicates that this technique may be feasible for process stream analysis and
control of certain elements. Simulated laboratory experiments were made on iron in
taconite and magnetite, and copper and nickel in their respective ores. Satisfactory

analyses were obtained for 500-1000 g samples in a combined irradiation and counting
time of 100 minutes. For large industrial size samples this time could be shortened.
Based on these experiments, a set of guidelines are given for the use of the neutron
capture gamma method in an industrial plant.

INTRODUCTION

The application of conventional neutron
activation and detection of delayed gamma
rays to on-stream analysis can be applied to
many industrial processes. Rhodes (1) has
recently reviewed the delayed gamma techni=-
ques which have been tried with both radio-
isotope and accelerator type neutron sources.
Ashe et al (2), using a taconite ore slurry,
have demonstrated the advantages of a re~-
circulation or 'closed loop' system compared
to a single pass or 'open loop'. Rhodes
points out that for either system, because
of the neutron and gamma ray penetration, a
sample several inches thick is obsevved.
Thus, errors due to heterogeneity and
variable particle size are reduced as com—
pared to some other analytical methods, X-
ray fluorescence (3), for instance. Although
slow neutrons diffuse but a few inches into
a sample, fast neutrons penetrate much deeper
and it is conceivable that a much larger
sample can be observed if high energy neutrons
are used,

To obtain a maximum flux of high energy
neutrons, an accelerator using a tritium
target is generally used to produce 14 MeV
neutrons. Although this is an attractive
high flux neutron source, 14 MeV is above the
threshold energy for many fast neutron
reactions which mask the radionuclides pro-
duced by (n,v) reactions in many of the
elements of low abundance. Hence, it would
be convenient to have a high yield source of

2~3 MeV neutrons, an energy which is below
the energy threshold for most fast neutron
reactions (unless one specifically desires
to produce a fast neutron reaction in a
given element). Monte Carlo calculations of
2 MeV neutron penetration in a 50 percent
saturated soil indicates that most of the
moderation takes place throughout the first
1 tol 1/2 feet of soil and drops off almost
exponentially at greater depths (see Figure
4, ref, 4).

In principle one could use a deuterium
target in the accelerator and produce 3 MeV
neutrons, but the flux would be reduced lower
than that obtained for 14 MeV neutrons by a
couple orders of magnitude for the same
accelerating voltage. Alternatively, the
high neutron yield of 252¢cf makes this
isotope an attractive source of neutrons.
252¢f has an average neutron energy of 2.3
MeV and its energy distribution peaks at
about 1 MeV., For industrial use “°2Cf sources
which emit 10% to 10!7 neutrons per second
can be adequately handled with proper
personnel shielding, Delayed neutron activa-
tion as described by Rhodes (1,2) but using
a 252¢Cf neutron source will have some dis—
tinct advantages over a 14 MeV accelerator,

namely, (a) less interference from fast
neutron reactions and, (b) minimum mainten-
ance.

An alternative method for process control
is radiative neutron capture which results in
prompt gamma emission., Christell and Ljung-
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gren (5) have suggested that a low encigy
capture gamma ray method be used for measur-
ing boron in a process stream. When a 252¢f
source is placed in or adjacent to any mater-
igl, high energy capture gamma rays are pro-
duced which can be measured with a Ge(Li)
detector placed nearby the process stream,
and thus can provide a technique for on-line
analysis, The current work has been directed
primarily towards the base metal ores,
particularly iron, copper, and nickel ores.
Extension to other industrial elements such
as silicon, sodium, and aluminum also appear
feasible,

It is the purpose of this paper to exam~
ine the feasibility of using high energy cap-
ture gamma rays for process control.

TECHNIQUE

When neutrons are absorbed by a nuclide,
capture gamma rays are emitted almost instan-
tanecusly; some with an enevrgy up to V1l MeV.
Tabulations of the relative sensitivity of
most of the elements and the principal gamma
ray energies have been made (6)., About a
dozen industrially important elements have
high sensitivities and respond particularly
well to the capture gamma ray technique.

The number of prompt photons detected
following neutron capture in a specific
nuclide is given by:

n= (WN/A) 0 ¢ ke f ¢t

where n is the number of impulses in a given
spectral peak detected in a time, t, W is the
mass of element in the sample, N is Avogadro's
number, A is the atomic weight, ¢ is the
neutron flux, ¢ is the cross section, k is the
isotopic abundance, £ is the total efficiency
(including counting geometry) of the detector
for a given spectral peak, and f is the number
of photons emitted per neutrom absorbed. A
similar expression can be written for the
delayed gamma rays but this must be multiplied
by a build-up and decay factor both of which
may be considerably less than one. As pointed
out by Isenhour and Morrison (7) for equal
values of ¢, e, and £, the capture gamma ray
method should give better sensitivities than
the delayed gamma method, but there are sever-
al practical problems which have to be evalu—
ated., While f for both methods is generally
the same order of magnitude, € is much less
for the capture gamma compared to the delayed
gamma method.

aphure gamna spectra are more compli-
cated than delayed gamma spectra. To obtain
the required resolution a relatively low
efficiency Ge(Li) detector, rather than the
more efficient NaI(T{) detector must be used
for capture gamma ray work, However, it
should be pointed ocut that this may only be

a short term disadvantage. Although the

best Ge(li) detectors currently available
have only about 20% of the efficiency of a
NaI(T2) detector, the efficiencies are con-
stantly being improved. Nevertheless, the
low efficiency of Ge(Li) detectors is curr—
ently the most serious disadvantage. Compu~
ter methods to enhance the spectra are
currently being developed for NaI(T%) detec~-
ters (8), which may extend the use of
scintillation counters to high energy capture
gamma ray work,

An additional drawback to the neutron
capture method is the vulnerability of the
Ge(Li) detector to neutrons. The detector-
to-source distance must be great enough to
ensure that the flux through the detector
will not produce substantial radiation damage.
In general, this critical distance is large
enough to reduce the counting geometry to a
relatively low value compared to that which
can be used to count delayed gamma rays.

The source~detector separation will
depend on the size, shape, and water content
of the sample, type of shielding, size of
source, etc. In water the detector can be put
18-20 inches from a 100 um 2°2Cf source for
an extended time without undue damage to the
crystal.

In spite of these disadvantages, there
are certain advantages of the high energy
neutron capture gamma ray method,

1) The irvadiation and counting times are
not controlled by the decay constants
and no delay times are needed to reduce
interference from other elements. One
need only to use a time necessary to
acquire the required counting statistics,

2) Because of the higher energies of cap-
ture gamma rays compared to delayed
gamma rays, the interference from photo-
peaks (E < 3 MeV) can be eliminated by
working in the high energy end of the
capture gamma ray sSpectrum.

3) Elements can be determined whether or
not they go to stable nuclides or to B
emitting radionuclides after neutron
capture.

As the half life of a radionuclide is
not a factor in determining the capture gamma
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ray spectrum, oune cannoi enhance the signal-
to-noise ratio by using a closed loop recir-
culation system as is sometimes done with the
delayed gamma ray method. In an industrial
process one is generally confronted with a
continuously changing sample. Thus, if the
252¢f gource is placed into the stream, the
capture gamma ray spectrum will be an average
of the sample which has passed by the source
during the counting period. If the material
in the stream flow rapidly varies locally in
composition, and the variation is important,
a holding tank must be placed in the flow
system to reduce the flow rate past the
sample and thus obtain a more representative
sample. Stewart (9) has used this system
successfully to monitor the carbon content in
iron ore sinter and also in coal ash.

A sketch of a possible arrangement for
slurry analysis is shown in Figure 1. The
source-sample-detector geometry is constant
and calibration can be obtained from several
slurries of known concentration., If the hold-
ing tank is relatively large such that the
source has about a foot or so of slurry on all
sides, then besides having an enhanced sensi=-
tivity because of the large sample, little
shielding for personnel safety will be needed
because of shielding by the sample. Neverthe-
less, personnel monitoring and controlled
access must be maintained to assure safety at
all times.

It should be re-emphasized that if it is
required to make an on-line analysis in short
periods of time on a continuing basis, the
poor geometry and counting efficiency of a
Ge(Li) detector will preclude a statistical
meaningful answer. However, if counting
periods of an hour or greater are tolerable
to yield concentration trends in large volumes
of process feed material, the capture gamma
ray method would appear to be a possibility.
The following experiments were made as a
preliminary investigation to see if a useful
system might be developed.

EXPERIMENTAL ARRANGEMENT

Although in actual practice a large
sample would be available in a typical hold-
ing tank in a process stream, tests on large
samples were not made as facilities were not
available to make full scale measurements.
However, 1if good capture gamma spectra could
be obtained on small samples in a reasonable
counting time, better counting statistics
could be obtained on the larger samples. For
this reason measurements were made on about
500-1000 gram samples in a simulated holding
tank.,

The ?52¢f neutron source used for this
work was double encapsulated in stainless
steel and had a yield of 3 x 108 neutrons
per second (120 ug). The source, inserted
in the end of a phenolic rod, was placed in
and near one side of a 19 x 22 x 26 inch
plastic tank f£illed with water (see ref. 10
for details). A plastic petri dish contain-
ing the sample was placed outside of the
tank just opposite the source. Thus, the
samples could be conveniently changed without
immersion in the water. A 30 cmd Ge(Li)
detector with suitable boron and lead shield-
ing was placed on the opposite side of the
water tank, This arrangement simulated the
detector cutside a holding tank and the gamma
ray emission penetrating 33 inches (width of
water tank plus paraffin shield) of slurry
and shield. In spite of the unfavorable
counting conditions relatively good spectra
were obtained in 100-200 minutes.

It would be helpful to make a calcula~
tion of the results which might be expected
from an arrvangement such as shown in Figure
1, but this is not possible because the
neutron flux decreases rapidly with sample
thickness and the mean flux is unknown.
However, from experimental data on small
samples it is possible to get some approxi-
mate figures by making some assumptions.
Consider a holding tank about the same
dimensions of the plastic laboratory tank
and containing an ore slurry with a volume
ratio of ore-to-water of 0.5. Assume a
marginal nickel ore of about 1 percent nickel
with a density of 200 lbs/cu. ft. The
approximately 6 cu. ft. tank will, therefore,
contain about 2 cu. ft. or 400 1bs. of ore at
any one time assuming a homogeneous flow of
slurry through the tank. In the laboratory,
under similar, but not exactly the same
conditions, 2-3 1lbs., samples of one percent
nickel ore gave 20.4 counts per 1lb. in the
7.98 MeV nickel peak in one hour which would
be equivalent to be 8170 counts per hour for
a 400-1b, sample in a holding tank. Should
the ore grade change from 1 percent nickel
to 0,9 percent the counts in the same time
would drop to 7350, a change which could be
used to give a semiquantitative analysis of
the change in grade. Depending on the
particular problem and the required resolution
the irradiation=-counting time could conceiv-
ably be shortened to several minutes by using
multiple detectors, large plastic or Nal(T%)
scintillators, etc.
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METALLURGICAL PROCESSES AND RESULTS
IRON

Iron, because of the immense production
of steel, is handled in large quantities from
crude iron ores and process streams to finally
fabricated shapes, Although much ore is high
enough in grade for blast furnace use direc=-
tly, recently lower grades have been enriched
near the mines for shipment and use., The
taconite operations of Minnescta are an
example where an ore is mined, crushed,
enriched by electromagnetic separation, and
the iron concentrate compacted into pellets
at the mine site for shipment (11). At the
steel mills, the ore is reduced in a blast
furnace, and steel is made in an open hearth,
Bessemer, or electric furnace. In all these
operations it is necessary to know the amount
of iron and certain impurity concentrations.

On-line determination of iron by neutron
activation and a delaved gamma ray spectrum
analysis is not feasible because of the lack
of suitable decay products. The thermal
neutron reactions for iron are:

54Fe (n,v) 55Fe 207y 55n
Electron Capture {Stable)

56Fe(n,y)57Fe (Stable)
57Fe(n,y) e {Stable)

58Fe(n,y)SgFe __.7§¥¥%~_—5 5900 (Stable)
2

Both °%Fe and °%Fe have half lives which are
too long for practical application. However,
as previously indicated, iron is easily detec-
ted by neutron capture gamma ray analysis.
Figure 2 shows the capture gamma ray spectrum
of Fes03. Note the three peak sequence; 7.64
MeV = full peak, 7.13 MeV = single escape,
and the relatively large 6,62 MeV - double
escape peak. These peaks are actually doublets
and are the most prominent sequence in the
iron spectra. The 6,62 MeV peak is the most
prominent peak for nominal size Ge(Li) detec-
tors. If the ore contains substantial
quantities of aluminum or cobalt some inter-
ference may be experienced from their capture
gamma rays at 6.7 MeV. In this case one of
the other iron peaks can be used, At the
lower energies, the double escape peaks of
6,26 MeV, 5.00 MeV, and 4.90 MeV ave also
prominent. The 5.12 MeV energy line is a
combination of the escape peaks of chromium
and probably oxygen. The chromium peak is
presumed to stem from the chromium of the

stainless steel capsule.

Typically taconite ore may be 327 iron,
and the shipped pellets 63% iron (11). A
spectrum from crude taconite and the magne-
tite concentrate is shown in Figures 3 and
4. A correlation of the taconite and magne=-
tite analyses and those of synthetic mixtures
of Fey03 and sand are shown in Figure 5 for
the three most prominent lines., The linear=-
ity suggests an obvious application to on—
line analysis of iron process streams. In
addition, there are many other products in
the steel mills, particularly where silica,
alumina, and later lime are added to the
melt, which are amenable to process control
by a neutron capture gamma ray method,

COPPER

The mining of copper ores is one of the
largest operations in the United States. 1In
1968 the U. S. produced about 170 million
short tons of ore averaging about 0.6% Cu,
which was about a fifth of the worlds produc-
tion (12).

Typically the mined copper ore is initi-
ally handled in much the same manner as the
iron ore, The process streams are solid
chunks of rock in trucks or rail cars,
crushed materials on belts or in bins, water
slurries or pulps, molten metals and slags,
water solutions, and again flue gas streams
of wastes, The flotation concentrates are
typically from 20 to 30% copper, the smelter
matte from 30 to 457 copper, and the conver=-
ter product 98% copper (13). The converter
slag might analyze 27 copper and 477% ivon
oxide (1l4). A copper electrolyte in the
electrolytic refining might contain 30 to 50
g of copper per liter (15). Copper in these
concentrations is easily analyzed either by
thermal or fast neutrons. The thermal neutron
reactions are ©3Cu(n,y)®“Cu and ©5Cu(n,v)8bcCu,
neither of which is as sensitive as the fast
neutron reaction °®Cu(n,2n)®?Cu (l6). Rhodes
(1) using 14 MeV neutronms from an accelerator
and the latter fast neutron reaction made
some tests in a process pilot plant. However,
as he points out a 15 minute delay time was
needed to allow the decay of the 28A1 formed
from the silicon in the ore. More recently
Dibbs (16) using the same reaction has noted
zinc to be a significant source of interfer-
ence., As an alternative to these methods the
neutron capture gamma ray technique may be
used., Although some interference may be
expected, this method appears particularly
promising.
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Figure 6 shows the prompt gamma ray
spectrum of copper in Cu0., The full, single,
and double escape peaks at 7.91 MeV, 7.40 MeV,
and 6.89 MeV, respectively, are the most
sensitive for copper (EQ. The strong double
escape peak at 6.62 MeV is close to an intense
iron peak and is not recommended for analyti-
cal purposes. The only peaks due to other
elements which occur within 15 keV (the typi-
cal resolution of a 30 em? Ge(Li) detector)
of the 6.89 MeV copper line are the full peaks
of cobalt and chromium. Of these only the
cobalt peak has a significant sensitivity and
this element does not generally occur in
copper ores. The capture gamma ray method,
therefore, appears to be a feasible method
to make on-line analyses in process streams
involved in the copper metallurgical process,
Test analyses of copper in various ores such
as from Ducktown, Tennesse, have been success-
fully made in the laboratory on 500 g samples
(Figure 7) and could easily be repeated on
much larger samples such as in a holding tank
in a process stream in a wmill. As shown, the
analysis was satisfactory for an industrial
process.

NICKEL

Nickel production in the world is also
large and about half of the output is from
Canada (12). At Sudbury, Ontario, the ore is
beneficated by flotation from about 17 Ni and
1% Cu and smelted to a nickel concentrate of
73% Ni and 6% Cu. Further metallurgy and

electrolytic refining gives a 99.9% Ni product.

Nickel, like iron, is not easy to analysze
by a delayed gamma ray method using short
irradistion periods and a low neutron flux.
The thermal neutron reactions for nickel are:

3 59

58Ni(n,"{ )59Ni 8 x 10%y N Co

1 Electron Capture’ (Stable)
80Ni(n,y )°INi (Stable)

1
61Ni(n,y1)62Ni (Stable)

63

62Ni(n,y )63Ni 92y N ®°Cu

1 g (Stable)
64N4 (n,y )65Ni 2.56h , ©3Cu (Stable)

1 8-’Y2

The activation products are stable or
long lived with the exception of °°Ni, How-
ever, because of the low abundance of the
parent the yield of this radionuclide is not
high and hence, the sensitivity is poor.

The neutron capture gamma ray yield for
nickel on the other hand is very good. As
shown in the prompt gamma spectra of Figure

8 for pure nickel, there are a multiplicity
of rather intense lines., The single, and
double escape peaks at 8.49 MeV, and 7.98 MeV
are the most prominent. Senftle et al (17)
have demonstrated the use of the 7.98 MeV line
for nickel analyses of ores. Chromium, which
has a single escape peak at 8.00 and 7.97 MeV
could offer some interference if the chromium
content of the ore was high. In this case it
would be more judicious to choose one or more
of the other strong lines in the nickel spec~-
trum for on~-line analysis. The linearity
with nickel content is shown in Figure 9 for
two lines. The analysis of a typical ore
(Thompson, Manitoba) agreed satisfactorily
with the chemical analysis,

OTHER ORES AND APPLICATIONS

The neutron capture gamma ray method is
not limited to iron, copper, and nickel ores.
As pointed out by Duffey et al (6) all the
transition elements, e.g. titanium, vanadium,
chromium, manganese, and cobalt, have intense
lines in the prompt gamma ray spectra. In
addition, gold, mercury, chlorine, and
ytterbium are also very sensitive,

Other elements have moderately intense
lines, e.g. aluminium, sodium, silicon,
sulphur, potassium, zinc, arsenic, and silver,
Some of these may be of importance in process
control in other industries such as silica
and alumina in the ceramics of concrete indus-
£Yy.

PRACTICAL APPLICATION

The specifications of any neutron capture
gamma ray device must be dictated by the type
of sample and process stream to which it is
applied. However, some broad principles can
be given which may help in the design of such
a device for plant operation.

1. As the neutron emission from a “°2CF

source is isotropic, the source should
be located within the stream, i.e.,
surrounded by an aqueous solution,
suspension of solids, or dry pulp.

2. The average energy of the neutrons
from 2°2Cf is 2.3 MeV. If the process
stream material is dry, the neutrons,
which must be moderated to near-
thermal energies before capture, must
travel a foot or more before maximum
moderation is achieved., Beyond the
point of maximum moderation the near-
thermal flux is controlled by the fast
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component and drops off exponentially.
At a distance of about 30 inches or
more from the source the thermal flux
will be attenuated to several orders
of magnitude below the source strength.
Thus for dry material a large sample
extending over 30 inches on all sides
of the source is recommended. '

If the process stream material is
damp or an aqueous slurry, the appro-
priate sample size will be smaller
depending on the water content. For
instance, in water the maximum occurs

industring,
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Figure 1 - Relative arrangement of source and detector with respect

to the process stream in a possible industrial situation.
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FAST PROCESS MEASUREMENT FOR MANGANESE
IN STEELS BY NEUTRON ACTIVATION ANALYSIS

Steven J. Aron, Jr.

Republic Steel Corporation
Electromechanical Research Center
Nucleonics Division

Cleveland, Ohio

A 1120.9 microgram source of californium-252, emitting 2.6 x 10° neutrons per

second, was used for neutron activation analysis of manganese in steals.

With the aid of specially made steels limiting curves were developed to define the
limit of matrix effect errors inherent in the analysis. By means of these limiting curves
it is possible to determine the concentration of manganese in either high or low alloy
steels with an accuracy of 3% of the actual content.

Low alloy bar stock and basic oxygen furnace samples were analyzed using standards
as time bases. This method greatly simplifies the manganese measurement. In the case of
the basic oxygen furnace steels obtained from molds, the neutron activation method is
demonstrated to be a fast and accurate process measurement tool. The accuracy of the
method is comparable to present analytical techniques and is accomplished in approxi-

mately 2 minutes.

INTRODUCTION

With the great emphasis on fast, pro-
ductive steelmaking furnace operations has
come the need for increasingly faster ways
of analyzing steels prior to tapping. Con-
ventional methods take five to ten minutes.
This includes taking the sample and prepar-
ing it for analysis. The use of 1 milligran
of C£f-252, on loan from the U.S.A.E.C., has
been considered for rapid nuclear activation
analysis of steel samples from the furnace,
This report covers work recently conducted
for analyzing manganese content of samples.
It outlines the various theoretical consider-
ations relating to interferences, matrix ef-
fects, limiting curves, and time independent
activation analysis. Experimental work with
steel samples is also described, with results
nresented to show the utility and accuracy of
high strength Californium-252 sources for
rapid activation analysis of manganese in
steels.

THEORY
NUCLEAR REACTION
Analysis for manganese in steels is ac-

complished by means of the fellowing nuclear
reaction:

-
Mns“) (n, ) I»‘nS()

. 56 )
Where 'Mn” " decays according to the scheme
shown in Figure 1 (1).

INTERFERENCES

The following reaction produces an in-
terference in the determination of manganese:

56 5
Fe’”(n,p) 'n 6.

The threshold energy for this reaction is
2.95 Mev (2). This is an important inter-
ference since it determines the lower con-
centration limit for the analysis of man-
ganese in steels as described in this report.
No attempt 1s made to correct for this effect
by using a cadmium difference method since a
fast and simple determination is our primary
objective. Fortunately, this interference
has been found to be much smaller when em-
ploying a Cf-252 neutron source compared to
other conventional isotopic sources since
C£-252 has a lower average neutron energy (3).
For the concentration range of interest (0.3
- 10.0% manganese) the error introduced by
this reaction is less than the statistical
error encountered in the analysis.

