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[57] ABSTRACT

A neuiron/gamma ray technique for mapping the distri-
bution of contaminants in an extended medium such as
the wall (10) of a building. A neutron excitation source
(14) is located on one side of the wall (10) and a gamma
ray spectrometer, including a gamma ray detector (16),
is located on the opposite side of the wall (10) facing the
excitation source (12). The source and detector are
moved in unison in discrete steps over opposing wall
surfaces (12, 18) so as to determine the chemical compo-
sition of the elements in a hemispheric region (20) of the
wall adjacent the detector with the radius of the region
being substantially that of the mean free path distance of
gamma rays emifted from elements interacting with
neutrons -on the detector side of the wall. The source
(14) and detector (16) are reversed for relatively thick
walls for mapping the distribution of elements on the
other side of the wall thickness. The output of the detec-
tor (16) is fed to a multi-channel pulse height analyzer
(24) where the intensity of the various gamma ray spec-
tral lines are indicated relative to a dominant constituent
element such as silicon. Concentrations of water in the
wall (10) are determined by detecting the presence of
hydrogen while salt concentrations are detected by the
presence of chlorine. Resolution of anomalies such as
the presence of voids and/or determining the bulk den-
sity of the medium is achieved by substituting a gamma
ray source (38) for the neutron source (14). The neu-
tron/gamma ray technique is also applied to metal al-
loys, such as iron alloys, in either the solid or molten
state.

37 Claims, 7 Drawing Figures
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METHOD AND APPARATUS FOR MAPPING THE
DISTRIBUTION OF CHEMICAL ELEMENTS IN
AN EXTENDED MEDIUM

ORIGIN OF THE INVENTION

The invention described herein was made in the per-
formance of work under a NASA contract and is sub-

ject to the provisions of Section 305 of the National 10

Aeronautics and Space Act of 1958, Public Law 85-568
(72 Stat. 435; 42 USC 2457) and was also made by an
employee of the U.S. Government and may be manu-
factured and used by or for the Government for govern-
mental purposes without the payment of any royalties
thereon or therefor.

TECHNICAL FIELD

The invention relates generally to nondestructive
testing and more particularly to neutron/gamma ray
mapping methods and apparatus for determining the
presence of certain elements in a material sample having
an extended area of investigation.

BACKGROUND ART

The degradation of building materials and structures
such as historic buildings has currently presented a
problem of great interest in order to preserve such
buildings for posterity. Such degradation can be attrib-
uted to the presence of contaminants and chemical
changes in the constituent building materials. In order
to determine the nature and extent of the changes in
building materials, maps reflecting the presence and
distribution of contaminants and chemical changes can
provide a very important tool in determining the meth-
ods of preservation and restoration which may become
necessary as the structures continue to age.

While non-destructive testing techniques involving
the use of neutron or gamma ray sources in conjunction
with gamma ray detectors are generally known for
detecting the characteristics and/or concentration of
elements in an extended layer or medium, what is re-
quired is an improvement in such techniques for provid-
ing maps over an extended area of a relatively thick
wall showing water concentrations as reflected by the
presence of hydrogen and salt concentrations as re-
flected by the presence of chlorine. Following the map-
ping of the contaminant distribution, several different
types of treatment can be utilized. For example, poul-
tices can be applied to the surface of the building mate-
rials and the contaminants removed thereby. The effec-
tiveness of the removal can be determined by repeating
the mapping of the wall surface after treatment. An-
other method which can be employed is the diffusion of
monomers into the materials, thus filling the regions
where the destructive action of water and salt have
changed the chemical composition and left voids. These
voids can compromise the structural integrity of the
structure. However, heat polymerization must, for ex-
ample, be used to solidify the structure and an incom-
plete diffusion of the monomer into the building materi-
als can present an additional problem, This additional
problem relates to inadequate drainage. If the monomer
is polymerized only on the surface portions of the wall,
the water content of the walls could be trapped within
the walls rather than being allowed to evaporate and/or
drain. In any event, a non-destructive mapping tech-
nique is more highly desirable than making core dril-
lings into the wall or other extended medium and the
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materials thereafter removed for chemical analysis in a
laboratory. The coring techniques are thus destructive
and samples only relatively small areas. While certain
neutron albedo techniques have also been used to deter-
mine hydrogen content in materials, such methods are
only sensitive to high concentrations of hydrogen and
thus cannot be used over the range of concentration
interest in building materials.

STATEMENT OF THE INVENTION

Accordingly, it is an object of the present invention
to provide a method and apparatus for determining the
distribution of chemical elements in extended media.

Another object of the present invention is to provide
an improved method and apparatus for performing
qualitative and quantative distribution of chemical ele-
ments in a media by analyzing the gamma ray emission
spectra of neutron irradiated material.

A further object of the invention is to provide an
apparatus for mapping the distribution of contaminants
in building materials.

Still another object of the invention is to provide an
improved method and apparatus for mapping the con-
centrations of water and salt in a relatively thick wall.

A still further object of the invention is to provide an
improved method and apparatus for determining the
constituent elements in a metal alloy in either a solid or
molten state.