Other elements which were found to be
of importance are copper and aluminum. By
means of the yeactions,
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Cuéo(n,v') Cu66; T 5.4 min.

8

&

and

A127(n,3 3 A128; T, = 2.3 min.

1
]

these elements can produce radiations which
add to the background of the 0.85 Mev man-
ganese photopeak. When present in normal
amounts (£ 0.05% Cu and £0.05% Al), they
do not significantly affect the analysis
for manganese. Simple electronic checks
can be provided in a gaging system to as-
certain if these elements are present in
larger amounts. If this is found to be the
case, then corrections can be made to obtain
an accurate manganese measurement.

MATRIX EFFECTS AND LIMITING CURVES

Matrix effects can seriously affect
the overall accuracy of any manganese anal-
ysis by neutron activation. In order to de-
termine the magnitude of these effects the
following two sets of steel samples were
specially made and are referred to in this
report as the limiting steels:

1. 0-10% Mn (in 1% increments);
90-100% Fe (Low Alloy)

2. 30% Cr; 0-10% Ma (in 1% increments);
30-40% Fe; 30% Ni (High Alloy).

These steels were chosen based upon a
mathematical study of the neutron activation
problem. The main considerations were the
thermal neutron absorption cross sections

of chromium, manganese, iron, and nickel (4).

By performing a neutron activation analysis
for manganesec using the samples in the above
listed steels, it was possible to generate
what is rveferred to in this report as limit-
ing curves, These curves were developed
separately for two activation positions from
the Cf-252 source to investigate matrix er-
rors with average neutron energy. The first
position was at 10 inches from the source
and the second at one inch from the source.
It is estimated that essentially all steels
should fall between the limiting curves and
thus the maximum matrix error is specified
by them.

TIME INDEPENDENT ACTIVATION ANALYSIS

Since it was desired to make the man-
ganese determination in about two minutes,

it was unecessary to monitor the activation
and waiting times of the sample very accu-
rately. This was accomplished by using
standards as time bases. The standards used
were wafers of quick mount material suffic-
iently doped with pure manganese powder to
act as a statistically accurate measure of
the activation and waiting times of the sam-
ple. To serve as time bases, the standards
were activated simultanecusly with the sam-
ples. In order to show the time indepen-
dence of this method the following simple
and non-rvigorous derivation is given.

It is well known in activation methods
that the number of gamma ray emissions psa

that result after thermal neutron activation
of a sample for a time ts waiting for a

time tw, and counting for a time tc, is (5):

255 gy (1o aye M oMey (1)

sa act "o sa
A

the thermal neutron macro-

sa
where Eac
scopic cross section

t

éo = the thermal neutron flux
Vsa = the volume of the sample
A = the disintegration constant.
{(Note: ta, tw’ and tc are the same for the

standard and the sample.)
Rewriting equation (1) for the standard and

dividing into the above equation for the
sample, one obtains:

s5a

Psa _ Fact Vsa (2)
P Est ,
st act st

This equation readily reduces to the follow-

ing,
CNn = constant x Relative Count (3)
. P
where Relative Count = 34
P
st

and Cﬁn = concentration of manganese.
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Equation (3) shows that the concentration
of manganese as determined by this method
is time independent. Moreover, it states
that a linear relationship should exist be-
tween manganese concentration and the rela-
tive count. For the range of 0.3 - 2% man-
ganese this is verified and is presented in
the experimental results,

EXPERIMENT
STEEL SAMPLES

There were three sets of steel samples
analyzed in this study. The first set of
steel samples, previously mentioned, were
used to generate the limiting curves to in-
vestigate matrix effects. The second set
of steel samples were machined from low al-
loy bar stock material. The last set con-
sisted of steel samples obtained from molds
by sampling various heats from a basic oxy-
gen furnace. All samples had the configura-
tion of right circular cylinders with a dia-
meter of 2 inches and a length of 1.5 in-
ches. These dimensions were chosen for the
following reasons.

1. It was desired to make the activity
measurement as insensitive to length
as possible to minimize sample pre-
paration (6).

2. Standard Nal (T1) crystals with 2
inches diameter weve readily avail-
able.

3. The same samples could later be used
to investigate manganese in steels
using the X-ray fluorescence method
of selective excitation (7).

NEUTRON ACTIVATION AND COUNTING

A standard and a steel sample were
placed together in a holder and lowered into
the neutron moderator assembly (see Fig. 2)
at a distance of one inch from the Cf-252
source. The activation time was held to
approximately 1 minute %15 seconds. Be-
cause standards were used as time bases, it
was not necessary to know the exact times.
After vemoving the sample from the moderator
the waiting time varied anywhere from 20
seconds to several minutes. Again, it was
not necessary to monitor the waiting times
when standards are used. Dual counting
chambers were not available at the time,

theyefore, the activity of the sample was
first measured for 1 minute in a lead en-
closed counting chamber as seen in Figure 3.
Immediately after counting the sample, the
standard was counted for an equal length of
time. This sequential counting of standard
and sample introduced a constant counting
error of 0.4%. Thus it did not affect the
overall accuracy of the analysis. In prac-
tice, a dual counting chamber will be used
with the scaler of the standard set at a
preset count to provide a stop signal for
the sample scaler. In this way the standard
serves as a time base and provides for auto-
matic division to obtain the relative count.
The relative count was determined in this
report by dividing the 0.85 Mev manganese
photopeak count of the sample by the gross
count of the standard. Once the relative
count is known, the concentration of man-
ganese is easily found by either a simple
equation, graph, or an analog voltage.

A block diagram of the detector and as-
sociated electronics is shown in Figure 4.

DATA AND RESULTS

The data and results for the limiting
steel samples activated at a distance of 10
inches from the source are given in Table 1.
For the same samples activated at 1 inch
from the source the data and results are
nresented in Table II. Both sets of data
are seen graphically in Figurcs 5 and 6.

Data and results for the bar stock and
basic oxygen furnace samples activated at 1
inch from the source are found in Table III.
Using the accurately known manganese con-
centrations of the 1% and 2% samples and
repetitive measurements, a least squares fit
for the data of Table V was obtained. This
is shown in Figure 7.

DISCUSSION OF RESULTS
HIGH AND LOW ALLOY LIMITING STELLS

Figure 5 shows that the matrix errors
present in the activation analysis of high
and low alloy steels at 10 inches from the
source are 8% of the manganese concentra-
tion. By activating the same samples at 1
inch from the source the matrix errors are
reduced to %3% of the manganese content as
seen in Figure 6. This reduced error re-
sults from irradiation with higher average
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energy neutrons at the 1 inch position and
the smaller variation of the elements' neu-
tron cross sections at the higher energy.
For a steel of unknown composition, there-
fore, matrix errors will limit the accuracy
of the analysis to #3% of the manganese con-
centration.

LOW ALLOY BAR STOCK AND BASIC OXYGEN FURNACE
STEELS

The least squares fit to measurements
of accurately known low alloy limiting
steels vields the following equation:

C 0 = Relative Count - 0.052

' (43

where CMn is the manganese concentration in

per cent, Equation (4) is used together
with the data of Table III to determine the
manganese concentrations of the low alloy
bar stock and basic oxygen furnace steels.
Table III shows the important result that
the manganese concentrations obtained by
neutron activation techniques differ from
those found by conventional methods by ap-
proximately *0.02% manganese in the range
0.3% - 2.0%.

MEASUREMENT ERRORS
There are three principal sources of
measurenent error:

1. the Fe56(n,p) Mn56 interference

reaction;

13
.

the statistical error present in any
nuclear measurement; and

3. the electronic system error.

It has bLeen noted from previous work
(3) that the iron interference reaction pro-
duces a manganese percentage error of ap-
proximately +0.01%. This was true for man-

1.

4,

2,

ganese concentrations in the range of 0 - 2%. 6

Experimentally, the maximum statistical
error at the 95% confidence level is £ £3%
of the manganese content. This error de-
creases as the manganese concentration in-
creases beyond 0.3%. Typically, the statis-
tical error is = %0.02% manganese,

The electronic system error is estimat-
ed to be less than #0.01% manganese.
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CONCLUSIONS

A one milligram Californium-252 source
can be used for activation analysis of
manganese in steels and matrix effect
ervors can be minimized by a suitable
choice of sample irradiation position.

In samples of unknown alloy content man-
ganese can be determined to an accuracy
of #3% of the concentration.

For low alloy bar stock and basic oxygen
furnace steels, a 2 minute activation
analysis is accurate to #0.02% manganese.

The neutron activation analysis of man-
ganese in steels is a fast and accurate
process measurement tool comparable to

present analytical techniques.
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TABLE I
LIMITING STEELS ACTIVATED AT 10 INCHES FROM THE SOURCE

Sample Relative Count 9bManganese x
{Normalized)

$=3l0 0.005 0
8-357 1.102 1.0
5-358 1.963 2.0
$=359 3.037 3.0
5=360 3.860 4,0
$=361 4,623 4.8
=362 5.531 5.8
S=363 6,256 6.7
5-364 7.234 8.1
5=365 7 .900 9.0
§-366 8,764 10,1
3-368 G,005 Q
8-369 0,896 0.5
5370 1.825 z.1
$-371 2.575 3.0
8=372 3.476 4.1
S-373 §.27¢ 5.1
35=374 4,805 6.1
8=375 5,681 7.1
5-376 6.396 8.3
5-377 6,980 9.2
5-378 7.560 10.2

# Wet Chemical Analysis
MNote: S8-356 < 8-366 are Mn, Fe Binary Samples
5=368 - S=378 are Cr, Mn, Fe, Ni Samples
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LIMITING STEELS ACTIVATED AT 1

Sample

TABLE I

Relative Count
(Normalized)
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S=357 -8-366 are Mn, Fe Binary Samples
S-369 «3-378 are Mn, Fe, Ni, Cr Samples




TABLE IX

RESULTS OF NEUTRON ACTIVATION ANALYSIS

OF MANGANESE IN LOW ALLOY STEELS

SAMPLE RELATIVE C
COUNT
$-418 0,371
S-413 0.396
$-396 0,458
$-350 0,510
5-406 0,564
S=427 0,734
8-391 0.797
8-386 0.348
8-389 0.983
5=395 0.971
5-385 1.095
s-h25 1,292
S-412 1,404
$-394 1.5%65
8-426 1.695
8415 0.730

e (%)

wNAA
0,32

0.34
0,41
0.46
0.51
0.68
0.74
0.80
0.93
0.92
1,04
1.14
1.35
1.51
1.64
0.68

# Neutron actlivatlion analysis

Cm

%)

.1
0.32

0,36
0.39
0.48
0.50
6.67
0.74
0.80
0.94
0.90
1.03
1.1z
1.34
1.52

1.63
0.70

DEVIATION

@)

O
=0
0
=0

-0

-0

#¥Determined by wel chemlstry, emission spectroscopy,

and/opr X-ray flourescence analysis

IV-36

02
.01
.02
.01
01

.01
.02
01
02
01
01
.01
.02




56

Mr2% (2.58 he.) o
W\\\
WL ma 0:3301.28)
N
v N >a 0.85(12.28)
A S 1L 0M(20.u%)
\
' 2.52
2.10 )
Y 2.85(66.2%) 3 (1.2%)
\ 1.81 {12%)
\ 2om) 258y 2.0 23
\ ) {0.2%) .
Y
\ L
0.85
(99%) }

FGSB

FIG.1 MANGANESE-56 DECAY SCHEME

Lead Brick\\

Slit For

Wires e 0 0]

Nal{TI
Detector

-

3.70
3.37

2.95
2.66

)

0.00

127207

TOP VIEW

20"

Lead Top _h-ifi

Steel

Cover

Steel

Sample

Steel
Sheet

Detector -

Retainer
]

Detector

Ortec
/

Base
i

!
I
]

206"

SIDE VIEW

FIG. 3 COUNTING CHAMBER

Top View

]

Quter
Thn(\

Semple—=
Tube

Inner -
Tank

v

O T

_/

- 7
- 12.6 %7 5

Concret

Biock

Sompk—\\l\

Cf-252—

i 7757
]Il
Y . J P

16,5
\ i 7
' ]

2

2857 g 5w
A | o RN, R
Side View

FIC.2 NEUTRON MODERATOR ASSEMBLY

1v-37




Single
v Channel Scaler
s s g
Supply Avnalyzer { M)
{Mn)
phetomutiplier Base
Preomp > Amp (s Line | Timer
Mol (ﬂ) Base Restorer
Single 1
Prea
p:,w::P || Channel || S(:T
Suppt Analyzer GC
PRy lecl

FiG4 BLOCK DIAGRAM OF ELECTRONICS

Relative 9Ct:aunt

O~ #n, Fe Binary System
O - Cr’Mn' Fe, Ni "

1 2 34 5 6 7 8 9 10

% Manganese(wet analysis)

FIG. 5 ACTIVATION OF LIMITING STEELS (10 INCHES)

Iv-38




Relative Count

LI~ #n, fe Binory System
Q- Cr Ma, Fe, Ni "

1793 4 5 6 7 8 ¢ 0

% Manganese(wet analysis)

FIG 6 ACTIVATION OF LIMITING STEELS ¢ 1 INCH

Relative Count

2

18

|2

12

0

2 4 b 2 1.0 1.2 14 1&
% Monganese (wet analysis)

FIG.7 ACTIVATION OF LOW ALLOY STEELS

1v-39

1.8

28




A PROMPT GAMMA-RAY COAL ANALYSIS SYSTEM

Daniel R. Parsignault, Henry H. Wilson, and R. Mineski

American Science and Engineering
Cambridge, Massachusetts

S. L. Blatt

Department of Physics
Ohio State University
Columbus, Chio

A system designed to measure the prompt y-rays produced by the interaction of

thermalized neutrons from a

californium-252 source with the constituents of coal is

described. The system operates at a total counting rate of 1 Megahertz, with an energy

resolution of ~5% at 5 Mev.

Such high counting rates allow for the determination of the

sulfur content of coal with an error of less than 2%, in a few minutes. To obtain this accu-
racy in this short time period, a Nal{T1) detector surrounded by a plastic anti-Compton
shield together with a sophisticated electronic system rejecting pile-up events is used. The
“yspectra are collected in a mini-computer which analyzes them, while monitoring and
adjusting the system continuously.

INTRODUCTION

The determination of the sulfur in metal-
lurgical coal has been done, up to now, bv a
wet chemical analysis method. This method
requires an elaborate sampling technique, in-
volving tedious sample preparations and
chemical analysis. Furthermore, such a
technique is time consuming, necessitating
up to 24 hours for the results to be known.

It has been recognized for sometime that an-
other technigue, the prompt activation analy~
sis technique, should be most advantageous
in coal analysis. However, up until recently
the full advantage of this method of analysis
could not be used due to limits in the nuclear
technology. With the advent of fast elec~
tronics, better y-ray detectors, and mini-
computers, this technique can now be ex-
ploited to its full advantage. Its advantages
over the chemical analysis method are speed,
large sample sizes, high reliability and ac-
curacy, and it can be incorporated in an
automated processing scheme. In this paper
we describe such a system which is presently
being tested in the laboratory and will be
installed and tested in an actual plant in the
near future,
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THE (n, y) REACTION

The irradiation of matter with neutrons
generally results in the radiative capture of
the low energy neutrons {thermal neutrons).

A thermal neutron incident on a nucleus of
mass My produces a nucleus of mass M

in & highly excited state. This excited
nucleus will then decay through one of the
three possible channels: charged particle
emission, eleciromagnetic radiation emission,
or fission. In the case of the very light
elements (A < 20), the emission of a charged
particle is preponderant. For the very heavy
elements (A > 200), the fission process com~-
petes very favorably with the y-ray emission.
However, in most other instances the charged
particle emission or the fission process is
energetically forbidden or greatly retarded by
the Coulomb barrier, and the principal mode
of decay is the emission of one or several
y=-radiations.

The energy balance for such a radiative
capture reaction is:

En+Mn+MA=MA+1+(Q+En)

where En = initial neutron energy

Q

energy of the reaction (for most
isotopes between 2 and 12 MeV).




@

In a time of the order of 10~14 sec, the
energy Q is dissipated (except for the small
nucleus recoil energy) in a single or several
electromagnetic radiations as the nucleus
MA+1 returns to its ground state, or to a long-
lived isomeric state.

In most of the light elements (A < 100),
the vy-ray specira are relatively simple, and
the presence of a given isotope can be im-
plied by identification of its characteristic
signature; i. e., the presence of one or sev-
eral characteristic y-rays of well defined
energy. Several compllations of thermal
neutron-capture y-ray spectra for most ele-
ments are available (1, 2), the most recent
having been made by Rasmussen et al. (3)
and by Duffey et al. (4).

MEASUREMENT OF THE SULFUR CONTENT OF
COAL

The mode of interaction between thermal
neutrons and nuclei discussed briefly in the
proceeding section can be used, in principle,
to perform an analysis of the constituents of
a given bulk material. The sample is bom~
barded by a flux of neutrons, and the re-
sulting y-ray spectrum is recorded. Each
element will emit one or several y-rays which
are peculiar to that element. By knowing the
cross=sections for the nuclear interaction
process with the different elements (i. e.,
the probabilities of interaction), and the
efficiency of detection of the y-rays, the
percentages of each of the elements making
up the bulk material can be determined to very
high accuracy. The precision of the analysis
depends only on the number of counts obtained
for each typical y-ray, and the precision to
which the cross-sections are known.

The great possibilities of such a method
of analvsis have long been recognized, and
actual experiments demonstrating its feasi-
bility have been performed {e.g., Stewart
(5}). However, because of physical con-
straints in the available detectors and nuclea
electronics, which limited the maximum
counting rates and energy resolution, the
method had been limited until now to sample
analvsis which require long measurement
periods. In order to take full advantage of

the technique, one must have the capability
to perform a rapid analvsis of a large sample
(typical: 1 -2 tons).

In the rapid measurement of neutron=-
capture radiations for the determination of
the amount of sulfur present in coal, large
numbers of y-rays in the energy range 3 -6
MeV must be detected over a relatively short
period of time, in the presence of an intense
background of neutrons. These conditions
dictate the need for a detection system capa-
bly of good energy resolution (better than 5%)
at very high total counting rates (total count-
ing rates > 1 MHz). The system proposed
here is designed to meet these requirements
through the following general approaches:

1. The basic detector type and geomeliry
are selected to provide a monoener-
getic y~ray response which has a
high proportion of the counts in a
single, narrow peak. Such a re-~
sponse reduces the total number of
counts needed for a given accuracy
of analysisg, thereby permitting
lower basic counting rates.

2. The number of pulses which are dig~
torted due to pileup is reduced
drastically by the use of fast elec-
tronics. This allows total counting
rates up to about 1 MHz while pre-
serving the basic resolution provided
by the detector.

3. Losses due to analog-to-digital con-
version dead-times are minimized
by requiring analvsis of only the
undistorted pulses in the energy
range of interest,

DESCRIPTION OF THE SYSTEM

The proposed system incorporates 3
separate units: a neulron source, a y-ray
detector and an electronic processing unit,
During the laboratory testing of the svystem,
the neutron source is located at the geo-~
meirical center of a 500 1b. barrel of coal.
When installed in a coal processing plant,
the neutron source will be located in the
middle of the coal bin, and the detector in
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close proximity to it. The elscironics pro-
cessing the output signals from the y-ray de-
tectors can be located away from the deiecia
by as much as 150 feet.

THE NEUTRON SOURCE

In using prompt (n, y) reactions as the
method of analysis of bulk materials, one
does not need the high neutron fluxes neces-
sary in the conventional activation analysis
method. Such low neutron fluxes do not
produce any appreciable radioactivity in the
irradiated material, and thus allow it to be
industrially processed after iis irradiation.

In this particular application, we use a
12pg 252Cf radioactive source for laboratory
purposes, and we plan to use a 300ug 25201’
source in the field. This relatively stronger
source will allow for a typical measurement
on the sulfur content of coal to be made in a
few minutes (typically, 5 minutes) and with
an error of less than 2%.

THE DETECTOR

A schematic diagram of the detector as-
sembly is shown in Figure 1. It consists of
a central detector, an active shield, and a
pass ive shield.

BIN WALL

252 Ct neutron source
;

~PARAFFIN AND BORAL)

Figure 1. Source=Detector
Configuration {Not to Scale)
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The central detector consists of a 5" x 6"
Nal (T2} crystal optically coupled to a 5"
fast, high~gain photomultiplier tube. The
intrinsic energy resolution of this detection
sygtem is better than 5% at 5 MeV.

The active shield is a plastic cylinder
16" x 16", almost surrounding the central
detector. Thig shield is further enclosed
in an Al cylinder to make the system light-
tight. Four PM tubes, having similar
characteristics as the central PM, are used
to view the events in the plastic detector.

The passive shield consists of a Pb
ring 5" thick in the front, and ~1” of Pb on
the sides. A 1/8" thick Boral {(Boron car-
bide with Al) surrounds the whole system.
Furthermore, Boral is used between the plas-
tic shield and the Na (T4) crystal. Work is
presently in progress o optimize this pas-
sive shielding.

THE ELECTRONIC SYSTEM

The block diagram of the elecironics
unit is shown in Figure 2. Linear pulses
from the central Nal (T{) detector are applied
to three channels: A, B, and C. Channel A
performs a rough pulse height selections,
discriminating against events below a cer-
tain threshold. The output of this channel
triggers a pulse generator which opens a
linear gate in Channel C which in turn pre-
sents the shortened detector pulses to the
PHA for analysis. The function of Channel
B is to detect pilup conditions for time in-
tervals less than 200 ns. The discriminator
passes all pulses, down to the lowest level
which could cause pileup distortion, to the
pileup gate. The pileup gate produced a
veto command, to inhibit an output from
Channel A, when it detects the occurrence
of successive pulses within a 200 ns time
interval. Channel A cutput signals are also
inhibited when a pulse is received from one
of the detectors coupled to the plastic scin-
tillator shield. The function of the plastic
shield is to detect y-rays which have inter-
acted by the Compton process with the NaTl
crystal, and the 511 KeV annihilation vy-ray
radiations. Thus, the linear gate in Channel
C is opened to accept valid signals only
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FPigure 2. Elecironics Block Diagram

after it has been established that there is no
pileup (below 200 ns), and that the detector
pulse is not coincident with a signal from the
plastic shield. Channel C utilizes fast elec-
tronics and a pulse-shortening technigue to
prevent the occurrence of pileup for time in-
tervals down to 200 ns.

In this linear branch of the circuit, a
filter network is used to shorten the pulses
to about 100 ns at the baseline, while pre~
serving the linearity of the total pulse area.

Figure 3 shows input and output wave-
forms for a typical matched filter. In Figure
3a the decay time constant of the output sig-
nal is approximately 200 ns. By proper mod-
ification of the circuit parameters a baseline
width of 100 ns is readily achieved. TFigure
3b illustrates the effectiveness of this cir-
cuit in eliminating pileup at the output for
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the case of two input pulses spaced 200 ns
apart.

With the high gain photomultipliers
employed, there ig enough information in
the first 100 ns of the anode pulse to obtain
excellent resolution in the 5-MeV region,
The shortened linear pulses reduce the time-~
region within which pileup could occur from
about 4 ps (with conventional processing)
down to 200 ns., The fast linear gale assures
that interferring pulses arriving beyond the
200 ns time window do not get through to the
stretcher, where the pulses are integrated
and shaped to the pulse-height analyzer
requirements.

PRELIMINARY RESULTS

Figure 4 shows a typical specirum taken




O.5v/em

&
g
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Figure 3. Maiched Filter Response
\ 252 7
witha 12 pg Cf source {2.8x10 neutrons/

sec) irradiating a 500 lb. sample of coal ob
tained through the courtesy of the U. S. Steel
Corporation, from its Robena Slope Facility
coal processing plant. Since such a neutron
source resulis in & counting rate at the de-
tector of approximately 60~70 KHz, a 1 MH=z
total counting rate was obtained byplacing in
close proximity to the Nal detector, a 1 mc
60co source.

Only the energy region of interest, bet-
ween ~4 MeV and 7. 8 MeV, is shown in
Figure 4. The main peaks corresponding to
the (n, y) reactions with the different ele-
ments comprising the coal are indicated in
the figure together with an energy calibration
curve corresponding to these peaks. A high
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resolution energy spectrum, obtained with a
Ge (Li) detector confirmed these peak assign~
ments.

A note concerning the 6. 8 MeV vy-ray
peak: in the particular run when these data
were taken, the Boral sheet surrounding the
detector had been removed. Thus, slow
neutrons were allowed to interact with the
Nal {T£) crystal. This broad peak at 6. 8
MeV correspond to the absorption of the total
binding energy of the last neutron in Na
{6. 96 MeV), 1(6. 3 MeV} and TL (6. 64 MeV).

The percentage of sulfur contained in
the coal sample can be determined from the
area under the photopeak of sulfur, at 5. 42
MeV, after the Compion background and the
small Cl peak at 5. 72 MeV has been sub-
tracted,

Since for a 5" x 6" Nal (T4} crystal, the
first escape peak intensity of 5 MeV vy-rays
is about 80% of the full energy peak inten-
sity, it would seem then a large amount of
information is lost by the use of an anti-
Compton shield, which eliminates it -
from the spectrum. However, the intensity
of the first escape peak of S alone can be
obtained from the "coincidence” spectrum, .
i, e., the specirum recorded in the Nal de-
tector which is in coincidence with events
in the plastic shield. In such a spectrum,
only first and second escape peaks plus the
Compton y-rays distribution appears. This
Yooincidence” spectrum is taken simultane-
ously with the normal “anti ~coincidence”
spectrum, and each one of the specira is
stored in different blocks of the on-line
computer memory.

Finally, we would like to point out sev-
eral problems which are being solved at
present. The first problem is a change in
the coal bulk density which could introduce
apparent changes in the sulfur peak intensity.
The bulk density of the volume being sampled
can be monitored by a radioactive source
placed on one side of the volume and a -
ray detector directly opposite to the source,
which will record any change in y~-ray inten-
sity from the source, i.e., a change in bulk
density.
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Figure 4. Neutron-capture wy-ray spectrum (4 MeV
<E <8MeV) l”ezséléting from the irradiation of a coal
sample with a Cf neutron source.
The second problem, much more com- neutron flux is done on-line, using the
plex, is the change in the neutron thermaliza- mini-computer.
tion rate due to a change in moisture in the
coal. This can be done using the information
contained in the peak at 2. 23 MeV corre- CONCLUSIONS
sponding to the formation of deuterium. The
intensity in this peak is proportional to the Laboratory results obtained with the
hydrocarbon and HoO content of the coal. above described system indicate that the
The correction for the change in the thermal determination of the sulfur content of coal
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can be performed within a matter of minutes
and on large coal samples, using the prompt
y-ray activation technique. Such measure-
ments should vield the sulfur content of coal
with an error inferior to 2% (ASTM standard)
in a time period under 5 minutes. Using
the same system, the same measurement
should also vield, in principle, the per-
centage of moisture and possibly the total
ash content of the same coal.

REFERENCES

1. G. 8. Bartholomew and L. A. Higgs.
Atomic Energy of Canada Report AECL
669 (1958).

2. L. V. Groshev, V. N. Demidov, A, M.
Lutsenko, and V. 1. Pelekhov. Atlas
of Gamma-Ray Specira from Radiocactive
Capture of Thermal Neutrons.
(4tomizdat, Moscow, 1958); Eng.
Transl, by J. B. Svkes: The Pegramon
Press, London {1954).

3. N. C. Rasmussen, Y. Hukai, T. Inouvye,
and V. J. Orphan. Thermal Neutron
Capture Gamma-Ray Spectra of the
Elements. Clearinghouse for Federal
Scientific and Technical Information,
Springfield, Va., AD 688 955 (1969).

4, D. Duffey, A. El-Kady and F. E. Senfitle.
Analytical Sensitivities and Energies of
Thermal-Neutron -~ Capture Gamma Ravs.
Nucl. Instr. and Meth. 80, 149 (1970).

5. R. F. Stewart. "Nuclear Measurement
of Carbon in Bulk Materials, " 1. S. A.
Trans. 6, 200 (1967).

Iv-46




OPTIMIZATION OF SOURCE-COLLIMATOR GEOMETRY FOR A
NEUTRON RADIOGRAPHIC FACILITY UTILIZING A 2%2Cf SOURCE

Kenneth D. Kok
Joseph W. Ray

Battelle Mermorial Institute
Columbus Laboratories
Columbus, Ohio

The optimization of a neutron radiographic facility requires the maximum possible
resolution on the radiograph for the shortest possible exposure. These effects are func-
tions both of the collimator source geometry and the detector-recorder combinations.

Several source-collimator geometries were studied utilizing a single detector-recorder

combination.

The BMI >*2Ct neutron radiographic facility allows both horizontal and vertical
movement of the neutron collimator with respect to the source. Experimental runs were
made utilizing collimators with 7.5 inch and 15 inch lengths and 15:1 length to diameter
ratios to determine the peak thermal flux at the collimator inlet, the thermal flux at the
collimator outlet, and the gamma dose rate at the collimator outlet.

Air gaps were then added to the collimator so that the source was farther from the
collimator inlet with little addition of moderating material, thus increasing the neutron-
to-gamma ratio at the exit aperiure.

Optimum source-collimator geometries can be selected using these data to either
maximize the flux or the neutron-to-gamma ratio, depending on the particular radio-

graphic application.

INTRODUCTION

Neutron radiography has been used for
several years as an increasingly important
means of nondestructive testing. The wide
application of neutron radiography has been
limited by the lack of a small intense
neutyon source. Californium~252 provides
this needed source of neutrons, The problem
has now become the application and
optimization of 2¢f as a neutron source
for neutron radiography.

Since most radiographic applications
call for maximum resolution in a minimum
amount of time, the optimum neutron-
radiography facility will provide both,
within the limits of the neutron-source
intensity, These effects are functions of
collimator-source geometry and the detector-
recorder combinations. This paper deals
with source~collimator-geometry studies.

APPARATUS
SOURCE

The source used for these studies con=-
tained 946 micrograms of 2520f, with a
neutron-emission rate of 2,385 x 109 £ 3
percent neutrons per second, on August 21,
1970. Since the source is constantly de-
caying, all fluxes referved to in this paper

Work performed under AEC Contract
AT(38-1)-593.

have been normalized to the source strength
on that date.

The source is mounted on a transfer
assembly which can be moved vertically in a
support stand., The whole apparatus is
positioned in the poole-shielding facility
at the Battelle Reseavch Reactor (BRR),

COLLIMATORS

Two collimators have been constructed
for use in these geometric-optimization
studies., The first is 7.5 inches long with
a 0.5 x 0.5-inch entrance aperture and a
4 % 5-inch exit aperture, The second is
15 inches long with 2 1 x l-inch entrance
aperture and a 8 x 10~-inch exit aperture.
Thus both collimators have 15:1 length-to-
diameter vatios. Each collimator is also
equipped with a removable 0.020-inch cadmium
linex,

Either collimator can be adjusted both
vertically and horizontally with respect to
the source., This permits the selection of
an infinite number of source-collimator
geometries,

EXPERIMENTAL MEASUREMENTS

Dysprosium foils were used as flux
monitors, since the cadmium ratio for
dysprosium is so large (~500) that only
bare foils were required. Gamma measurements
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at the collimator outlet were made with 7LiF
thermaluminescent dosimeters.

INLET FLUX

The thermal-neutron flux at the colli-
mator entrance aperture was measured for the
7.5-inch collimator. The source was posi-
tioned in contact with the collimator and
then moved away in 0.25-inch steps. The re-
sulting flux profile is shown in Figure 1.
The peak thermal flux was 9.6 x 100
n/em?/sec. As expected, the neutron flux
increases when the collimator-to-source dis-
tance is first increased, and finally the
flux begins to fall off with increasing
source=-to-collimator separation. The rela-
tively constant flux in the 0.25 to 1.0-inch
range is caused by the combined effects of
the cadmium absorber in the collimator and
the increasing amount of water surrounding
the source.
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FIG. 1 COLLIMATOR-INLET NEUTRON FLUX
AS A FUNCTION OF VERTICAL
SOURCE~T0~COLLIMATOR DISTANCE

The source was also positioned in the
plane of the collimator inlet and the source-
to-collimastor separation increased horizon-
tally. Because of the physical size of the
apparatus, the minimum distance between the
center of the collimator inlet and the
source is 1.0 inch., The flux profile obtain-
ed in this case is shown in Figure 2, The
flux continues to decrease as the separation
increases,

These results indicate that the peak
outlet flux should occur with the source in
a position directly under the collimator and
0,25 to 1.0 inch away,
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Thermal=flux measurements were made at
the collimator outlet of both the 7.5 and
15-inch collimators. In order to move the
gource away from the collimator to minimize
the flux depression caused by the cadmium
liner, a series of air gaps were introduced
at the collimator inlet (). Four series of
runs were then made with each collimator,
First, horizontal and vertical source=-to-
collimator distances were varied with a
constant air gap, and then air-gap size was
varied foy constant vertical and horizontal
source positions. All data are presented
as the ratio of neutron flux to souxce
neutron-emission rate (n/cmZ/socurce n).
This ratio will remain constant through the
source life since it is geometry dependent
only., The purpose of these runs is to
determine where the peak flux-to-source
ratio occurs,

Constant Air Gap. A 2-inch air gap was
positioned at the inlet of each collimator
and the thermal flux was measured at the
outlet. Figures 3 and 4 show the flux-to-
source ratios obtained for the 7.5 and 15~
inch collimators, respectively, for a
variable vertical source=to-collimator
distance. TFor the 7.5-inch collimator, the
peak flux per source neutron of 5.6 x 10-6
occurs at a source-collimator separation of
0.5 inch, while the ratio for the 15-inch
collimator is relatively constant at 2.7
x 10=6 n/cm?/source n.
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Figures 5 and 6 show the flux per source
neutron for a variable horizontal source=-to-
collimator distance for the 7.5 and 15=inch
collimators, respectively. The flux per
source neutron is 5.8 x 10-6 for the 7.5-inch
collimator, while the peak is only 3.2 x 10-6
for the 15-inch collimatox.
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Variable Air Gap. The second set of
experiments to determine the optimum source-
collimator geometry were made by changing the
length of the air gap and keeping the source=
to-collimator and/or air-gap distance cone-
stant. Pigures 7 and 8 show the results for
the 7.5- and 15-inch collimators, respective-
ly. In both cases, the peak flux per source
neutron with the source in the vertical
position occurs with the l-inch air gap. The
maximum is 5.5 x 10-6 n/cm2/source n for the
7.5-inch collimator and only 2.9 x 10~6
n/ecml/source n for the 15-inch collimator.
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FIG. 7 COLLIMATOR-OUTLET FLUX

PER SOURCE NEUTRON AS A
FUNCTIION OF AIR~GAP

LENGTH FOR A 1-INCH
VERTICAL SOURCE POSITION
USING A 7.5-INCH COLLIMATOR

Figures 9 and 10 show the results for
7.5~ and 15-inch collimators, respectively,
for a variable air gap with the source held
in a tangential position. The pesgk flux-to-
source neutron ratio for the 7.5-inch colli-
mator of 9.2 x 10=6 n/cm2/source n occurs
with no air gap, while the peak of 3.1 x 10-6
nfcm2/source n occurs with the 2-inch air
gap for the 15-imch collimator.

GAMMA DOSE RATE

Another important parameter for a
neutron-radiography application is the gamma
contamination in the neutron beam, The gawma
dose rate was measured using /LiF thermo-
luminescent dosimeters. From these data and
the previously determined neutron-flux data,
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the thermal neutron-to-gamma ratio in the
beam for the various geometries can be
determined. These data are presented in
Figures 11 through 18. The best measured
neutron-to-gemma ratio is 1.8 x 10% a/cm?/me
for the 7.5-inch collimator with the source
1 inch vertically below a 2-inch air gap.
The vesults for the 15-inch collimator arve
essentially the same, although the peak is
only 1.2 x 104 n/cm2/mr for the source 1
inch vertically below the 2~-inch air gap.
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FIG. 8 COLLIMATOR-OUTLET FLUX PER
SOURCE NEUTRON AS A FUNCTION
OF AIR-GAP LENGIH FOR A
1-INCH VERTICAL SOURCE POSITION
USING A 15-INCH COLLIMATOR

ANALYSIS

The peak thermal flux in an infinite
water moderator with this 252Cf source was
found to be 2.5 x 107 n/cmZ/sec.

The introduction of the 7.5-inch
collimator into the moderator region at this
peak flux gave a collimator inlet flux of
9.4 x 106 n/cm®/sec, or a reduction of 40
percent.

The outlet f£flux for this source con-
figuration was only 1.1 x 10% n/cm2/sec,
which is a decrease of 2 orders of magnitude
in the collimator.

EFFECT OF COLLIMATOR LENGTH

The two collimators used in these
studies had 15:1 length~to-diameter ratios

-

-
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with two lengths, one 7.5 inches and the
other 15 inches. It is intervesting to note
(see Figures 11 through 18) that the neu-
tron-ito-gamma rvatio is essentially indepen-
dent of collimator length, for a given test
configuration, i.e., a constant air gap and
source=-to-collimator distance. This indi-

cates that an increased length (substitution

of the 15~inch unit for the 7.5-inch one)
caused the same decrease in gamma dose rvate
as it did in neutvon flux,

The decrease in the ratio of flux per
source neutron, in changing from the 7.5-
inch collimator to the 15-inch collimator,
was 25 percent.

One effect of increasing collimator
length, which is apparent in a radiograph
but not from the flux or gamma dose con-
siderations, is the decrease in beam
divergence over a specified ares. This
effect will be seen as the image recorder
is moved away from the object being radio-
graphed. Therefove, the purpose of the
radiograph may dictate the collimatoyx length
rather than the neutron-to~gamma ratio and
the available neutyon flux,

EFFECT OF ATR-GAP LENGTH

Generally, the effect of the addition
of the air gap was an increase in the ratio
of flux per source neutvon. This result
confirms the effect of the cadmium liner
perturbation on the neutvon flux avound
the source.

The neutron=-to-gamma vatico also in-
creased in every case of additional air-gap
length., This increase was due both to an
increase in the neutron flux owing to
perturbation removal and a decrease in the
gamma dose rate owing to increased distance
between the collimator and the source.

EFFECT OF SOURCE POSITION

Moving the source either vertically ox
horizontally with respect to the collimatox
inlet revealed an increase in the vatio of
flux per source neutyvon owing to the
presence of the reflector peak near the
neutron source. It can also be seen from
the decreasing neutyon-to-gamma ratic that
the thermal-neutron flux decreases more
rapidly in the water surrounding the source
than does the gamma dose.




In general, 2 higher neutron flux and a
better neutron-to-gamma ratio is obtained
with the source in the horizontal position.

CONCLUSION

The optimum collimator-source geometry
selected from these experiments, when con-
sidering neutron=-to-gamma vatio as a
limiting criteria, is the 7.5-inch collimator
with a 2-inch air gap and the source located
0.5 inch vertically below the collimatox.

If a 15-inch collimator is required, because
of beam divergence considerations, the
optimum geometyry would call for the 2=inch
air gap and the source 1 inch from the
collimator either vertically or horizontally.

1. Californium-252 Progress, 2, 20 (1970}
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NEUTRON RADIOGRAPHY USING CALIFORNIUM-252

FOR AIRCRAFT NDT APPLICATIONS

Warren E. Dungan

General Dynamics

Convair Aerospace Division
Fort Worth Operation

Fort Worth, Texas

Neutron radiography research using a 1 milligram californium-252 isotope in a
water-moderated tank facility is described. The research was conducted to determine the
suitability of using californium-252 for the radiographic inspection of a variety of aero-
space materials and components. Conventional direct-exposure technigues using X-ray

film with gadolinium metal conversion screens in spring-loaded cassettes were used to
obtain several B in. by 7 in, neutron radiographs of several items. image quality indicators,
defective pyrotechnic devices, rubber 0-rings in sealed metallic valves, boron-fiber lami-
nates, water droplets and sealants in honeycomb structure, and adhesive bonded metallic
lap-shear specimens were inspected with varying degrees of success using a 5-in. square
beam of thermal neutrons. Detailed measurements of field distributions were made to
arrive at suitable shield configurations and beam geometries. Estimates of facilities and
shipping costs are given. Thirteen iliustrations include sketches of the shipping container
and neutron radiography facility, plots of thermal-neutron flux profiles, exposure times
for film, film-density grids, and several positive prints of neutron radiographs. it is con-
cluded from the resulis presented that californium-252 is suitable for the design and
fabrication of an inexpensive, cheaply operated facility for exploratory nondestructive
test applications of many products using thermal-neutron radiography.

INTRODUCTION

Neutron radiography has advanced within
the past decade from a mere laboratory curio-
sity to an accepted method of nondestructive
testing., The need for expensive equipment,
such as reactors requiring highly trained
operators, to provide the necessary intense
neutron sources has prevented more wide-
spread use of the technique on routine NDT
problems. The recent availability of cali-
fornium-252 with its prolific output of
neutrons has suggested that this source may
have many uses, one of which is neutron
radiography.

This report is part of-a more extensive
document (1) describing the research in neu-
tron radiography performed at the Fort Worth
operation of General Dynamics' Convair Aero-
space Division over the past ysi% using a
nominal 1 milligram source of cf. The
research was performed as part of the market
evaluation program for 32cf being supported
by the AEC to aid in setting future produc-
tion levels. This report includes a descrip-
tion of the source and shipping procedures.
The preliminary measurements performed to
determine shield requirements and neutron

The information contained in this article was
developed during the course of work under
Contract AT(38-~1)-506 with the U. §. Atomic
Energy Commission using californium-252
source SR-CF-106.

facility conditions are outlined in some
detail.

Several neutron radiographs obtained
with a simple water~-moderated facility arve
shown as positive prints. These results
support the conclusion rveached during the
study, i.e., a ugseful exploratory radiog-
raphy device may be fabricated and operated
cheaply using 2320f to provide acceptable
neutron radiographs of a variety of aero-
space materials.

CALIPORNIUM-252 SOURCE DESCRIPTION
AND SHIPPING PROCEDURES

Source SR-CF-106, supplied on loan to
General Dynamics by the AEC, contained a
total of 916.9 micrograms as calculated by
the Savannah River Laboratory on 19 December
1969, The effective half-life of 2.646
yvears has reduced this activity about 30 per-
cent within the past year so that the ini-
tial 2.23 x 109 neutrons per second emission
rate is less than 1.7 x 107 neutrons per
second at this writing. The emitted neutrons
have the fission distribution in energy with
an average at about 2.35 MeV. The gamma
emission rate is about 1.3 x 101 photons
per second per milligram. The source is con-
tained in a double stainless-steel capsule
with external dimensions 1.3 in. long by 0.37
in. diam; a threaded cap at one end accommo-
dates a handling tool.
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The souvrce was shipped to Fort Worth
from Savannah River Laboratories in a steel-
shelled cylindrical cask filled with para-
£fin and polyethylene (Fig. 1). A centrally-
located 2 3/4 in, diam by 3 1/4 in. long lead
cylinder containing the source served to re-
duce the prompt gamma rate at the exterior
surface. The total surface dose rate of the
cask with source was about 600 millirem per
hour. Shipment was made in a van via sole
use of vehicle at a cost of about $520. The
cost of the cask for material, fabrication,
and checkout is estimated at §870.

PRELIMINARY SURVEY MEASUREMENTS

After receipt of the source at General
Dynamics, several preliminary measurements
were made to verify integrity of the source,
to compare shielding calculations with ex~
perimental data, and to provide design data
for the neutron radiography facility. Several
dose measuvrements made with Health Physics
survey-type iunstrumentation verified the 600
millirem per hour total surface dose rate for
the shipping cask. A number of gamma measure-
mente made with thermoluminescent detectors
(TLD from Edgerton, Germeshausen and Qrier -
EGG TL-23) showed the dose to be approximate-
ly in ioverse proportion with distance to
about 6 ft from cask. Replacing the lead
insert in the cask with polyethylene increased
the leakage rate about 50 percent.

A series of contamination tests was made
to verify the integrity of the source against
leakage of poisonous products. The source
was removed from the cask, using hot cell
facilities, and was given a series of wash-
ings with alcohol in an ultrasonic cleaner.
The alcohol was evaporated from planchets
which were subsequently counted for beta,
gamma, or alpha activity. Due to the absence
of any significant counting level it was con-
cluded the sources were not leaking.

Several neutron-flux measurements were
made with the source following the attachment
of a four-foot perforated aluminum handling
tube to the threaded cap., HNeutron-detecting
foils including 10-mil dysprosium, 20-mil
indium, 30-mil magnesium, 30-mil aluminum,
and 250-mil sulfur were mounted on the periph-
ery of a motor-driven disk. The source was
mounted 10 cm from the disk in air inside the
hot cell. The detectors were exposed for
over two hours, and the foils subsequently
were counted with the General Dynamics foil-
counting system (2). The neutvon-flux results
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calculated from the foll activations are
given in Table I.

Before attempting to assemble a system
for neutron radiography several nuclear
measurements were made to estimate shielding
requirements and to select a suitable neu-
tron radiography collimator configuration.
The source was mounted vertically in an
aluminum guide tube which was centrally lo-
cated in a 36-in., square, stainless steel,
water-filled tank. Neutron- and gamma-dose
measurements were made with various alter-
nating thicknesses of lead and 6-percent
borated polyethylene shielding. Two measure-
ments were made with the source placed ad-
jacent to the inside tank wall to provide
supplementary data. Instrumentation included
a neutron rem counter, a fast-neutron detec-
tor (FND) filled with 90 percent argon -

10 percent methane, a8 Geiger-Muller counter,
and Ludlum scaler-ratemeters. The removable
BF4 detector of the rem counter was used for
some relative measurements. The instruments
were calibrated with a 10-curie Pu-Be source,

0Co, and 137¢s, Results of the neutron and
gamma dose-rate measurements are given in
Table II.

Several gamma spectra obtained with an
Ortec Model 8001-10 Ge(Li) crystal system
and a Hewlett-Packard 1024-channel analyzer
system showed a smooth spectrum decreasing
exponentially with energy for the source
mounted in air. Mounting the source cen-
trally in the water tank created two capture
peaks at 1.2 and 2.2 MeV without shielding.
A third peak at 510 keV (annihilation
energy) became apparent with added lead and
borated polyethylene shielding.

The thermal-neutron environment in the
water surrounding the source was mapped to
a distance of 30 cm in increments of 2 cm
using bare and 20-mil cadmium-shielded foils
of indium, gold, dysprosium, and silver-
manganese. Two 16-hour exposures of the
foil sets were made, and the foils were
counted with General Dynamics system. The
data were reduced, and fluxes were calculated
using a program with a Hewlett-Packard 9100
B desk calculator; the results are plotted
in Figure 2,

NEUTRON RADIOGRAPHY FACILITY
CHARACTERISTICS

The neutron radiography facility
sketched in Figure 3 includes the previously




described 36-in. stainless steel tank filled
to a depth of 36 in. with demineralized
water. The tank exterior is shielded with

2 in. of lead and 3 in. of 6-percent borated
polvethylene. This shielding is sufficient
to reduce the total dose rate at the exterior
surface to about 2 millivem per hour with the
gource centrally located in the tank., Re-
movable aluminum sheets cover the tank top

to prevent contamination by dirt and evapora-
tion of water.

A 20-in.-long, closed aperture, aluminum,
beam tube shielded externally with 1/4 in.
lead and 1/4 in. boral is suspended verti-
cally from two steel angle supports at the
tank top. The tube is divergent with a l-in.
square input aperture and a 5-in. square exit
port. The lead and boral extend to within 3
in, of the collimator entrance to permit an
air gap at the input. The source tube is
within the aluminum guide tube which is
mounted in tangential geometry 2 in. from the
collimator as detfined by Figure 3. An adjusi
able collar at the source tube top permits
locating the source vertically at a desirved
position. A conservative estimate of the
cost for materials and fabrication of the
facility is $500G0.

The direct method of neutvon vradiography,
in which the sample and cassette contalning
the film and converter screen are exposed to
the beam simulianeously, was used for approxi-
mately 100 radiographs taken over the past
year with the souvce. Three exposures using
20-mil indium foil for the transfer screen
were unsuccessfully attempted by the indirvect
method. This techinique counsists in exposing
a metallic screen together with the sample
and transferring the neutvon-activated metal
to film following exposure. The procedure
records on the film the activation profile
which is proportional to the transparency of
the sample., The indirect technique is re-
quired in the presence of a high, film-fogzing
gamma background such as encountered in in-
specting radioactive materizl, The intensity
of the 918 microgram source was nobt sufficient
for the indirect technique using an indium
screen to be useful; other more sensitive
screens such as dysprosium or europium were
not investigated,

Four types of x-ray film were used and
are in order of increasing speed - Kodak® as,
T, M, and R. @Gadolinium conversion screen
0.5 - 1.0 mils in thickness was used in 5 in.
by 7 in. spring-loaded cassettes with

*Trademark of Eastman Kodak Co., Rochester,
N.¥Y.

magnesium faces. The faster films ave more
grainy than the slower films, and for fine
resolution and sharpness the relatively slow
type M or even the slower type R are re-
quired, Exposure periods varied from a few
hours to two or three days depending on film
type, opacity of object, and intensity of
beam. The latter was held nearly constant
during most of the exposures with the source
located at the 2 in. position adjacent to
the inlet end of the beam-tube collimator as
shown in Figuve 3. This standard position
optimized the thermal-neutron flux output
from the source and provided adequate beam
collimation with little gamma interference
at the beam exit. This information was de-
termined from a series of nuclear measure-
ments at the exit port with the source posi-
tion varied vertically.

4 few nuclear measurements were made
with 1/2 in, bismuth inserts in the beam to
increase the neutron-gamma ratioc. Although
the gamma component of the beam was reduced
about 80 percent, the thermal-neutron flux
was also reduced about 20 percent and no
definite improvement in neutrvon radiographic
quality was apparent.

During the eourse of the investigation,
extensive measurements of the nuclear beam
characteristics were made with gold and
dysprosium foils to obtain thermal-neutron
data and thermoluminescent {TLD) dosimeters
for gamma-dose data, The TLD were enclosed
in sintered boron carbide shields to reduce
their neutron sensitivity to a2 negligible
amount, The thermal-neutron flux at the beam
exit averages sbout 1.0 x 10% neutrons cm™2
sec™! and che gamma-dose rate is 127 mR hr-1
regulting in a neutvon-to-gamma ratio of
2.9 % 107 neutrons cm~2 mR™! suitable for
guality neutron radiography.

The uniformity of the neutron field in
the beam tube was determined by exposing a
sheet each of type T and A4 film to obtain
two radiographs with no samples in the exit
beam. Subsequent density measurements over
the film area were made with a Photovolt Cor-
poration Model 52 densitometer heving a 0.175
in. diam light aperture. Figure &4 is a sketch
of the grid system used on the T-type film
with densities identified. The horizontal and
vertical precision is given, and the minimum
and maximum values ave noted. The spread and
precision on the AA-type film was similar to
the results for the T-type shown., 4 plot of
film density versus exposure time for a
series of exposed T films is shown in Figure
S.

V=57




APPLICATIONS OF NEUTRON RADIOGRAPHY

The following items were successfully
neutron radiographed with the 918 microgram
252¢f source facility,

1. General Dynamics and Argonne Nation-
al Laboratory image quality indica-
tors

2, Defective shielded, mild detonating
cord tips

3. Elevon rate-selector valve from
B-58 aircraft

Boron-fiber epoxy laminates

5. Aluminum honeycomb containing
water droplets

6. Leading-edge section of the F-111
aircraft horizontal stabilizer

7. Adhesive-bonded aluminum lap-shear
specimens

An image quality
type used consists of
different neutron and
perties included with each radiograph as a
small device to check unexpected variations
in beam chavacteristics for different ex-
posures, The General Dynamics' IQI is shown
in Figure 6, while the Argonne Lab IQI is
shown in Figure 7. Figures 8 through 13 are
positive prints of neutron radiographs of
the items noted above, The defects, O-rings,
boron fibers, water droplets, and adhesive
bonds are noted in the illustrations.

indicator (IQI) of the
several materials with
gamma attenuation pro-

CONCLUSIONS

The research reported in this document
leads to the following conclusions.

o Californium-252 is a useful neutron emit-
ting isotope that can be utilized for
exploratory studies in neutron radiography.
The isotope properly encapsulated is
easily adapted to a simple, safe, and in-
expensive water-tank facility with a
nominal amount of shielding.

o Quantities of 2520f approximating a milli-
gram provide a usable neutron beam for
laboratory~-type, off-line neutron radiog-
raphy utilizing conventional direct

1.

3.
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exposure techniques with divergent colli- .
mators.,

Exposure asreas approximating 36 in.2
requiring times on the order of a few
hours per exposure are practical for in-
specting for defects in moderately opaque
materials, Exposure times may be re-

duced by using sources in excess of 1
milligram or more efficient conversion
methods than film,

Fine resolution and excellent contrast
require relatively long exposures of
several hours with fine-grained film,

Neutron radiographs of a variety of
objects common to the aerospace indus-
try are readily made using 252¢f,

The achievement of portability and
economy in a neutron radiography device
is more likely realized by using

252¢f than by any other known method,
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Neutron Flux in Air at 10 cm from 918-microgram

Detector

Bare Dy/Cd-covered Dy foil
Bare In/Cd-covered In foil
Sulfur pellets

Magnesium foil

Aluminum foil

Calculated from known source
strength

Neutron and Gamma Dose Rates from 918-microgram

TABLE I

252

Thermal Flux, n/(cmz-sec)

1.52 x 10%

TABLE II

252

Cf Source

Cf Source

Fast Flux, n/(cmz-seq)

1.2 % 10° above 0,85 MeV
4,25 % 105 above 2.9 MeV
4.5 % 10% above 7.5 MeV
2.4 x 10% above 8.1 MeV

3.9 x 10°

in Water-Filled Tank

Gamma Dose Rate,

Detector Distance Neutron Dose Rate, mrem/hr

from Tank Wall, mrem/hr Geiger-Muller Cadmium
Source Location BShielding in, Rem Counter® FNDb Counter® Ratio
Middle of tank None 24 6.7 5.4 23.2 35.0
Middle of tank E 24 4,6 5.3 6,8 33.3
Middle of tank 24 3.5 L 6.3 3.9
Middle of tank 24 3.4 2.2 2.2 4.8
Middle of tank EEZE 24 2.2 1.7 1,9 4.8
Inside surface 39.4 3.7 1.3 - -

of wall
1 in, lead 1 in, borated polyethylene

2 Moditied Andersson and Braun counter (I. O. Andersson and J. Braun. "A Neutron Rem Counter
Neutron Dosimetry, Vol., II, IAEA Vienna

with Uniform Sensitivity from 0,025 ev to 10 Mev."

(1963).)

b Radiation Counter Laboratories, Skokie, Illinois, fast neutron detector

o0
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Electronic Optical Nuclear Products Corp., Brooklyn, New York, Model 5112
(Bare BF3 counts per min}/{Cd~-covered BFg counts per min)
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WB 1 mil Tungsten-Core Boron Fibers
Figure 6 Image Quality Indicator GD/FW
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NEUTRON RADIOGRAPHY WITH Ci-252: The Effect of Tailoring

Neutron Energy Spectra on Photography Images

Gary Don Bouchey

E. Linn Draper, Jr.
Stephen J. Gage
Nuciear Reactor Laboratory

The University of Texas at Austin
Austin, Texas

A californium-252 neutron source was used 1o study the effect of neutron energy
spectrum, converter screen, and film type on the quality of neutron radiographs of a
multielement test object. Each of four specira was investigated with four converter
screens. The neutron energy spectrum and gamma content of the beam were altered by
filter insertion to enhance imaging of various portions of the test object.

INTRODUCTION

The image obtained from a neutron
radiograph depends on the total neutron
cross section of the object that is being
inspected as well as the reaction cross
section of the converter screen. These
cross sections, of course, may be strongly
dependent on neutron energv. Hone of the
presently available sources can generally
be usad to provide monoenergetic neutrons
suitable for radiography. The neutrons in
a thermal nuclear reactor are created with
a fission spectrum of energies and slow down
through the resonance region to thermal
energies., The neutrons obtained from
isotopic sources such as Pu=Be, Am=-Be, etc.
also emit rather high neutron energy spectra
which must be thermalized before use in
thermal neutron radiography. Neutron
generators, although thev produce mono-
energetic neutrons, vield such high energy
neutrons that moderation is usually re=-
quired before good radiographic vesults can
be obtained with conventional screens.
Finally, C£=252, which is used for this work,
produces a fission spectrum which may be
moderated if desired,

Because of the variation of cross sec=
tion with enerpy it is often possible to
alter the radiographic image substantially
by "tailoring™ the neutron energy spectrum
to suit a particular application. Several
authors have used the energy dependence to

advantage for radiographic applications
(L,2,3).

This paper investigates the photographic
results of varving the neutron energy spec-
grum obtained from a Cf=252 neutron radio-
graphic assemblv at The University of Texas
at Austinl (4,5). Since comsiderable
pamma radiation is emitted from the Cf-252
it is also necessary to consider the effect
of the gamma contribution to the radio-
graphic image., Several beam arvangements
are studied. Direct  exposure of the ob-
ject to the source results in 2 beam with
an energy distribution near the fission
spectrum. Beams with lower energy distri-
bution are achieved bv inserting various
thickness of neutvon scattering materials
such as lead, irom, polvethylene, water,
etc. between the source and the object.
Insertion of these materials particularly
the heavier materials such as lead, and
iron alsc affects the gamma contribution in
the beam.

As indicated earlier, the photographic
results are dependent not only on the cross
sections of the materisls in the object, but
on the neutron reaction properties of the
converter screen, Some screens

1 These investigations were conducted using
a 1000 yg C£-252 source that was provided
for the University as npart of the USAEC
Cf=252 tarket Fvaluation Program.
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may be effective for detecting thermal
neutrong but will not record the epithermal
contribution. Others may exhibit especially
large resonances and be particularly effec~
tive for recording neutrons of higher
energies. Four of the most common converters
namely gadolinium foil, indium foil, LiF-Zn§,
and organic scintillator material, are
evaluated for each different bean configura-
tion,

Fach beam arrangement studied was
characterized by measurement of the thermal,
and epithermal neutron fluxes bv neans of
induced activation detectors (6,7). Bare
and cadmium covered gold foils were used
to measure the thermal and resonance fluxes.
The gamma levels were measured with a cali-
brated CG-!! detector. The gamma contribution
to the photographic image was also evaluated
by making identical exposures of the film
without the neutron converter screen in
place. Comparison of the image qualitv from
various beam arrangements wvas accomplished
through the use of a test object designed
to allow evaluation of resolution, contrast,
fast neutron, thermal neutron, and gamma
contributions.

NEUTRON IMAGING STUDIES

BEAM CONFIGURATIONS

The neutron imaging studies performed
in this paper were all done with a one
milligram C£-252 source, encapsulated in
stainless steel. The source is normally
housed in a combination shield and experi-
mental facility designed especially for the
C£=252 source. The principal shielding
material in the facility is water extended
polvester resin (WEP) containing 70% water.
Access to the source is achieved through
four beam tubes which penetrate the cvlindri-
cal shield., The bulk of the radiography
work was performed through one of the 4"
stepped tubes. A cadmium lined diverging
collimator was imserted into the beam tube
for most the work in order to achieve the
desired geometric resolution (see Figure 1).
The central cavity in the shield may be left
enpty as shown in that fipure, mavy be filled
with water, or may be lined with a 2" layer
of sodium borate. Provision is also made
for inserting 4" diameter disks of variable
thickness between the source and the entrance
of the collimator. This allows insertion
of various materials such as iron, lead,
polyethylene, ete. for the purpose of

tailoring the neutron enerev spectrum in the
1
DedM.e

Thermal Beam. For most radiopraphic
inspection problems thermal neutrons pro=
vide the most satisfactory results. In
order to achieve a thermal beam (Beam #1)
from the Cf-252 gsource a water-filled polv=
ethvlene container with a penetration for
the 4" diameter collimator was constructed
to fit into the central cavitv of the
shield. The source was located approximate~
Iy 1 inch below the collimator entrance,
Offsetting the souvrce in this matter is
reported to improve the image quality and
the neutron to gamma ratio in the heam (4).
A second thermal beam (Beam #2) was identi-
cal to Beam #1 except that a 4" dia. = 1V
disk of lead was inserted between the source
and the collimator entrance,

Tast Beam, To achieve a fast neutron
beam (Beam #3) the central cavitv was lined
with 2" of powdered sodium borate contained
in a sheet metal can., The beam was ex-
tracted through the cadmium lined collimator
used for the thermal beam with the source
located directlv in the entrance of the
collimator. Tor some of the fast neutron
experiments which required hicher neutron
levels the source was simplv used as a
point source without collimation and the
object, converter and film were positioned
approximately 8 inches from the source in
a 10" beam port as showvn in Vipure 2 (Beam#
4y,

FLUX MEASURENENTS IN THE BEAIS

Heutron flux levels and an indication
of the neutron energy distribution were
obtained by activation of bare and cadmium
covered rold (Au) foils in the Cf=252
beams, A neutron flux calibration was ob-
tained by comparing the activation of gold
in the Cf£=252 beams to the activation of
gold in a position of known thermal flux
in the Universityv of Texas TRICA nuclear
reactor., The reactor flux was measured
bv coincidence counting of gold foils.

The relatively standard techniques used for
the foil measurements are described in
greater detail in reference (6) and (7).
Camma levels in each bean were simpl§1nea~
sured with a calibrated B=y survey

meter and recorded in units of millircent-
gens per hour. The vesults of the neutron
and gamma measurements for each beam discus=
sed in this paper are summarized in Table

I,
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TABLE 1

Spectrum Characterization

SPECTRUM THETMAL TLUX EPITHERMAL FLUX2 CADMTIE! RATTO GAMTIA DOSE RATE
(#/cn?-sec) (#/em®-sec) (Au) (nr/hr)

1

{Thermal Beam) 849 266 1.18 118

2

(Lead Filtered

Thermal Beam) 3139 284 1.40 78

3

{Fast Beam 216 185 1.06 124

4

(High Intensity

Fast Beam) 268,200 9117 2,67 3000

a. The values in this table correspond to ®epi where the epithermal flux (E) = ¢epi

E

NEUTRON CONVERTER SCREENS

LiFP=ZnS Scintillation Screen. This
screen consists of a mixture of LiT and Zn8
deposited on an aluminum plate. The screen
used for this work is available commercially
from Nuclear Enterprises Corporation. In
our experience, the lithium scintillation
screen is the best screen available for low
intensity thermal neutron radiography. When
used with the extremely high speed Poloroid
Type 57 film it allows good quality thermal
neutron pictures with extremely low total
neutron exposure and is exceptionally in-
gensitive to pamma and fast neutron inter-
ferences, For improved resolution and
contrast the slower Polaroid Type 51 film
is recommended.

Gadolinium Screen. Gadolinium is
probably the most widely used screen for
high resolution thermal radiography with
nuclear reactor beams., In low intensity
radiography the gamma to neutron ratio is
usually relatively high. For this reason
gadolinium is not a verv satisfactory screen
for use with low intensitv beams because it
requires a direct exposure (i.e., the film
and screen remain in direct contact during
exposure in the neutron beam): thereby,
resulting a considerable gamma contribution
to the radiograph. Kodak Roval Blue and
AA X-Ray films were used with the 1 mil
cadolinium screen used for these studies.
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Indium Screen, Indium is a good
absorber with an exceptionallv strong
resonance at 1.5 ev. In-115 activates with
a 54 minute half life so that indium may
potentially be used as both a direct and
transfer type screen. Because of the
relatively high thermal cross section com=
bined with the resonance structure indium
offers potential as both a thermal neutron
and an epithermal secreen. Indium=115 also
exhibits the following reaction: In
(n,n")Inll5M a¢ hicher neutron energies
making it a possible candidate for a fast
neutyon converter screen. As with the
sadolinium screen, Kodak Royval Blue and
AA X=rvay films were used for indium radio-
graphy.

Organic Scintillation Screen. This
type of screen has been suggested pre-
viously as a possible fast neutron screen
(8) using the proten reccil mechanism
resulting from neutron scattering by the
hydrogenous material in the screen to pro-
duce ionization. For these investigations
a scintillation screen composed of PPO in
a mixture of 20% butvl-methacrvlate and
stvrene was used., A complete description
of the fabrication of these screens may be
found in reference (9). Type 537 and Type
51 Polaroid films ave used for the work
with this screen,

2., K. H. Beckurtes and K. Wirtz, Neutron
Physics, p. 290.




TEST OBJECT

In order to evaluate the image quality
obtained from the various configurations
and converter screens, a simple test object
was devised. The object consisted of three
thicknesses each of polvethylene, cadmium
backed polyethylene, lead, and indium. It
also included a 5 mil gold foil and a
cadmium test piece with several holes drilled
in it. These included two larger holes of
0.250 and 0.0625 inches and a set of 9,020
ineh holes, The twenty mil holes vere
spaced as follows: 1, 2, 4, 8, 16, 32, and
64 mils. All these materials were mounted
on a thin aluminum plate as shown in Figure
3.

SELF IMAGING WITH RESONANCE ABSORBERS

An intriguing concept that has been
used to advantage for certain neutron cross
section work and that might prove to be
extremely useful for certain very specialized
inspection problems is that of "self imaging”
by resonance absorbers. Conceptually the
idea is quite simple. Suppose it is re-
quired that we inspect a material which has
a strong resonance structure in the pre=-
sence of other materials which have re-
latively large thermal neutron cross
sections. It is then conceivable that
both Xeradiography and thermal neutron radio-
graphy may yield poor results. In this
situation it may prove advantageous to fil=-
ter the neutron beam in such a wav as to
remove all thermal neutrons and to maximize
the number of neutrons in the resonance
region, Then if we use the same material
(i.e., the material that is to be observed)
as a neutron converter screen, the image mav
be considerably improved since nearly all
of the activation of the screen results
from absorption of neutrons at the energies
of the resonance. For this reason, the
£ilm will receive considerably less exposure
in regions where the same material which
composes the screen is present in the obe
ject, Also since the neutrons in the beam
are of epithermal energies, they will tend
to penetrate other materials in the object
better and the result is that the contrast
between the material of interest and the
other materials in the object is greatly
enhanced.

In prinicple this method appears extreme
ly promising for certain applications, un=-
fortunately there are at least two serious
difficulties that must be overcome before
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good results mav be achieved. TFor the in-
spection of thick objects the scattering of
faster neutrons into the resonance regions
seriously degrades the quality of the image
that may be obtained. Antiscatter grids

of the tvpe described in the literature
(10) mav provide a partial solution to
this difficulty . This problem is not gtud=
ied in this work. Instead the obiect was
limited to the thin test piece described
earlier,

The second difficulty results because
of the gamma contribution that is invari-
ably present in a radiographic beam, This
problem is particularly acute for work with
low intensity beams obtained from non~
reactor sources, Because epithermal and
fast neutrons {vhich tend to interact with
much smaller effective reaction cross sec-
tions) are used for exposure of the film,
the ratio of the neutvon to samma ray ex-
posure of the film is significantlv
decreased when compared to the situation
in thermal neutron radiographv. If there
igs an abundance of neutrons and the screen
activates in a wav such that it mav be used
as a transfer screen, the namma problem is
easily eliminated. Indium self imagcing for
example mav be demonstrated quite easily
using the transfer method in a bean from
a nuclear reactor., With the Cf-252 source,
however, much more difficultv is encounter-
ed. One result is shown in the next sec-
tion {see Tiecure 7) with the hich inten-
sitv fast beam, Unfortunatelv the re=-
solution of this picture is not verv
satisfactorv because the screen is so close
to the source,

PHOTOCRAPHIC RESULTS

The photographic results in these
studies are too numerous to present in
their entirety here., The results are,
hovever, summarized in a rather subjective
manner in Table II, 1In this presentation
the resolution, pamma~rav contribution to
the photographic imape, and the fast and
thermal neutron contributions are charac=
terized. It must be pointed out that these
results were at times difficult to inter-
pret. Judpements about the relative effect
of gammas and neutrons on the image were
particularly complex. Lven though inter-
pretations of the results are based on
judgements by the authors, certain useful
information mav be obtained. Tor
classification of resolution, the following
four catepories were used:




Excellent = All hole and spacings
betveen holes could be
distinguished on the Cd
test object

Good = The 0.020 inch holes could be
istinguished but smaller hole
spacings not visible.

Fair = The 0.0625 inch hole distin-
suished but 0,020 inch holes
not visible,

Poor -~ Onlv the 0.250 inch hole was
digtinguishable,

In order to demonstrate the tvpe of
images that were obtained and to help clari-
fv the way in which resulis were presented
in Table II several radiopraphg of varving
quality are included., Figure 4 shows a ther-
mal neutron radiograph obtained with Beanm
#2 using the LiF-Zn$ scintillation screen
and Type 51 Polaroid film, This vadio=
e¢raph demonstrates "excellent” resolution
and exhibits very little gamma contribution.
Figure 5 shows a radiograph with the fast
beam (Beam #3) using the gadolinium screen
and Kodak Roval Blue X-rav f£ilm., The
resolution in this case was good with an
extremely strong gamma contribution being
quite apparent. Tigure 6 shows a radio-
graph obtained with Beam #1 using the direct
exposure metbod with an indium screen and
Kodak Royval Blue Xe-ray film. The resolu-
tion is poor and a strong samma interfer=—
ence is present.

Finallv Tigure 7 demonstrated the self
imaging technique. This radiograph was
obtained in the hiph intensitv fast beam
(Beam #4) using the transfer exposure
method with the indiun screen and the Kodak
toval Blue film. Recall that resolution
is relatively poor because of the position-
ing of the object and screen to achieve the
higher neutron intensitv., The object and
cassette containing the screen where cadmium
covered so that there is no thermal neutron
contribution, Since the transfer method was
used gamma ravs do not contribute to the
image, The result is that the indiun in
the object is visible, but other materials
in the object are not seen. This image
may be compared with Tigure 6 which is a
thermal radiograph with the indium screen.
It is easilv seen that if the objective
is to inspect for indium in the presence of
other materials significant advantage night
be realized, lotice that the paraffin ob-
jects cause some additional moderation of

the fast neutrons resulting in increased
exposure, Lt is suggested that this sort of
a technique mav be extended to many
materials with strong resonance structures.
Particularly likelv candidates might be the
rare earths and a varietvy of metals.

CONCLUSIONS

£s one might have expected, it is
apparent from our results with a C£-252
neutron gource that for mest nondestructive
ingpection problems, thermal neutron radio-
craphy 1is superior to fast or epithermal
radiographv. Camma interference does seem
to be a significant problem for neutron
radiogranhy with Cf=252 sources. One
effective wav of eliminating gammas in
thermal radiographv is the use of the LiF=
Zn8 screen and Polaroid hish speed film
(which is primarilv linht sensitive).
This screen cannot, it appears, be used
for fast or epithermal radiocgranhv, vro-
bhably because of the lov cross section of
Li for the higher energv neutrons. Trans-—
fer tvpe exposures could of course also be
effective for reducing pamma contribution
but the low neutron intensity is difficult
if not impossible to overcome for rea-
sonable sized Cf-252 sources, Finally, it
is possible to insert a material such as
lead which exhibits high samma and low
neutron absorption., This was not, however,
found to be parcicnlarly effective., In=-
sertion of lead certainly reduces the high
energy cammas emitted directly from the
source but it also decreased the neutron
level, primarilv by neutron scattering, and
subsequently the needed exposure time.
Fxrperiments with a lithium=drifted germanium
gamma=rav spectrometer placed in our heams
indicated that the main ecamma contribution
between 0 and 3 Mev were resulting from
neutron captuvre in hvdrogen with a small
contribution from boron and cadmium cap=-
ture., Since the neutron capture gamma
contribution is not affected significantly
by lead in the beam, the decrease in direct
camma is nesmated by the increased capture
camma contribution. The strone capture
gamma contribution also accounts for de-
cradation of rescolution that was observed
for hich gamma to neutron ratios.

For some applications it might be de~-
sirable to use a faster neutron snectrum
in order to increase the penetration in
thick objects or to enhance the contrast
of certian materials., In rhis case the
LiF-ZnS screen is not effective and the
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gamma interference problem becomes acute,
Use of the organic screen did not give good
results either. All images obtained in

the fast beams appear to result primarily
from gamma contributions, Further in-
vestigation of other scintillators may,
however, prove to be more effective for
fast radiographv. The best results using
fast neutron radiography with conventional
screens were achieved with Beam #3 and
gadolinium and indium direct exposures,

The gamma exposure of the film was still
quite high in these cases, but the resolu-
tion was reasonably good. This arrangement
could not be used effectivelv then to in-
spect large thickness of heavy material,
but might be effective for differentiating
between lighter materials. Indium and
gadolinium generallv gave images for other
epithermal beams as well, but the resolu-
tion was generally not good because of the
fogging of the film by capture gamma rays
from the collimator and shielding material.
The self imaging method also indicated
considerable potential for special in-
spection problems in fields such as metale
lurgv. For thicker objects it will require
special antiscatter grids and transfer
methods with correspondingly high neutron
intensities.
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TABLE 1T

Characterization of Photographic Results

Indium transfer

Creganic
Scintillator

Type of Screen Bean #1 Deanm {2 Bean #3 Beam #4%
LiF=Zn§ excellent resolu~| excellent resolu~|no image at all | not used
tion tion
eood thermal neu- | good thermal neu-
tron image tron image
no fast neutron no fast neutron
imaging imaging
no gamnma contribu-~ no camma contri-
tion bution
Gadolinium fair resclution fair resolution good resolution not used
substantial ther- | substantial ther=|some thermal
mal neutron imag- | mal neutron imag-|imaging
ine ing substantial
some fast neutron | some fast neutron|fast imagine
imaging imaging strong gamma
strong gamma cone | gtrong gamma con-|contribution
tribution tribution
Indium direct poor resolution noor resolution fair resolution not used

substantial ther- | substantial ther-)some thermal

mal neutron imag= | mal neutron imag~|neutron imaging

ing ing substantial fast

substantial fast ubstantial fast |neutron imaging

neutron imaging neutron imaging strony gamma

strongy gamma SLrong parma

contribution

not used not used not used poor resolution

no thermal con=
tribution
excellent indium
self imaging

no gamma confyri-
bution

Low quality
ramma radiosrvaph

lov ouality

lou quality

gamna radiograph igpamma radiograph

low aqualitv
gamma radioceraph

a. Scattered thermal neutvons were eliminated in this beam bv encasing the obiect, screen,
and film in cadmiunm

IV-75




WEP /

Shield

Ceniral
Cavity

/
cadmivm / /|
Lined Diverging
Coltimator

Object ond
ol Screen

Source

16"

45

Figure 1.

ab

28" s

i® e

Diagram of the Cf{=~252 neutron
radiographv facility showing the
diverging collimator.

WEP
Shield

i 22 7
Z

7
object

r
)k screen .
d 4

Source 2

Y
S

N

;
A%w%%w%wé'

Figure 2,

45 a6 dE

Diagram of the high intensity
fast beam (Beam #4) arrangement.

Figure 3.

DRCIRDNGC)

[~ [ [
5] [ [=]
[a] & El

O eooc00()

14

Diagram of the test object:

(1) 3 mil gold foil, (2) 240
mil polyethylene with 30 mil
cadmium backing, (3) 120 mil
polyethylene with 30 mil cadmium
backing, (4) 62 mil polvethylene
with 30 mil cadmium backing, (5)
12 mil indium, (6) 60 mil
indium, {7) 120 mil indium, (8)
324 mil lead, (9) 216 mil lead,
(10) 108 mil lead, (11) 240
mil polvethvlene, (12) 120 mil
polvethvliene, (13} 62 mil poly=

ethvlene, (14) 30 mil cadmium
test object.

Figure 4,
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MEUTRON RADIOGRAPHY WITH A TRIGA NEUTROVISION SYSTEM

George T. Schaurer
Albert 7. McMain

Gulf Energy & Environmental Systems, Inc.
San Diego, California 82112

The TRIGAR NEUTROVISION TM concept is reviewed, and various types of
TRIGA NEUTROVISION systems are discussed. Specific information is given on a low-
cost, simplified system, which has great potential for industrial neutron radiography
applications. Examples of neutron radiography applications with a TRIGA system are
presented. Facility housing, auxiliary equipment, staffing, and maintenance requirements

arg reviewed,

INTRODUCTION

As neutron radiography becomes increas—
ingly accepted in industry as a meaningful
and useful technique, more emphasis will be
placed on the characteristics of the neutron
source or, perhaps more properly, on the
total system used to produce neutron radio-
graphs. In pergpective one might even say
that the wide acceptance of neutron radiog-
raphy and the availability of a neutron
radiography system at moderate expense are
complementary--one cannot happen without the
other.

TRIGA reactors have found worldwide
acceptance as versatile and highly useful
regsearch reactors. The geometric configura-
tion and the extent of experimental facilities
can be varied widely and are discussed in
greater detail elsewhere (1). The suitability
of a TRIGA veactor for performing neutron
vadiography has become readily appavent, and
a number of organizations already opevating
TRIGA reactors ave actively engaged in neu-
tron radiography programs of their own. The
NEUTROVISION system is the complete array of
equipment and facilities required to perform
neutron radiography, having as its focal
point a TRIGA veactovr. The system includes a
neutron source, collimators, sample holders,
and the like, which are necessary to provide
an integrated capability for performing neu-
cvon vadiography.

Although all TRIGA reactors have charac-
teristics that are desirable in the neutvon
source of a NEUTROVISION system, a new one,
the mini-TRIGA (Figure 1), is of special
interest for performing neutron radiography.
Of particular importance is its low cost and
high degree of flexibility. This paper de-
scribes a typical NEUTROVISION system based
on a mini-TRIGA as the neutron source.
Typical examples of work that can be per-
formed with such a system are also described
as a means of illustrating the quality of
work that can be performed with this modestly
priced neutron source.

DESCRIPTION OF TRIGA NEUTROVISION SYSTEM

Gulf Energy & Environmental Systems is a
world leader in research reactors, having
constructed, or under construction, 49 TRIGA
regsearch reactor facilities. Of more impor-
tance, within the context of this paper, is
the fact that Gulf Energy & Envirommental
Systems in its San Diego laboratory operates
three TRIGA reactors which have been used for
some time in performing neutron radiography

2,3

Increasing requirements for a low-priced
reactor neutron source with sufficient flux
have developed in a number of areas of in-~
creasing importance, such as neutron activa-
tion analysis, production of short-lived
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radivisotopes, and, of course, neution
vadiography. Foreseeing this developing
requirement, we have made a detailed review
of all TRIGA reactor designs with a view
toward further simplification of the reactor
and significantly rveducing its cost while at
the same time perserving the “large reactor"
capability. As a result, we have introduced
a new member of the TRIGA family of veactors,
called the mini-TRIGA. Although similar din
appearance to the well-known TRIGA Mark I re-
actor, the mini-TRIGA employs fully enviched
uranium-zirconium hydride fuel with a graph-
ite reflector. This combination drastically
reduces the size of the core and produces a
very high flux per watt.

By taking advantage of the TRIGA's
ability to be operated with only natural
convection cooling of the core, thus elimi-
nating a water-cooling system, further savings
have been achieved and operation at 100 kW is
still permitted for short periods. Still
other simplifications have contributed to
reduction in cost. Although the turnkey
price varies with installation cirvcumstances,
a typical mini-TRIGA costs $175,000 in the
United States, exclusive of building and pool
but including all control and operating equip-
ment as well as installation and startup.

Despite its simplicity the standard
mini-TRIGA operates at steady-state power
levels up to 100 kW, providing a2 neutron
source flux of 3.5 x 1012 nfcm?-sec at a
specimen exposure thimble adjacent to the
core.

A controlling factor in the design of
the mini-TRIGA, which is of particular impor-
tance for a neutron radiography consideration,
is that upgrading to higher performance levels
can be accomplished with relatively little
expense. For example, upgrading to 230 kW is
achieved by simply providing another control
rod and drive and adding fuel to existing un-
fueled grid positions.

Figure 1 illustrates a typical mini-
TRIGA installation for a NEUTROVISION sys-
tem, The other components and subsystems
that would be required in a typical NEUTRO-
VISION system employing a mini-TRICGA will be
briefly described.

Figure 1 illustrates a setup using a
portable beam tube or divergent collimator
with its lower terminus near the reflector
region of the reactor and with its upper end
terminating approximately 3 feet above the
surface of the reactor pool in a receptacle
that contains the sample holder, the foil and

N

plate holder, and suitable shielding. The
collimator shown is portable and can be
moved as required. For example, the colli-
mator would most frequently be positioned in
the core-~veflector interface region to obtain
a high neutron source and still maintain the
gamma background at an acceptably low level.
Figure 2 is a schematic representation show-
ing relative positions of the source, colli-
mator, object, converter, and film. Note
that in the actual facility with a mini-
TRIGA, the collimator would be oriented ver-
tically.

Figure 3 shows a typical NEUTROVISION
collimator in greater detail, identifying the
pertinent points considered in the design to
achieve maximum signal and reduced back-
ground. The collimator is discussed in
References 3 and 4. Typically, this colli~
mator has a maximum L/D (length to diameter
ratio) of approximately 40 to 50, which is
considered suitable for many general-
purpose types of neutron radiographs. Inserts
within the collimator source end can increase
the L/D significantly. With this type of
resolution and with the collimator positioned
on the graphite reflector, the mini-TRIGA
could deliver a flux in the range of 106 to
107 n/cm?-gsec at the photographic plate with
a gamma background dose of 15 to 20 R/hr at
the sample location. A higher neutron flux
(by as much as a factor of 10) can be achieved
by moving the source end of the portable
collimator closer to the core region.

Special applications may require a
smaller angular divergence of the beam men-
tioned above. This can be provided with this
type of collimator by a variable feed aper-
ture, which could be as simple a device as a
plug that is placed at the source end of the
collimator. Such a technique would permit an
adjustable L/D from approximately the 40 to
50 range to as high as 120 to 1 or 200 to 1.
With the collimator presently being used with
the TRIGA in San Diego in a comparable type
of configuration, neutron radiographs with an
image size of 8§ in., by 10 in. are produced.
An increase in the image size to 14 in. by
7 in., or even larger, is possible with a
larger beam tube. As a specific example the
Aerotest Corporation, which uses a reactor
having aTRIGA core with a configuration not
too dissimilar to the mini-TRIGA illustrated
in Figure 1, uses a collimator that can handle
images up to 14 in, by 17 in. They currently
use collimators that have an L/D of 125 to 1
and 250 to 1. 1In their case, however, the
TRIGA core is operated at a power level of
250 kW, which produces a thermal neutron flux
over the exposure area of the facility of
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1.78 x 107 n/cm?-sec maximum and 1.61 x 107
n/em?-sec average, with a cadmium ratio of

14 to 1. At the same time the gamma ray dose
rate was measured to be 24.3 R/hr (3).

Although Figure 1 shows a conical colli-
mator, it is quite feasible to use a Soller
slit system. In fact, at a TRIGA reactor in
San Diego that also has a below-ground con-
figuration comparable to that of the mini-
TRIGA, a Soller slit collimator has been used
in a routine and completely satisfactory
manner (2,6). In this instance, since the dis-
tance available from the reactor core to the
sample to be radiographed was only a little
more than 2 feet, a compact system was re-
quired. The samples radiographed with this
system on a routine basis are fisgile-heated
thermionic cells. These are highly radio-
active, thereby requiring the transfer method
rather than the direct exposure method for
taking neutron radiographs. The particular
collimator that was used was fabricated from
thin-walled cadmium-plated stainless steel
tubes about 1/8 in. in diameter and 8 in.
long. The Soller slits were arranged so that
they were sufficiently separated from the
object to be imaged to eliminate uvnwanted
images of the collimator structure. The sys-
tem provided for the remote, vertical inser-
tion of the thermionic cells to be imaged.

A water shutter was used to control the
volume between the collimator and the object
to be radiographed. The L/D was approxi-
mately 32. For this particular instance the
Soller slit collimator had some definite ad-
vantages over the conical collimator. One
principal advantage, of course, was the
smaller size suitable for the relatively re-
stricted space within which the work had to
be done. Another more important advantage
was the ability of the Soller slit system to
provide a parallel neutron beam over the
entire object to be imaged, thus reducing a
portion of the geometric distortion inherent
in the divergent collimator (3,4).

In addition to the collimator, another
essential component is a beam catcher, which
also includes shielding for sample-~scattered
neutrons. Although frequently not a separate
item, another essential component is a suit-
able shutter mechanism to cut off the neutron
beam. Quite frequently this shutter is con-
structed as part of the beam collimator. In
addition to the foregoing, a suitable mecha-
nism for holding the samples to be radio-
graphed must be devised. Depending on the
specific samples to be radiographed, the
sample holder may be conveniently constructed
as a slide-through type, somewhat analogous

to a slide changer on a 35 mm projector. For‘
certain large and bulky samples, however,
this glide-through type is not appropriate.

The next essential item making up the -
system is a suitable array of converter foils
(Figure 2), assuming the direct method is
being used. These are usually l-mil-thick
gadolinium foils or they can be gadolinium-
oxide plates, which are commercially avail-
able. TFor radiographs in which the transfer
technique is necessary (as in the case of
examination of highly radiocactive samples),
transfer foils such as dysprosium or indium
are uged.

It will also be necessary to have
several film cassettes, which can be modified
quite readily from commercially available
medical X-ray cassettes by the radiography
staff associated with the facility. 1In
addition, there are commercially available
vacuum cassettes, which are specifically
manufactured for use in neutron radiography.
With regard to film, there are a number of
standard radiographic films suitable for neu-
tron radiography with the direct foil system.
Qur experience has been that a good, general-
purpose, high~quality film is Kodak single
emulsion R f£ilm. When using the transfer -
technique with a dysprosium foil, we have
used Kodak AAfilm for early results, but even
here the R film is emploved where possible
to give superior results. With this tech-
nique the transfer foil is sandwiched between
two layers of the film in the cassette after
neutron activation of the transfer foil.

Thus far we have discussed a number of
essential items that must be included in any
NEUTROVISION system. These include the neu-
tron gource, in this case a mini-TRIGA; the
collimator, which, depending on the applica-
tion, can be either the conical or the Soller
slit type; a suitable beam catcher and
shutter; a sample holder: and a sufficient
inventory of foils, film cassettes, and film,

The following components of the NEUTRO-
VISION system are optional in that their use
depends largely on the volume of neutron
radiographs being processed, as well as the
existence of ancillary or supporting activ-
ities. For example, if you intend to do your
own photographic processing, a darkroom
equipped with the normal standard photo-
graphic darkroom equipment for developing and
processing film will be necessary. The
amount of added equipment to be used, such as )
automatic f£ilm processers and enlargers, will.

vary with the facility requirements. In some
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instances it may be advantageous to have the
films processed by an outside laboratory.
Another component that could be incorporated
is an image intensifier converter systen.
This item is commercially available. A
typical system might consist of a neutron-
sensitive converter image intensifier that
displays the neutron radiograph on a small
screen that can be viewed by a TV camera or

a regular camera. Work is being done using
such an image intensifier converter system

in conjunction with a video tape unit to pro-
vide a permanent record of the radiographs.
This latter type of optional equipment can

be quite useful for doing neutron vadiography
on nonradicactive samples.

The foregoing discussion has described
a typical NEUTROVISION system using the mini-
TRIGA as a neutron source. As noted earlier,
other models of the TRIGA reactor are equally
as adaptable for use with the system. Por
example, the mini~TRIGA is installed in a
below-ground configuration; that is, the re-
actor is located in the bottom of an open,
water-filled pool. Other TRIGA reactor con-
figurations are constructed entirely above
ground to permit the use of horizontal beams
rather than the vertical beams previously
described. Through proper design, these
horizontal beams can be oriented so0 as to
minimize contamination of the beam with gamma
rays. A& typical solution for producing a
low~gamma~background beam with a horizontal
type of arrangement is described in greater
detail elsewhere (2}.

Thus far we have discussed the equipment
and components necessary for a complete,
operable NEUTROVISION system. We will now
turn our attention to the staffing require-~
ments for running such a facility. The
typical staffing requirements for a system
employing a mini-~-TRIGA ave given in Table I.
The staff listed in Table T would be suffi-
cient to operate the facility on a one-ghift
basis and could also provide other types of
reactor service, such as activation of sam-
ples for performing neutvon activation anal-
ysis. If the volume of radiographs processed
by the facility should become substantial,
additional NEUTROVISION technicians would be
necessary, and, if wmulti-shift operation were
requived, additional licensed reactor opera-
tors would be needed. Most of the staff arve
typical of personnel required to operate a

TRIGA reactor, independent of its application.

The NEUTROVISION technician, however, is
specific to a facility primarily engaged in
neutron radiography.

TABLE T
Staffing Requirementsa
Director of NUETROVISION service/reactor
supervisor (1)
Senior reactor operator (1)

Reactor operator - electronic technician (1)

NEUTROVISION technician (1)

Health physicist (part-time) (1)

%The reactor supervisor and senior reactor
operator would hold senior reactor licenses
from the U.S. Atomic Energy Commission and
the reactor operator - electronic technician
would hold a reactor operator's license.

The NEUTROVISION technician may be a
licensed reactor operator, but his primary
skills are in the area of neutron radiography.
Specifically, he must have the following
qualifications:

1. Capable of loading and unloading samples

2. Experienced in darkroom procedures and
process photography®

3. Ability to interpret radiographs

4, Sufficiently experienced in basic theory
to set exposure parameters according to
sample specifications

TYPICAL APPLICATIONS

Some typical applications of a NEUTRO-
VISION system are illustrated in this section.
Figure 4 is a photograph of the test block,
identifying the variety of materials used.

All of the neutron radiographs were taken
using a below-ground configuration of a TRIGA
gimilar to that of the mini-TRIGA discussed
earlier., TFigure 5a is a gamma radiograph
(using an iridium source), Figure 53b is an X~
radiograph, and Figure 5c is a neutron radio-
graph. A comparison of the radiographs with
the test block gives a graphic illustration of
some of the capabilities of neutron tadiog-
raphy. Note, in particular, the results for
lead in the X~ and gamma radiographs and the

#1f the volume of neutron radiographs is
large, the actual processing would be
handled by a full-time phototechnician.
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results for the Lucite in the neutron radio-
graph. One of the major differences in the
neutron radiograph is due to hydrogen in the
sample (Lucite).

Figure 6 is a neutron radiograph of two
samples of the same object. One shows the
presence of "Locktite" (arrow), and the other
the absence of "Locktite,” on an important
set screw,

An interesting variation on applications
of neutron radiography in examining fissile
materials is that it can distinguish between
different isotopic compositions, for example,
between natural uranium and enriched uranium.

Figure 7 compares a neutron radiograph with 5.

an X-radiograph of a test capsule containing
uranium of different enrichments. It is

expected that this technique will find appli-
cations in nuclear materials management, par-

ticularly in various safeguard programs. 6.

CONCLUSTIONS

A complete NEUTROVISION system has been
reviewed and typical staffing requirements
and applications have been discussed. Al-
though any TRIGA reactor is suitable as the
neutron source of a NEUTROVISION system, the
mini-TRIGA, because of its simplicity and
low cost, has been emphasized. As noted at
the outset, the availability of a low-cost
neutron radiography system is a prerequisite
for a wide acceptance of neutron radiography
as a routine nondestructive test technique.
A NEUTROVISION system with a mini-TRIGA meets
this requirement.
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FIG. 1 NEUTROVISION SYSTEM SHOWING TYPICAL MINI-TRIGA INSTALLATION
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. FIG., 2 SCHEMATIC SHOWING ORIENTATION OF SOURCE, COLLIMATOR, OBJECT, CONVERTER, AND FILM
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FIG. 3 SCHEMATIC DETAILS OF A NEUTROVISION BEAM PORT SHOWING THE REACTOR SOURCE (1), THE
NEUTRON RADIOGRAPH OBJECT (2), THE DETECTOR LOCATION (3), SEVERAL POSSIBLE INTERNAL
SOURCES OF PARASITIC RADIATION (4,5,6,7), GAMMA RAY ATTENUATORS (8,9), PRIMARY
SHIELDING THICKNESS (S), AND DIMENSIONS (D) AND (L)
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FIG. 4 TEST BLOCK SHOWING MATERIALS USED FOR RADIOGRAPHS IN FIGURE 5
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(b)

(c)
FIG. 5 RADIOGRAPHS OF TEST BLOCK: (a) GAMMA RADIOGRAPH (USING AN IRIDIUM SOURCE),
(b) X-RADTOGRAPH, (c) NEUTRON RADIOGRAPH
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FIG. 6 NEUTRON RADIOGRAPH OF MECHANISM SHOWING PRESENCE (ARROW) AND
ABSENCE OF "LOCKTITE" ON IMPORTANT SET SCREW

FIG, 7 NEUTRON RADIOGRAPHS (a, b) AND X-RADIOGRAPH (c) OF A SPECIMEN CONTAINING PELLETS WITH
VARYING AMOUNTS OF U-235: (a) SHOWS THE NEUTRON RADIOGRAPH OF PELLETS AND CLADDING
AND (b) IS A DIFFERENT PHOTOGRAPHIC TREATMENT OF (a) SHOWING THE AXIAL HOLE IN ONE
HIGHLY LOADED PELLET
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. SMALL PULSED REACTOR FOR NEUTRON RADIOGRAPHY,
AND UNDERWATER FACILITY USING EXISTING POOL

REACTORS

Gerard Farny and Michel Houelle
Commissariat a L’Energie Atomique, France

A very simple inexpensive reactor neutron source has been developed for particu-
lar neutron radiography applications. The reactor is based on a solution of uranyl
nitrate which is rendered momentarily critical on inward movement of a BeO reflector
face, and which then shuts itself down by inherent negative reactivity coefficients.
Experimental work has been performed on such an assembly built at the Service
d’Etudes de Criticite, and a second assembly built at Cadarache for neutron radiography
in the Rapsodie fast reactor program has been in operation for a few months. For this
second facility some characteristics are: 2.2 kg 2354 critical mass, 93 percent enriched
fuel, 2.7 seconds doubling time for 60 grams 2%°U super criticality. At the exposure
peak the power corresponds to 10%3 fissions per second (30 kw) (5 x 10* fissions per
pulse). Repetition time is 3 hours and for the application of central void examination
in fast reactor fuel a collimation ratio of 1:40 gives satisfactory results (3 x 10° nfcm?

on Indium converter).

The seven pool reactors of the CEA in France are now equipped with facilities
for underwater neutron radiography. The facilities are proving extremely valuable for
frequent inspection and measurement on experiments irradiated within the reactors.
A typical facility is described which has a divergent collimator of boron carbide, a
variable collimation raiio, a field of view of 60 cm vertical dimension, and can accept
objects of complex shape by virtue of an ice sealed exposure system. Such facilities
are somewhat complex to develop but are simple and reliable in operation.

INTRODUCTION

Although reactor based neutron radiog-
raphy is now considerably used for the
internal needs of the Commissariat D'Energie
Atomique (CEA) in France (dirradiation rigs,
fast breeder fuel development, etc.) the
general industrial application of neutron
radiography did not get really started until
the latter half of 1969. Radiography
facilities vary according to their type of
application and the type of reactor. They
can be grouped into two categories:
beams (1) and underwater beams (2).

Two CEA laboratories have external beam
reactor-based neutvon radiography facilities
operational for industrial work; Centre
d'Etudes Nucleaires de Fontenay - aux -
Roses (near Paris) and Centre d'Etudes
Nucleaires de Grenoble. At the Fontenay -~
aux -~ Roses center a commercial company
provides the neutron radiography service;
they use the reactor Triton, and during the
twelve months of 1970 they have dealt with a
total of 6,000 objects.

In addition a special small reactor has
been built for external beam neutvon radiog-
raphy, and the first part of this paper
describes this design. The gecond part of
the paper describes an available underwater
facility,

external
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1. DEMAND FOR SMALLER SOURCES

The handicap of a fixed reactor instal-
lation far from the client is realized, and
it seems probable that if neutron radiography
were available with the smaller source con-
venience of conventional ¥ radiography, the
growth would be more rapid. A truly mobile
source could probably only be based on an
isotopic source (such as 52¢f), and at
present the needs for field use neutron
radiography are rare in France. By contrast
we have already been asked for small instal-
lations to be integrated within a laboratory
for non-destructive control. Therefore,
parallel to studies being performed on
accelerator sources at C.E.N. Grenoble we
have designed and optimised a small, pulsed,
critical assembly for which the safety,
the size, and the ratio of performance to
price have presented much interest.

The criticality and divergence studies,
and the optimization of the apparatus have
been carried out on an experimental assembly
installed at the criticality laboratory
Service d'Btudes de Criticite. (8.E.C.)
Subsequently a first prototype has been
built at C.E.N. Cadarache providing an
inspection facility for nuclear fuel
assemblies for the fast reactor Rapsodie.




DESCRIPTION OF THE SOURCE

Neutrons are produced during the free
evolution of a divergent chain reaction
within a fissile liquid medium rendered
critical by the approach of a movable
neutron reflector.

The general form of the reactor is
shown in Fig. 1. The apparatus comprises
principally:

(a) a cylindrical vessel of stainless
steel, diameter 300 mm into which
the fissile solution is introduced.

{(b) a reflector of BeQ opposite the

lower face, movable vertically by

a pneumatique jack.

(e)

a chamber for expansion and

confinement of gases released during

fission.

(d)

different systems for measurement
of nuclear and physical parameters.

(e)

The
includes:

a control panel.

facility builc at Cadarache also

(£)

a safety control rod of neutron
absorber.

(g) a system for recombination of the
gases.

(h) a system for cooling the solution
by circulation of cold air.

In the case of the facility built at
Cadarache the fissile solution is stationary
within the vessel, whereas for the experi-
mental assembly ar 8.E.C. each approach to
criticality is commenced by raising the
level of solution in the vessel using a
reservoir and a pump.

A side reflector could be placed around
the vessel of the $.E.C. assembly, whereas
the facility built at Cadarache has no side
reflectors.

OPERATION

The volume of fissile solution placed
in the vessel is such that with the base
reflector separated the assembly is sub~
critical. With the reflector raised the
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pogsitive reactivity Ak/k is of the order of
500 x 10=5 (0.5 per cent). When the condi-
tions for operation are ready (temperature,
pressure, safety, etc.) the control rod is
withdrawn and the reflector is moved up.
The chain reaction is started with a diver-
gence period of the order of 2 seconds,

and the fissile medium is automatically
subjected to an inherent shut down mechanism
{principally the effect of temperature)
which stops the divergence at a peak power
level corresponding to 1013 fissions per
second (30 Kw).

The neutron population thereafter
decreases until the shut down of the facil-
ity which can be effected either automati-
cally or manually.

CRITICALITY CHARACTERISTICS

The critical mass of the uranyl nitrate
solution is 2.2 Kg of 233y when no side
reflectors are used, and 1.5 Kg 235U with
side reflectors of paraffin 10 cm in thick-
ness. Uranium enrichment used is 93 per
cent, and the solution concentration is of
order 90 grams per liter of 235y, The
power doubling time is 2.7 seconds for the
nonreflected system corresponding to a
super criticality of 60 grams 23 U, and 1.4
seconds for the reflected case corresponding
to 30 grams U above critical mass.

SAFETY CHARACTERISTICS

The development of a chain reaction of
free evolution within a fissile solution
of uranyl nitrate has been experimentally
studied during the course of the program
"C.R.A.C." devoted to examination of crici-
cality accidents and associated phenomena.
These studies have shown that the natural
shut down mechanism of the chain reaction
(due to temperature and gas production) stop
the divergence and ensure automatic security
for the system. The phenomena used con-
stituted the maximum capable accident condi-
tion capable of affecting the installation
when the total reactivity is fixed by con-
struction. This is the case for the proto-
type at Cadarache with fixed fissile content
at rest in the vessel, and fixed external
configuration.

The lowering of the reflector totally
stops the chain reaction due to a high
negative reactivity change. 1In addition,
the dropping of the safety control rod
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Small Reactor for MNeutron Radiography.




considerably augments the negative reactivity
(in the case of the S.E.C. reactor there is
complete emptying of the solution from the
vessel). This negative reactivity is such
that the assembly could undergo a large
lowering of temperature without any possi-
bility of unplanned criticality.

The biological shielding is provided by
the concrete walls of the cell in which the
assembly is operated.

NEUTRON RADIOGRAPHY MEASUREMENTS

Optimization of the neutron radiography
design was performed on the experimental
$.E.C. assembly where a number of detectors
permitted precise evaluation of the effects
of changes in collimation, moderator, etc.

In order to approach a permanent design
we opted for a beam extended through the
protection, approaching the core tangentially
at a separation corresponding to the position
of peak thermal flux in the moderator. This
avoids having a direct view of the reactor
core, and considerably limits the gamma
radiation while providing a thermal neutron
flux equivalent to that for an axial beam.
The residual gamma flux of a few roentgens
{intergrated over the pulse) is eliminated
by a bismuth filter positioned in the beam
tube.

A typical single pulse of the reactor
produces 5.1016 fissions which corresponds
to 3.1013 n/cm? (thermal) in the moderator
and about 3.10% n/cm? at the object for a
collimator of ratio 1:100. We use merallic
convertor sheets prepared in our laboratories
by a method of deposition using an electron
gun. The exposure of 3.108 n/cm? for a
collimation of 1:100 provides high quality
neutron radiographs typically using film
Defenix (equivalent to Kodak U.S.A. Type AA).

The prototype reactor built at
Cadarache started operation a few months
ago. A collimation ratio of 1:40 is used
with Indium converter, which is sufficient
for the required examination of Uranium-
Plutonium fuel pins, and which leads to a
neutron exposure nearly ten times higher than
the example presented above. Precise
examination of the central hole of the fast
reactor fuel material is accomplished in
this way.
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SOURCE DESIGN FOR GENERAL APPLICATIONS

The proposed reactor will have side
reflectors and the safety control vod will
not be needed. The large negative reactiv-
ity will be provided by the retraction
of the base reflector and by part, or all of
the side reflectors. A cooling system based
on circulation of cold liquid will permit
operation at 15 minute intervals. Biologi-
cal protection will be provided by concrete
blocks positioned against the side reflec-
tors. Tangential or axial beam tubes will
be provided through the protection blocks.
The possibility of introducing a flux trap
is not excluded, although for simplicity
the present systems do not have this.

Applications in addition to neutron
radiography can be envisaged for this type
of neutron source and these are being con-
sidered. Two possible applications are for
activation analysis and for fabrication near
a hospital of short half life radiocelements
for medical use.

2. SUBMERGED FACILITIES FOR POOL
REACTOR

In France the research reactors are
generally of the pool type. In these re-
actors are placed numbers of rigs which
maintain experimental samples under con-
trolled temperature and pressure during the
irradiation. It is advantageous to examine
the experiments under the pool water, there-
by using the biclogical shield of water to
protect against radiation from the capsule.
The extremely high gamma emission of these
capsules makes inspection by X-radiography
very difficult, and in addition submergence
of a suitable X-ray facility is a very
expensive task. Therefore, neutron
radiography finds an immediate application
avoiding problems of radiation source and
radiation protection. This first and
important application has greatly contri-
buted to the rapid development of neutron
radiography within the C.E.A. and also to
extension of the applications to industry.
Such underwater neutron radiography facil-
ities now operate for the reactors Melusine,
Isis, Osiris, Pagase, Peggy, Siloe, and
Triton.

The design of these neutron radiography
facilities pose two principle problems:
the collimation and the elimination of water
throughout the trajectory of the neutrons.




In order to detail the adopted solutions
we will describe the neutron radiography
facility for the reactor Osiris which is
similar in principle to the others mentioned
above.

COLLIMATION

The form of the collimator design is
illustrated in Fig. 2. Omne facility of
the type described has been photographed
before installation in the reactor pool,
and this is shown in Fig. 3.

The intense source flux of neutrons
permits a very good collimation to be used,
and the actual length is only limited by
the dimensions of the pool. The collimator
length is 220 cm. The part of the rig to be
inspected usually corresponds to the height
of the reactor core, i.e. 60 cm. In order
to avoid having to take multiple exposures
the exposure field of the collimator is
therefore 60 cm in the vertical dimension.
The shape of the collimator is rather like
a pyranid with a flattened top pointed
toward the reactor neutron source. In
order to compensate for eventual variations
in flux at the collimator input end, the
diameter of this end is made variable (from
2 mm to 16 mm) by means of a diaphraga
controlled by the rod (Fig. 2, No. 8). The
neutron absorbing walls of the collimator
are of boron carbide which permits epithermal
as well as thermal neutron radiography.
Aluminum, which is effectively transparent to
neutrons, is used in-the construction of the
apparatus. The thermal neutron flux at the
object is about 107 n/cmésec, which is
considerably greater than the ambient
background neutron intensity in the water
at the same distance from the core. Exposure
times of about 10 minutes are typical.

ELIMINATION OF WATER

Water has a large scattering cross sec~
tion for neutrons. There must therefore be
no trace of water in the path of the neutrons
between input diaphragm and detector screen.
The collimator itself (Fig. 2, No. 1) is
sealed and filled with helium. The capsules
to be examined are of variable and complex
geometry and this complicates the problem
of water elimination. A supplementary con-
tainer is used to enclose the portion of
the capsule to be radiographed. (Fig. 2.,
No. 2). The isolation from the water in the
pool above the container is accomplished by
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a seal of ice (Fig. 2, No. 3). A refrigera-
tion unit (Fig. 2, No. 7) provides and main-
tains the ice seal during the exposure
period. With the seal made, the water is
forced out of the container by compressed
air. The combination of collimator, object,
and detector foil cassette (Fig. 2, No. 3)
are held together by means of a hydraulic
jack (Fig. 2, No. 6). Films of water at
positions A and B (Fig. 2) are initially
formed due to deformation of the aluminum
structure under the water pressure at the
depth of 10 meters, but these films too

are eliminated by the compressed air. Thus,
from the source all the way to the convertor
foil, there is no trace of water during
operation, and the few small thicknesses of
aluminum have negligible effect on the
radiographic quality. The complete facility
makes possible neutron radiography of highly
acceptable definition and there is no
unacceptable distortion at the high or low
extremities of the field of view.

OPERATION

The neutron converter folls which we
have in use do not have the complete length
of 600 mm. Neutron radiographs are there~-
fore taken in a single exposure by placing
three converter foils end to end. An
example of a routine neutron radiograph
taken with this facility is printed as
Fig. 4.

For neutron radiography of this type
only transfer method neutron imaging is
used due to the presence of high gamma
radiation both from the object and from
the reactor core. Dysprosium foil is
used for thermal neutron radiography and
indium foil for epithermal work.

The facility is relatively complex to
design and manufacture, but is very simple
to operate. It typically takes about half
an hour to move a capsule from the reactor
core and have it set up for neutron
radiography; the exposure time itself is
short in comparison.

The neutron radiography of rigs is
now used very frequently. For example
neutron radiography may be relied upon (1)
at intervale during an irradiation to make
dimensional measurements of change rates,
(2} to investigate a capsule malfunction,
or (3) before final destructive analysis of
the capsule in a hot cell facility.




Fig. 2.

Underwater Divergent Collimator System for Neutron Radiography.

Fig. 3. A Neutron Radiography Facility Before Submergence in the Reactor Pool.
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A number of neutron sources have been studied for application in nondestructive
assay systems for fissionable material under the auspices of the AEC Nuclear Materials
Safeguards Program. One of the assay devices which showed promise of providing useful
assay data on the fissile content of low to moderate enrichment samples was designed
around an ' 2%Sb-Be source. A survey of photoneutron sources shows that the ' 248b-Be
source is an adequate, but not the optimum choice for this assay application. From a
technical standpoint, the ®®Y-Be source is a better source than the ' 2*Sb-Be for a fissile
material assay system. However, up to now the economics of the situation have dictated
that ' 248b be used in building a practical device. Recent studies have shown that certain
high energy accelerators in the 10%-10° eV range can be used to produce high yields of
radioisotopes which are not readily produced in reactors or low-energy cyclotrons at the
present time. This paper presents a feasibility study showing the 88Y sources could be
produced at the Los Alamos Meson Physics Facility (LAMPF) at a cost which competes

favorably with '24Sb in the present application. Details of the source preparation are

included.
INTRODUCTION

A number of relatively new techniques
exist today for non-destructive assays of
material to determine its fissionable material
content., The interest in this technology has
been fostered by the requirements of nuclear
material safeguards for effective account-
ability and control of special nuclear
material in the nuclear fuel cycle. A large
amount of work performed on the initial
study, the eventual development, and finally
the implementation of practical fissionable
material assay apparatus has been
sponsored by the AEC Nuclear Materials
Safeguards program (1).

Among the methods of assay which have
received attention in the past year, are a
class of technigues which employ isotopic
neutron sources to stimulate characteristic
and measurable responses from fissionable
material in the samples being assayed (2, 3,
4, 5). Desirablecharacteristics which these
devices have either already demonstrated or
show potential for eventually achieving are:
compact size, relatively low cost, simple
operation, and low maintenance. They
therefore offer attractive possibilities for
eventual widespread use in the nuclear fuel
cycle for the measurement of a variety of
sample configurations.

One of the devices which has shown
promise for providing useful data on the
fissile content of low to moderate enrich-
ment samples is designed around an

4sb-Be isotopic neutron source., This
paper describes a possible replacement for
the 124sb-Be source which would require
little or no change in the assay apparatus
itself. This replacement source, 8 Y -Be,
should prove to be more effective for
fissionable material assays than the
124g8h-Be source, and could be available in
sufficient quantities at economical prices in
the near future.

APPARATUS DESCRIPTION

The 1245h-Be assay device is designed
around a neutron source with the physical
characteristics listed in Table I. The
energy of the 124gp-Be neutrons is well
below the neutron fission threshold of
common fertile materials (for example, for
2387 the effective neutron fission threshold
is about 1.4 MeV and for 232Th it is about
2.0 MeV). On the other hand, it is high
enough to provide reasonably good penetra-
tion into the sample under assay. The
1245p-Be neutrons cause fissions in the
sample’s fissile material. The higher

1v-94




»

TABLE I

12""“‘Slr)-Be Neutron Source Characteristics

Ty /2 - 60 daygs
n/sec per Ci -3x10
Average Neutron Energya - ~27 keV

¥y - Exposure Rate - 1R/h per Ci

(1 meter from an
unshielded source)

2 The vield and average energy of the source
neutrons depends on the amount of
beryllinm surrounding the 24gp source;
additional beryllium around the 124gp
source increases the neuiron yield, but
moderates the neutron energy spectrum.

energy prompt fission neutrons (the average
fission neutron energy is about 2 MeV)are
then detected with a proton recoil or similar
detector which is insensitive to the lower
energy source neutrons., The neutron
detector’s response to the source gamma
rays is eliminated by the use of a pulse
shape discrimination circuit which differ-
entiates between gamma ray and neutron
events in the detector, A simple conceptual
design of a system for assaying low to
moderate enrichment scrap containers is
shown in Pigure 1 (2). The layer of leadand
other high~7Z material surrounding the
source is used to reduce the gamma back~
ground in the neutron detector and serves as
a radiation shield for personnel operating
the device,

Variations of this design could be utilized
for the assay of fuel rods, fuel plates, and
other configurations commonly found in the
fuel cycle. These assay devices could be
usedio determine the fissile material content
of a number of fertile~fisgile fuel mixtures
which have been used including 238y - 235U,
232Th - 233y, 2327h - 235y, and others.

88y VERSUS 124g
A survey of photoneutron sources has

shown that the 144Sh source is an adequate,
but not optimum choice for the assay system
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described above, The physical character-
istics of the 1248b-Be and 88Y-Be sources
are compared below in Table IL

TABLE I

124Sl:v-*Be andng*Be Source Characteristics

88y-Be 124g;,_pe

Half-life 107 days 60 days
n/sec Ci 3x 106 3x 106
Average 200 KeV 27 KeV
Neutron Energy
Y - Exposure IR/hper Ci 1R/h per Ci

Rate

(1 meter

from un-

shielded

source)

It can be seen that the 88Y-Be neutron
source has a higher average neutron energy
implying greater sample penetrability. The
half life of 88Y-Be is nearly twice as long as
that of 124sb-Be so that 88Y-Be source
replacements are necessary about half as
often. The neutron source intensities per
Curie of activity and the gamma exposure
rate are almost identical for both sources so
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that the shielding design is the same for both
sources. From a technical standpoint, the
88Y-Be source is obviously a better source
than the 124gb-Be for a fissile material
assay system.

Why hasn't the 88y-Be source been con-
sidered up to now for assay work? The
answer lies in the economics of producing
these sources. The present price for pro-
ducing 887 in a cyclotron facility is about
$40,000/Ci. The cost of producing moder-
ately large 124gy, sources in a reactor is
about $30/Ci. Therefore, up to now, cost
considerations have dictated that 124sh be
used to build practical assay systems of the
type described above,

NEW PRODUCTION FACILITIES FOR 88y

Recent studies have shown that certain
high energy accelerators in the 108 - 109 ev
range can be used to produce high yields of
radioisotopes which are not readily produced
in reactors or lower energy cyclotrons. The
Los Alamos Meson Physics Facility (LAMPF),
now scheduled for operation use in January,
1973, could be used to produce a number of
radioisotopes previously unavailable in large
guantities, In particular, it will be able to
produce 88Y in batches of 101 - 102 Ci.
Another accelerator which could produce
reasonable quantities of 88Y is the 200 MeV
high current injector for the AGS accelerator
at Brookhaven. The following details for
producing 88y at the LAMPF facility have
been worked out to illustrate the feasibility
of the method.

88y and other radioisotopes can be
inexpensively produced with a high energy
accelerator, such as the LAMPF machine,
because the accelerator can be used
primarily to perform other tasks, while a
beam stop of appropriate materials is
activated with "used'’ beam. For 88y pro-
duction, the activation target consists of
seven pieces of zirconium dioxide, each
0.35 em thick and about 15 cm in diameter
(total thickness = 2,45 cm). The target is
divided into sections for ease in handling
during radiochemical processing. Typical
targets in this facility will be 10 c¢m or more

thick, so that additional radionuclides canbe
produced at the same time as 88y by in-
cluding other materials in the beam stop.

A computer program was used to
calculate the 88y yields assuming a 0.5 ma
beam of 700 MeV protons irradiaies the
target. The thick target yields were con-
servatively calculated assuming a constant
cross-section throughout thetarget thickness
(o (88sr(p,n)88Y) = 44 mb). Details of the
calculation are presented in another paper
given at this meeting (6). The results of the
calculation show that if the zirconium
targets were irradiated for one 88y half life
of 107 days, the calculated 38Y activity
would be 210 Ci/target. If the target thick-
ness were increased by a factor of 6 (fotal
thickness =~ 15 cm), the activity would be
increased roughly by a factor of 3 (about
630 Ci).

After irradiation, the zirconium oxide
target is moved from the beam stop area to
a hot cell for radiochemical separation of
the 88y, An ion exchange column is used to
perform the separation, It is estimated that
two hot cells would be required for two days
to handle the 2.5 cm thick zirconium oxide
target, The proposed procedure for
separating the 88y is given below:

1. Dissolve in 3L of 9M HF; the added acid
would contain a few mg of Y carrier and
possibly 3 gm of MgClz.

2. Filter the YF3 and Mng.

3. Dissolve the filter cake (this should
have a volume of about 5-8 ml) in either
boric acid and dilute nitric acid or in
aluminum nitrate and dilufe nitric acid.

4, Extract several times with a phosphate
ester such as dibutyl phosphate to re-
move the last traces of Zr.

5. Extract the Y into tributyl phosphate by
proper adjustment of pH and salting
agent concentration. Wash this organic
phase several times with concentrated
nitric acid to remove rare earths
{liable to be present as impurities in
the target material), this wash step
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should also give good decontamination
from Sr and Rb.

6. Y is back exiracted from the organic
phase with water and precipitated as the
hydroxide. It might be pure enough for
use at this point. Otherwise -

T. Dissolve the precipitate in dilute
hydrochloric acid and absorb on a cation
resin, wash with dilute acid then elute
the Y in a very small volume of a com-
plexing agent such as pH adjusted
ammonium lactate or alpha hydroxy-
isocbutyrate,

8. Mount or convert to desired form for
use,

A cost estimate for the materials and
labor, but not including hot cell time, is
given in Table III.

TABLE 111

Cost Estimate for Producing

Ten - 20 Ci 88Y Sources®
Zirconium Target (Zroz) $ 50
Chemicals 50
88y separation (labor) 150
Encapsulation (labor + material) 750

Total $1,000
Cost per Sourceb $ 100

2 These prices do not include the cost of hot
cell time,

b The cost for producing only one 10 Ci
source would be about $350.

The cost of hot cell time is uncertain-~-if
the cells are not busy, there may only be a
charge for labor and materials (included in
the above estimate), The cost as calculated
above is at least a factor of one hundred

lower than the present cost of producing °°Y,

It is also somewhat lower than the cost of
about $1,200 for producing two 1244y,

sources in succession (with hali-lives about
half that of the 88Y), Not included in this
comparison with the 124gp source is the
cost of transporting the sources from the
production site to the user location., Air
freight costs for a 1500 Ib shipping con-
tainer range from $225 to $375 per 1000
miles. The larger cost incurred in frans-
porting two 124gp sources compared to only
one 88V source could be offset somewhat by
a shorter distance between producer and
user for the reactor produced 124gh, 1t is
clear from the above discussion, however,
that under some circumstances the 88y
source could definitely be less expensive to
use than the 124sb source.

In order to make a rough estimate of the
total production of 88Y required per year to
show that it could be a practical alternative
to 124gp, consider the following example,
Assume 20 assay devices were in use and
each required a new 20 Ci source every 5
months (~ 1,5 88y half-lives). The total
activily required per year would be less than
1000 Ci/year or only about 5 single targets
per yvear, This requirement would not
appear to strain the isotope production
capability of the LAMPF facility., In
practice, one would probably use more
targets and irradiate them for shorter times
in order to keep up a steady supply of 88y,
This simple example points out that the
LAMPF facility alone could provide adequate
source replacement service to a fair
number of assay units operating in the field.

it is therefore clear from the above that
the LAMPT facility and possibly other high
energy accelerators could produce 88y in
sufficient quantities and at low enough cost
to warrant using it in place of 1248pb for this
Nuclear Material Safeguards application,
This study is just one particular example of
new approaches to problems in a number of
fields, which will be made possible with the
advent of these new sources of radionuclides.,
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MODERATOR INVESTIGATIONS ON 2%52Cf FOR NON-
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The Nuclear Safeguards Research Program at the Los Alamos Scientific Laboratory

includes the application of radicactive neutron sources 1o the assay of fissionable mate-
rials. Radioactive sources provide inherent simplicity and reliability at nominal cost,
although they lack some of the flexibility and high intensity of accelerator neutron
sources. The source which has received the most attention is 25 2Cf. Neutronics calcule-
tions using the DTF-1V neutron transport code have provided “tailored’” neutron specira
for different moderator configurations. Folding in these specira with appropriate sample
cross sections and detector responses yields detector counting rates, signal-to-background
ratios, and fissile-to-fertile reaction rates. By considering various moderators it is possible
to increase substantially the signal from the sample and the signal-to-background ratios.
Such calculations have provided guidance for the design of a fuel pin assay assembly to
measure the fissile component in low enrichment reactor fuels. A prototype fuel pin
assay system has been designed and constructed and will be evaluated in a major industrial

fuel fabrication facitity.

INTRODUCTION

The Nuclear Safeguards Research
Program at the Los Alamos Scientific Labo-
ratory includes application of radioactive
neutron sources to the assay of fissionable
materials (1, 2). Radioactive sources pro-
vide an attractive alternative to accelerator
sources for neutron interrogation and assay
of nuclear materials because of their inher-
ent reliability and simplicity. They are also
well suited for in-plant and field assayappli-
cations for the same reasons.

There are two basic technigues for
applying radioactive neutron sources to fis-
sionable material assay: modulated and sta-
tionary methods., I the first category, ei-
ther the source or the sample is transferred
{e. g., pneumatically) from the irradiation
position and counting of the sample begins.
Modulation or pulsing is desirable in the
case of activation analysis when delayed
gamma rays are counted, as well as when
delayed neutron response is used as the as-
say signature. In the stationary methods,
the neutron source, fissionable material,
and detector remain in a fixed position dur-
ing the assay. For example, one may use a

Work performed under the auspices of the
U. S. Atomic Energy Commission,

neutron detector which is biased to count
only those neutrons above a given energy
{e.g., above ~ 1 MeV). Thus, if the source
emiis low energy neutrons or if a high en-
ergy source is moderated to produce low
energy interrogating neuirons, these
"source' neutrons will not be counted and the
detector will respond only to high-energy
fission neutrons from the sample. Another
example of a stationary assay method ig the
resonance self-indication technique (3) in
which a beam of neutrons from a moderating
assembly passes through the fissionable
sample and into a thin fission detecior con-
taining the same fissionable isotope as in the
sample. Since the fission detector is very
sensitive to the resonance absorption lines
in the transmitted flux, the fission detector
rate gives a measure of the amount of fis-
sile material in the sample.

Neutrons can be produced from radio-
active sources by spontaneous fission reac-
tions, (@, n)reactions withlight nuclei suchas
Be, Liand F, and (v, n) reactions with Be
or D. The radiocactive neutron source re-
ceiving the most attention in LASL's Safe-
guards group is 252¢t which spontaneously
fissions producing neutrons with an energy
distribution slightly "harder' (i.e., slightly
higher average energy) than a 235y rission
spectrum (4). Cf has such cutstanding
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and advantageous features as a high specific
neutron yield (~ 2.4 x 1012 n/g-sec), low
cost, reasonably long half-life (2.6 yrs.),
and low gamma and heat ouiputs relative to
other sources. ’\Iearly all of the present
applications of 292¢f involve assemblies de-
signed to failor neutron spectra for a partic-
ular purpose., The effect of some common
moderators on the Cf spectrum are dis-
cussed in the next section.

MODERATORS FOR 2°2ct

The effects of various moderators on
2520t neutrons must be known in detail in
order to design tailoring assemblies for a
particular assay application. Six common
moderating materials will be compared:
three materials - CHy, ZrHjy and HyO - have
large slowing down powers (£%) while the
remaining three - Be, C, and D50 - have
large moderating ratios (€T 5/Z ;). The slow-
ing down power is a measure of how well a
moderator slows down neutrons, while the
moderating ratio represents the ability of a
moderator to slow down neutrons without
capturing them.

Figure 1 shows calculations of the
thermal flux versus radius for a 292Cf
source in 30-cm-radius spheres of the five
moderators. These calculations were per-
formed with the DTF~IV code and 25 group
cross~gections. It can be seen that CH, and
H90 produce very similar thermal flux spec-
tra, because of their similar Hy densities.
The neutron flux peaks at the center and
drops off rapidly with increasing radius re-
sulting in a rather large flux gradient at in-
terior positions for sample irradiations.
ZrH, yvields a similar curve for thermal flux
vg. radiug. The moderators with the larg-
est moderating ratios yield much flatter
thermal fluxes as a function of radius be-
cause of less thermal absorption. Beryllium
yields a larger flux than D50 or C because of
its larger macroscopic thermal scattering
cross-gection. Figure 1 shows that both Be
and D,0 are more suitable than the other
moderators for thermal neutron irradiations
involving energy biased detectors which musi
be suitably dlsplaced from the high-energy
(En ~ 2 MeV) #52¢Cf source neutrons. This

is illustrated in Flg 2 which shows a graph
of calculated 2397/ 238y patios, assuming
equal masses, versus radius for the various
moderators. These large 235(;/238y patios
(= 60, 000} show that it is possible o pre-
ferentlally interrogate the fissile component
(235U) in low enrlchment or natural uranium.
Also, the 23 9U/ 2387 ratio is proportional to
the signal-to-background ratio for a detector
biased at the 2387 fission threshold. At
radii greater than 12 cms, Beand D O yield
23517/238y ratios greater than the hydroge-
nous moderators. Carbon does poorly be-
cause neutrons do not lose much energy per
collision.

One method to increase both the ther-
mal flux and 235U/238y ratios in the interi-
or of an assembly of a given volume is to
surround the Cf source with a small
sphere of material with a high slowing down
power such as CHy. This hydrogenous
moderator softens the neutron spectrum
more than would the same volume of high
moderating ratio material; however, be-
cause of the small volume fraction of the hy-
drogenous core, the thermal neutron capture
in the hydrogen is minimal. In addition,
surrounding the entire moderating assembly
with a layer of CH, increases the thermal
flux throughout the assembly as well as
providing exterior neutron shielding.

Figures 3 and 4 show calculations of
the thermal flux and 235U/238U ratios ver-
sus radius for some moderator systems
composed of CH2 in the center and periph-
ery, and either D20, C, or Be in the inter-
mediate region. The outer radii of the three
regions are 5, 20, and 30 cm respectively,
The radius of the inner sphere was chosen
as 5 cm to maximize the thermal flux in the
outer regions of the moderator. The ther-
mal fluxes in Figure 3 for both C and Dy0O
in the range 5 to 20 cms is .greatly enhanced
by this technigue while the flux in Be re-
mains essentially the same. At a radial
position of 20 cm, the thermal flux in the
CH2-D2O system is slightly greater than the
flux at the same position in the pure Be
assembly. Figure 4 shows that the largest
change caused b:,sr the composite moderators
is in the 2 87 ratio. Both C and D50
yield much 1arger ratios for the composite
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' systems while the ratio for Be remains
essentially unchanged. Therefore, such
composite assemblies represent a significant
improvement over a one-region moderator
for certain assay applications.

DESIGN OF A REACTOR
FUEL PIN ASSAY SYSTEM
s 252 .
One application of Cf neutron in-~
terrogation is in the assay and quality con-
trol of fabricated reactor fuels where the
sample geometry and positionare well known.
Specifically, thermalized 52Ct neutrons can
be used to interrogate the fuel sample, and
the resulting fission neutrons can be counted
with an energy biased neutron detector and
compared with standard measurements. Such
a system is limited to low enrichment or low
density fuel because of self-absorption of
thermal neutrons in the fuel,

The preceeding moderator calcula-
tions and measurements have been used to
guide the design of a 292¢f moderator s5ys-
tem for the assay of the fissile content of low
enrichment fuel rods for power reactors.
The moderated neutrons from the 292Cf
source interrogate the fuel material and
prompt neutrons from the induced fissionre~
actions are counted using energy-biased
fast~neutron detectors.

Figure 5 is a schematic diagram of a
cylindrical assay device showing the 252¢r
source located at the center and the *He gas
fast-neutron detectors located near the sam-
ple holes. The Cf source is surrounded
by a 2-cm-~-thick tungsten ™ shell to take ad~
vantage of the large cross section of W for
inelastic neutron scattering and alsotoshield
the v-rays emitted in the spontaneocus fission
of the 292¢f, The adjacent layer of Zer
(4-cm~-thick) further moderates the source
neutrons by virtue of its large slowing down
power (2 o) (i.e., the ZrH, performs the
same moderator function as the CH, core in
Fig. 3). In addition the Zr helps in reducing
the fast neutron flux by inelastic scattering

" The tungsten was in the form of an alloy
containing 90% W, 6% Niand 4% Cu.

and aids in the shielding of v rays. The cen-
tral hydrogenous core (ZrH, plus ~ 20% CH2)
was held to a 6-cm~outer radius because the
capture of thermal neutrons by the hydrogen
becomes excessive if more hydrogen is added
to the central region. The surrounding shell
of DQO (14~-cm~-thick) further moderates the
source neutrons without significant capture
of the thermalized neutrons. Theouter layer
of CH, serves primarily as a neutron re-
flector and also provides additional neutron
shielding at the exterior of the system. The
Li added to the thin layer of poly-vinyl chlo-
ride (PVC) captures a large fraction (* 80%)
of the thermal neutrons prior to their leak-
age into the outer shield. This reduces the
exterior y-ray dose because, unlike neutron
capture in B, the capture of neutrons in Li
does not produce secondary Y rays.

Reenirant holes to accommodate the
samples to be assayed (i.e., fuel pins) are
located in the outer cylindrical layer of CH
at a radius of 22 ecm, (cf, Fig. 5) which is
roughly the position where the signal to
background ratio reaches its maximum as
indicated in Fig. 4.

4He gas tubes were selected as the
fast-neutron detectors because: (1) their
favorable efficiency for detecting fission
spectrum neutrons, (2) their low sensitivity
to ¥ rays, (3) their electronic stability and
simplicity and (4) they can be closely cou~
pled geomeirically with the fuel rods. To
optimize the size and composition of the
moderator system for maximum signal-to-
background ratio in the 4fle detectors, it
was necessary to calculate the expected re-
sponse in the detector for various input neu-
tron spectra as g function of energy bias
setting in the detector. By integrating the
differential scattering cross section for neu-
trons in 4]E'{e, it is possible to obtain the
probability that an incident neutron of a given
energy will be counted as a function of de-
tector bias energy. Figure 6 shows the
calculated and experimental resulis for
counting rate of a 252¢¢ source in air as a
function of *He detector bias energy. It can
be seen that with the incorrect assumption
of isotropic angular distribution in the 4ye
recoils, the calculations show considerable
error. However, when the measured
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angular distributions for (n, 4He) scattering

are used (5), the agreement between calcu-

lation and experiment is good and the signal 1.
to background rate as a function of bias

energy can be calculated reasonably well,

as seen in Fig. 6,

The results of the signal-to-back-
ground ratio at the sample position as a 2.
function of bias energy of the 4He are shown
in Fig. 7. Several different core config-
urations are shown for comparison. The
signal-to-background is increased ~ 10% and
20% by using ZrH, in place of CHyandD,0O
respectively in the core. It should be noted 3.
that the signal-to-background ratic can be
further increased by enlarging the outer
radius of the D50 layer (thus increasing the
volume of the assay device). However, the
principle of diminishing returns enters here
inasmuch as the cost of the additional DO 4.
and other materials increases at a much
faster rate than does the signal-to-
background ratio.

In the design of the fuel rod assay 5.
systern, 6 sample holes are included (cf.
Fig. 5) to increase the assay capacity of the
device. All sample holes can be used si-
multaneously with negligible cross-talk
(< 1%) between adjacent rods because of the
shielding effect of the intervening moderator
and the energy bias in the 4He detectors.
The detectors are biased such that the signal-
to-background ratio reaches its maximum;
this corresponds fo a 4He recoil energy of
~ 0.25 MeV or an incident neutron energy of
~ .4 MeV as can be seen in Fig, 7. The
counting rate for a typical 4% enriched fuel
rod is calculated to be ~ 1000 cps for a252Cf
source of about 200 wg. Thus it should be
possible to measure the total U content of
6 fuel rods in less than one minufe to a
counting statistical accuracy of better than

1%.

The fuel rod assay system described
herein has been fabricated at Los Alamosand
will be evaluated in the plant production line
of a major U. 5. manufacturer of power re-
actor fuel elements.
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various compositiong of the inner 5 cm region surrounding a S2c¢
source in a composite agsembly. The 35y sample was lecated
in the 10-cm-thick CH, shell at a radiug of 22 em with 020 in the

region from 5 to 20 em.




APPLICATIONS OF NEUTRON SOURCE REACTIVITY EFFECTS

TO LOW-POWER REACTOR EXPERIMENTS

Edmondo Pedretti

Lab. Fisica e Calcolo Reattori
Roma (ltaly)

The kinetic equations describing the response of a low-power reactor to the siep-

insertion of an extraneous neutron source have been modified by explicitly introducing
the reactivity effect due to the neutron source. Results of measurements performed by
the RITMO reactor, in which both positive and negative source effects have been found,
are reported. Reactor responses, calculated for both saurce effects, for various initial
reactivities and insertion levels, are shown and compared with responses obtained
experimentally. The verification of inversion levels predicted by theory is reported with
the description of methods for obtaining linear divergencies and for determining nega-
tive constant terms of reactor response when the “‘reactor plus source” system diverges.
Development of a source-drop technique for measuring negative reactivities is described
and results of control means calibration are shown. Also included is a discussion of the
influence that spatial effects and reactivity-dependence of kinetic parameters may have
on source-drop measurements. Corrections due to source effect are specified for the
source-jerk technigue, for Hogan’s differential method and for the transfer function

of an oscillating neutron source.

INTRODUCTION

Artificial neutron sources used in nu-
clear reactor applications, in general have
been consideved as pure neutron emitters, an
assumption that in many cases was justified
by actual experimental conditions, such as
smallness of the neutron source compared to
the dimensions of the multiplying system
within which the source was placed. But with
the advent of fully enriched, more compact
reactor cores it became apparent that the as-
sumption of a pure emitter was not acceptable
any more. Effects clearly due to the material
of which the neutron source is made were
pointed out by Littler (1) and investigated
by this author by means of an elementary
theory (2). An attempt of explicitly introduc~
ing the neutron source effect into the usual
one-energy group, space-independent kinetic
equations was made in a subsequent work (3)
and improved in a recent re—elaboration of
such a work (4,5). It is the purpose of this
paper to present a general picture of this
approach and to show the applications to
reactor experiments that it has originated.

THEORETICAL BACKGROUND

Under the assumption that the funda-
mental space mode of neutron flux within the
multiplying system is preserved, one can de-
scribe the response of a low-power veactor to
the step-insertion of an extraneous neutron
source by means of the following one-energy

group, space-independent, modified kinetic
equations (3)

dgét) - (K—A)%'Y@)"l n(t) +
i—Z-:iYi Ay Ci(e) + 8
ac, (r) ~
—1—. E28 oae) - n,6(0) (2)

where A=q(or A=0), conventionally desig-
nated as "source effect”™ throughout this
paper, indicates the decrease (or the in-
crease) of the multiplication factor K
caused by the step-insertion of the neutron
source into the reactor. As initial condi-
tions, the following equations, equivalent

to assuming dynamic equilibrium, will be used

n{0) = n,

Bi
1O = I @ F R ™ @

where p-_——,-(K—-l)/K is the dnitial reactivity
and W, the corresponding stable inverse
reactor period.

For constant K, S and A the solution
to eqs. (1) and (2) can be written
n(t) = n, o+ nT(t) + nF(t) (%)

(and similar equation for the precursor den~
sity) where the three terms on the right-
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hand side denote constant, transient and fun-
damental (or asymptotic) components re-
spectively.

For ps—‘p » where p = A/(1+A) is the
initial react1v1ty for which, after insertion
of the neutron source, the reactor diverges
linearly, the above components are given by

n, = st/[A-p/(-p)] (5)
N+l

ni(t) = Z: nyo explw,t) (6)
=2

L]

nF(t) nloexp(wlt) (7)

where Wi are the N+l roots of the inhour
equation

P=u)2+1()Z ZYIBl (8)

i=1 W+ A
in which
_ _1-(1+A)(1-p)
p=G-a-n/w-s) = 5EEEEE o

is the reactivity of the "reactor plus neu-
tron source” system. The amplitude of the
exponentials is given by

., = NoA. + S B, 10
i° "3 i (10)

where the coefficients A.,
following equations

N
=1~ L Yi Bi M
Aj‘[l T o W Ah) @t AJ/DJ' b

B

Bj defined by the

1/(“’ij) (12)

N
_1-(1-p)A Vi Bi M
iV TEaE E @ ipZz T 4D

i
D

it

are both independent of n, and S. In the
present case the algebraically largest root
wy of the inhour equation (8) is different
from zero and the remaining roots are neg~
ative. This means that the fundamental
component is either a decreasing or an in-
creasing exponential, depending on whether
wy =0 i.e. on whether p=pL, while the
transient component is equal to the sum of
N vanishing exponentials. Furthermore, eqg.
(5) shows that, for p=prs the constant
component is positive while it is negative
for p>=p;. As for the coefficients it can
be shown that they fulfill the conditions
N+1
ZA
j=1
N+1 (14)
> Bj ~n./S.

j=1 ¢

1

il

For = Py, one has W; = 0 and, due to
eq. (12), By = 2w . By using 1'Hospital's
rule_one obtains for the fundamental compo-
nent

nFL(t) = Pt (15)
where the slope is given by
N
= SP/(+ 22y, B/ AL (16)
j=1 L TATE
and, for the constant componentx
N+1
ncL = noAl - 5 J;=2: Bj. (17)

In this case the fundamental component in-
creases linearly; the transient component,
still represented by eq. (6), consists of N
vanishing exponentials, and the constant
component is always positive. In addition, it
must be noticed that the second eq. (14) is
replaced by eq. (23) of Ref. 5.

Since the transient component vanishes
in any case, one has from eq. (4)

lim I:n(t) - n ] = (1) (18)
£ - 003 c F
which shows that the response of a low-power
reactor to the insertion of a neutron source,
referred to the constant component n_, asym-
ptotically gives the fundamental component.

Eq. (10) shows that n.oZ= 0 for Do =
nINV,j where the quantity

nINv,jEE -8 Bj/Aj (19)
can be defined, when positive and finite, as
the inversion level of the j-th exponential.
Furthermore, eq. (6) and the first eq. (l4)

show that np(0)E|E 0 for n. = VLT where the
quantity ’

N+1
“mv,*rs -5 j;:z B. /(1—A ) (20}

can be defined, when positive and finite, as
zero initial transient level because insertion
of the neutron source into the reactor at a
power level == nINY,T makes the transient

component have an initial value == 0. Thanks

to eqs. (l4) and (17) one has
Npgy,r = @FS B/ (1-Ap) for pip, (21
and

e g

% Subscript L indicates quantity related to
linear divergence.
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nINV,T =0 for p= Py (22)
From eqs. (19) and (21) it can be seen that,
for p= 0 and A= 0, the inversion levels
and the zero initial transient level are
practically coincident with the constant
component

n_, =54/ A (23)

c
toward which a critical reactor converges
after insertion of a neutron source produc-—
ing a decrease of K.

MEASUREMENTS OF NEUTRON
SQURCE EFFECTS

The simplest and most accurate methods
of measuring neutron source effects appear
to be based on the utilization of data obtain-
able, for A=0, from an experiment of source
insertion intc a critical reactor (Figs. 5a
and 7) and for A-=<0O, from an experiment of
linear divergence (Figs. 6b and 10). In the
first case, if §C<:O denotes the final
reactivity § corfesponding to p= 0, eq. (9)
yields

A = - §C/(1-§c)=>0 (24)
while, in the second case, for which

p = p =0 and p = 0, it gives

A= pL/(l - pL)<0 . (25)

In this way the determination of A reduces
to the measurements of the negative reac-—
tivities § and py respectively. The value
of p, can fe determined by entering the
inhodr curve with the negative value of W
obtained from the reading of =a(t) - n_,
which, according to eq. (18), is proportion~
al to exp(wit). The value of pp can be de-
termined by measuring the negative period
l/we, once the reactor has been established
on the initial subcritical condition re-
quired by the linear divergence experiment.

Measurements were performed by the
RITMO reactor, a water moderated, beryllium
and water reflected flux trvap type critical
facility, fueled with fully enriched urani-
um (5,6). The reactor core consists of ten
cylindrical fuel elements, located at a
distance of about 15 cm from the center
(Fig. 1). Source effects were measured with
the DIR-1 Agsembly (Pig. 2) which was desig-
ned to fit the central reactor cavity., Two
types of central source holders were used
depending on whether the S$5-MgO tube had

been inserted into the central supporting
tube, as in Fig. 1, or not. For the experi-
ments use was made of an aluminum encapsulated
5 Ci Am~Be neutron source NUMEC-AM-154, hav-
ing an output of 1.7x107 neut/sec, a diameter
of 2.15 cm and a height of 8,85 cm. The
neutron source, held by a nylon string,could
be inserted by gravity into any source holder
in a drop time not exceeding 0.5 sec and
positioned on the reactor core midplane with
horizontal tolerances smaller than 0.2 mm.
Current delivered by one of the control sys-
tem compensated ionization chambers, located
outside the beryllium reflector on the
reactor core midplane, was utilized as signal
proportional to reactor power.

In general, commonly used neutron
sources produce positive effects. The mag-
nitude of A may vary from some tens of 1073
units to values negligibly small, depending
on the position, either inside or around the
veactor core, in which the neutron source is
placed. But the sign of A usually comes out
to be positive., A rather unusual condition,

TABLE 1

Effects due to the insertiom of a 5 Ci
Am~Be neutron source into the RITMO reactor

Source Effect A
Condition (in 10—5 units)
of S55-Mg0
Tube Central Peripheral
Source Source
Holder Holder
In position | -18.0%0.2 +50,8%1.5
Replaced by | .14 710.2 +60.80.9
water

in which inversion of source effect occurs,
was found at the center of the DIR-1 Assembly.
Insertion of the nmeutron source into the
central source holder produced negative
source effects, such as those shown in Figs.
8 and 10,when the S5S-Mg0Q tube was in posi-
tion, while it produced positive source ef~
fects, as those veported in Figs. 7 and 9,
when the S8-Mg0 tube was replaced by water.
Insertion of the neutvon source into the pe-
ripheral source holder originated positive
source effects, regardless of the S585-Mg0
tube being in position or not. The results
of the measurements are reported in Tab. I.
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INVERSION LEVELS
NUMERICAL ANALYSIS

The dependence of the coefficients A,
B: on the initial reactivity and on the
source effect A is shown in Fig. 3. The
corresponding inversion levels nyyy 2,
nINV,T gnd constant component n. aFe rep?rt-
ed in Fig. 4. It appears that the inversion
level of the fundamental component (j = 1)
exists only for p=py while the inversion
levels of the N transient terms (j = 1) ex~
ist only for A>=>0.

TABLE 11

Significant cases of initial reactivity

Reactivity

Case | Source

No. | Effect Initial Final
1 (A=o0 p=0 p=0
2 12l P=0 114
3 i O<P<pL 1t
4 ! P=PL p=0
S "% P>PL §>
6 A=0 P<pL<O §<
7 " P=FfL p =
8 ' pr=<p <O p=0
9 i1} P=0 i)
10 1 P>O "

If the neutron source produced no
reactivity effect ( A = 0), there would be
only three significant cases of initial
reactivity ( p 20). When this is not the
case, i.e. when A Z 0, the significant
cases become ten as shown in Tab. II, in
which significant initial reactivities p
are specified with corresponding final reac-
tivities ﬁ. For these ten cases reactor re-
sponses were calculated by means of eqg., (4)
for A Z 0 and for insertion levels n, se-
lected on the basis of the computed inver-
sion levels. Due to their outstanding,
practical intevest only Cases 2, 9, 4 and 7
have been chosen for presentation and short
comments,

The results reported in Fig. 5 for am
initially critical reactor show that inver-
sions of both the fundamental and the tran-—
sient components occur for A =0 (Case 2)

and that no inversions occur for A =0
(Case 9). The remaining two cases, shown

in Fig. 6, refer to linear divergences in
which the fundamental and the transient
components can be easily separated. In both
cases the fundamental component is a linear
function of time. Inversion of the transient
component occurs only for A>>0 (Case 4).
Details and further results can be found in
Ref. 5.

EXPERIMENTAL VERIFICATION

Experiments were performed by dropping
the neutron source into the reactor, for a
given initial reactivity, at a given power
level, and by recording the current signal
delivered by the ionization chamber. Photo~
graphs of these recordings are shown in Figs.
7 to 10. Experimental verification of inver-
sion levels for Cases 2, 9, 4 and 7 is
reported in this paper; that for Cases 3 and
6 can be found in Ref. 5.

Fig. 7 shows the results obtained in
Case 2 with two insertion levels, one lower
(left curve) and the other higher (right
curve) than the stabilization level ng,.
Between A and B the reactor is critical. At
B, the neutron source is dropped into the
reactor. Between B and C the reactor power
converges toward n.,. At this power level,
step~removal and subsequent step-insertion
of the neutron source caused no detectable
variations of reactor power. The agreement
with Fig. 5a is evident.

In Fig. 8 the results obtained for
Case 9 are shown. The transient component,
observable between B and E, is rising, as
for the calculated curve of Fig. 5b. The
fundamental component observable between E
and L increases exponentially. At L, neutron
source is removed and reactor power levels
off. Notice that, between E and L, reactor
power evolves according to a spurious ex-
ponential, because it includes a negative
constant component, as appears in Fig. 5b
and as will be seen in the next Section.

The results obtained in Case 4 are
shown in Fig. 9. Between A and B, the reac—
tor power increases exponentially, according
to a previously adjusted initial reactivity
pL.= 0. At B the neutron source is dropped
into the reactor at an insertion level lower
than all the inversion levels. The transient
component observable between B and C is ris-
ing, in accordance with the lower curve of
Fig. 6a. The fundamental component is rising
linearly from C to D on the left part of Fig.
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9 and between E and F on the right part of
the same figure. At F the neutron source is
removed from the reactor. Between G and I the
reactor power increases exponentially, as
between A and B. At I the neutron source is
dropped into the reactor at a power level
higher than all the inversion levels. The
transient component observable between I and
L is descending, in agreement with the upper
curve of Fig. 6a. The fundamental component
increases linearly from L to M, at which
time the neutvon source is removed. Finally,
the brass dummy source (indicated by 6 in
Fig. 2), dropped into the reactor at N,
causes reactor power to decrease.

Fig. 10 shows the results obtained in
Case 7. Between A and B, the reactor power
decreases exponentially according to a pre-
viously adjusted initial reactivity == 0.,
The transient component, observable between
B and C, is clearly rising in agreement with
the calculated curve of Fig, 6b. The funda-
mental component increases limearly from C
to D. Transient components cbserved with
different insertion levels always came out
to be of the rising type.

As appears from the verifications of
Cases &4 and 7, obtaining linear divergences
with neutron sources producing positive or
negative source effects requires adjustment
of the reactor on the correct initial reac-—
tivity . This may be achieved by a fine
control means and by repeating divergence
tests until a satisfactory linear behavior
is obtained. There are no problems in the
case of A =0 (Fig. L0) because removal of
the neutron source after the divergence test
causes reactor power to decrease. But for

A =0 (Fig. 9), reactor power increases
after removal of the neutron source, as
at F and M of Fig. 9. To leave control means
free for the fine adjustment of reactor super-
criticality, it was found very convenient to
replace, at the end of the linear test, the
neutron source with a small absorber (brass
dummy source), as shown in Fig. 9 at M and N,
In addition, once the correct initial react~
ivity has been obtained, this procedure can
be advantegeously used for investigating
different insertion levels.

DETERMINATION OF NEGATIVE
CONSTANT COMPONENTS

For = p1, the constant component ng
is positive and therefore dirvectly observable
as asymptotic stabilization level of rveactor
power, Also for p = p; the constant compo-
nent ngy, is positive; in this case it can be

determined simply by extrapolating the linear
part of the reactor response back to the
source insertion time.

For p=py (Cases 5, 8, 9 and 10 of
Tab. I1), the constant component is negative.
It can be determined by means of the equation

n, = P(L+ 1% Y, B/ xi)/[A -p/(1—p>] (26)

which is obtained by eliminating the product
82 from egqs. (5) and (16). This procedure
requires the measurement of the slope P, of
the source effect A , of the reactivity p
and knowledge of the delayed neutrons pava-
meters (in general ! may be neglected). As
an example, consider Case 9 of Fig. 8 for
which p= 0 and A = ~18.0x1075. From the
straight lines of Fig. 10 the average value

P = 4,2x10-11 A/sec can be cbtained. Putting
these values into eq. (26) and assuming

22y Bi/ M ==0.1 sec gives n = - 7.8x3x109
A, which is about forty times as large as the
insertion level ne = 0.2x3x10~9 A, and there~
fore not very accurate, The most accurate
determinations of negative constant compo-
nents occur when n, is of the same order of
magnitude of, or greater tham |n.|. In such a
case a semilog plot of n(t)+|n.| appears to
be a straight line right after vanishing out
of the transient component.

SOURCE-DROP TECHNIQUE

Elimination of the product S& from
eqs. (5) and (23) gives the relationship

(1 - nco/nc)A

L (1 - nco/nc)A (27)

which can be used for determining negative
reactivities through the measurement of n..,
A and n.. One starts with the reactor crit-
ical at a power level n, higher (or lower)
than the stabilization level n., (Fig. lla).
When precursor equilibrium is achieved, the
neutron source is dropped into the reactor.
As a comnseguence, reactor power evolves to-
ward ngg. Knowledge of this response enables
one to determine W1 and hence A . Then
reactivity is changed from zero to the nega-
tive value to be measured. Consequently,
reactor power also changes and reaches a new
stabilization level n, lower tham n.,. This
procedure can be used when reactivity cam be
changed without endangering the reactor sys-
tem. When this is not the case, it is neces-
sary, once the stabilization level n,, has
been rveached, to shut the reactor down, Lo
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carry out the variation of reactivity and,
finally, to veposition control means (Fig.
11b).

An example of control rod calibration
is shown in Fig. 12, in which source-drop
measurements (performed without reactor
shutdown) are compared with period measure-
ments. Notice that only the first source-
drop and the last period measurements (from
88 to 1007 withdrawal)were performed prac-
tically in the same conditions. This fact
may account for the ten percent difference
between total rod worths obtained by the two
methods. Results of other measurements,
carried out by both source~drop procedures,
can be found in Ref. 5. Also specified in
that work are the precautions to be taken in
using the source-drop technique.

The validity of eq. (27) implies the
preservation of the fundamental space mode
of neutron flux. Obviously, this condition
is not fulfilled for large subcriticalities.
Consequently, the observed stabilizatioen

level n, contains the contributions of higher

harmonics. For a correct use of the source-
drop technique these contributions must be
either avoided (by proper choice of source
and detector position, based on comparison
with measurements performed by a reliable
technique, such as the pulsed-source method)
or taken into account for possible correc—
tions (e.g. by numerical analysis). Another
factor that may invalidate eg. (27) is the
dependence of 5f and & on the reactivity
to be measured. Two-group diffusion calcula-
tions performed by the Exterminator code (7)
have shown that, for K varying from 1.0 down
to 0.85, relative variations of S and A
as large as 507 are possible. Of course,
spatial effects and reactivity-dependence
must be considered together. Although pres-
ent work on the source-drop technique is
based on this line of investigation, it can
not be excluded that a completely different
approach may be necessary to correlate the
observed stabilization levels n., and n, to
the unknown reactivity.

CORRECTIONS DUE TO
SOURCE EFFECT

Source-jerk technique. If n,. is the
equilibrium level of the subcritical reac-
tor with neutron source and njy is the
"quasistatic" level after removal of the
source, it can be shown by the procedure
reported by Keepin (8) that the reactivity
(of the reactor only) is given by the equa-
tion

p/yB =[n1 - RC(I*A)]/(nl—nC‘\e’ Bay @8

the right-hand side of which reduces to the
well known form (ny-ng)/n; for A =

Differential method. By eliminating the
product 5§ from egs. (5) and (16) one ob-
tains for a subcritical reactor

N
K-1=-P(+3 vy, B/ A)/m+ A . (29
i=1

Apart from different notation, this equation

differs from Hogan's formula (9) only for the

presence of the source effect A , which ap-
pears as a correction term but that becomes
important when the reactivity to be measured
is comparable with the source effect.

Transfer function of an oscillating
neutron source. For a neutron source oscil-
lating within a low-power reactor charac-
terized by the multiplication factor K, the
time variations of A and S, in the small
amplitude approximation for which the trans-
fer function is defined, can be written

A(e) =D+ Ag exp(] w E)
S(t) = S + Sy exp(j w t)

(30}

where Ap and S, are small perturbations of A
and S. Consequently, one can write for the
linear variation of neutron density

n(t) =n_, + npexp(j w t) (31)

c

and a similar equation for precursor demsity.,
By standard methods one obtains

np/nc =F W (jw) (32)
where
Fo=[(8+1-05,/5s -0, ] [y p (33)

is a coeifficient depending on the magnitude
of the impressed variations of source pa-
rameters, and

W<jw>=YB/

/;m[%(K ) Y; ﬂm (34)
i=1

is the reactor tramsfer function for the
oscillating neutron source. Notice that,

for A=Ap = 0, eq. (32) reduces to a form
in agreement with the equations given by
Langsdorf (l0) for a pure neutron source.
Furthermore, it may be interesting to point
out that eq. (34) practically coincides, for
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A = 0, with the transfer function of a sub-
critical reactor with steady neutron source
(see eq. (10~13) and Fig, 10-9 of Ref. 8).

Amplitudes and phase shifts of W (jw)
have been calculated for various degrees of
subcriticality, with U~235 delayed neutron
data taken from Tables 4-7 and 4-14 of Ref.8.
As shown by the curves reported in Figs. 13
and 14 the influence of a typical source ef-
fect is rather small for large subcritical-
ities. The source effett causes both gain
and phase lag to decrease significantly only
when the reactor is slightly subcritical.
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Fig., 1. Top view of the RITMO reactor core
(without central source holder).
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Fig. 3. Coefficients Aj

(% aK/K)

Fig. 2. Parts of the DIR-1 Assembly.
1. Al central supporting tube;
2. Al sleeve and peripheral source holder;
3., 88 canned Mg0 tube;
4 and 5. Al central source holders:
6. Brass dummy source.
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Fig. 4. Inversion levels and constant compo-
nents (normalized to § = |A| / 1),
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Fig. 5. Calculated responses of a critical reactor
to the step~insertion of a neutron source with:
a. A= 0 (Case 2); b. A=c0 (Case 9).
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Fig. 6. Calculated responses of a reactor with p=pPj
to the step~insertion of a neutron source with:
a, A= 0 (Case 4);: b. A==0 (Case 7).
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Fig. 11. Principle of source-drop technique
a, Without reactor shutdown
b. With reactor shutdown.
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Fig. 12. Calibration of safety rod (DIR=-1
without S5-Mg0 tube). SR = safety
rod; CC = control cylinder.
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Fig. 13. Influence of a positive source effect on the
amplitude of WS(jU)) with £ = 1074 sec.
0 I RRA T T3y T ¥ 7Ty T .lTTIYl 1 ‘TT?T‘W‘{W' T T {
_10 -
- 20- .
- 30k .
- 40k 7
_50_.
- 60F o
- 70 - ) .
...................... A=0
- 80_.
- 90 .1..,J_.LHHt Ll xum! ot !Iitlli ot el Ll stnxxf ) lllH.I.
-3 -2 -1 2
10 10 10 1 10 10 10

w ( radians /second )

Fig. 14, Influence of a positive source effect on the
phase shift of W (jw) with = 1074 sec.

iv-116