These and other objects are achieved in accordance
with a method and apparatus for determining the ele-
mental composition and mapping the distribution of
certain chemical elements in an extended medium. An
extended medium can be defined as a sample whose
dimensions in both width and depth are comparable to
the mean free path of the neutrons in that medium. In
most cases, the mean free path of the neutron is greater
than the mean free path of the gamma rays. For ex-
tremely thin samples, the number of gamma rays excited
in the sample may be too low for performing rapid
analysis and further may produce a background due to
source neutrons and gamma rays which may be signifi-
cantly higher than the gamma rays generated by the
sample. One example of an extended medium may be a
thick brick wall utilizing a neutron excitation source on
one side of the wall and a gamma ray spectrometer on
the opposite side of the wall facing the neutron excita-
tion source. The neutron excitation source and an op-
posing gamma ray detector forming a part of the spec-
trometer are moved in unison over opposing wall sur-
faces in discrete steps so as to determine the elemental
composition in a hemispheric region of wall thickness,
the radius of the region being substantially that of the
mean free path distance of the gamma rays emitted from
elements interacting with neutrons on the detector side
of the wall. This particular geometry also significantly
reduces the background flux from the neutron source.
The source and detector are reversed, when necessary,
for mapping the distribution of elements on the other
half of the wall thickness. The output of the detector is
fed to a multi-channel pulse height analyzer where the
respective intensities of the various spectral lines are
indicated, and from these lines, the intensity relative to
a standard or dominant element are calculated. In the
case of building materials the dominant element for a
brick or block wall is silicon and other elements present
may be contaminants. Further, for the resolution of
anomalies such as the presence of voids and/or deter-
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mining the bulk density of the medium, a gamma ray
source is substituted for the neutron source or is used in
combination with the neutron source and the measure-
ment is made simultaneously.

The foregoing as well as other objects, features and
advantages of the invention will become apparent from
the following description taken in conjunction with the
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective view of an extended medium
such as a wall of a building and is illustrative of the
pattern employed for mapping the distribution of cer-
tain chemical elements such as contaminants in accor-
dance with the invention;

FIGS. 2A and 2B are diagrams illustrative of the
method for determining the chemical composition of
certain elements on both halves of the thickness of the
wall shown in FIG. 1;

FIG. 3 is a diagram illustrative of apparatus utilized
for determining the composition of elements in the wall
shown in FIG. 1;

FIG. 4 is a diagram illustrative of the apparatus uti-
lized for determining the density of the elements in the
wall shown in FIG. 1;

FIG. 5 is a partial electrical block diagram illustrative
of a modified form of the apparatus shown in FIG. 2;
and

FIG. 6 is a typical graphical illustration of the gamma
ray pulse height spectrum with the characteristic lines
for different elements in a brick wall of a building.

DETAILED DESCRIPTION OF THE
INVENTION

Referring now to the drawings and more particularly
to FIG. 1, reference numeral 10 designates an extended
medium, for example, a brick wall of a building which is
to be investigated for contaminants such as salt and
water and having a relatively large thickness in the
order of 16 inches. On the rear wall surface 12 of the
wall 10 is located a neutron source 14 which is com-
prised of an easily moved source of fast neutrons such as
252¢ror a neutron generator of any conventional type.
Directly opposite the neutron source 14 is located a
gamma ray detector 16 on the front wall surface 18. The
detector 16 forms part of a spectrometer to be subse-
quently described. Any movement of the neutron
source 14 over the back wall surface 12 is accompanied
by corresponding movement of the detector 16 so that
they are constantly in registration with one another and
accordingly move in unison. The verification of proper
detector-source alignment can be achieved with the use
of a gamma ray source and a collimated detector. Mea-
surement of the maximum gamma ray line intensity
would indicate the proper relative position of the detec-
tor-source configuration.

As is ‘well known in nuclear physics, high energy
neutrens passing through a medium can lose energy due
to interactions with the elements in the medium and can
eventually become thermalized. Fast (high energy)
neutrons can lose energy by inelastic collisions with the
various nuclei. These collisions can be accompanied by
the emission of gamma rays called inelastic gamma rays.
Thermal (low energy) neutrons have a high probability
of capture by the various nuclei. This capture is immedi-
ately accompanied by the emission of gamma rays
called capture gamma rays.

i0
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Accordingly, neutrons from the source 14 produce
characteristic gamma radiation of both types of the
various constituent elements as it passes through the
wall thickness. Where, for example, it is required to
detect contaminants such as water and salt within the
confines of the wall 10, it can be accomplished by deter-
mining the presence of hydrogen and chlorine, respec-
tively. However, the gamma ray mean free path dis-
tance for these elements is in the order of 6 to 8 inches
and accordingly, the detector 16 is only able to detect
gamma emission from the desired elements, hydrogen
and chlorine, within a hemispherical region 20 adjacent
the detector 16 which is equal to the mean free path
distance as shown in FIG. 2A. It should be noted that a
hemispherical region is relevant only for material which
is homogeneous in density. Thus the front wall surface
18 to a depth of the gamma ray mean free path distance
(6"-8"") can be effectively mapped as shown in FIG. 1
by positioning the neutron source 14 and the detector 16
in substantially equally spaced points 22 arranged in a
plurality of columns and rows where the mutual separa-
tion between the points 22, for example, is twice the
mean free path distance, e.g. 12 inches. A matrix of
points over the entire face 18 will result in providing a
map of the elements emitting gamma rays in the for-
ward half thickness of the wall 10. To map the elements
in the rear half thickness of the wall 10, the relative
position of the neutron source 14 and the gamma ray
detector 16 is simply reversed as shown in FIG. 2B and
the process repeated with substantially the same points
22 shown in FIG. 1 being established on the rear wall
surface 12. In any event, the position of the source 14
and the distance of the source with respect to the detec-
tor 16 must be kept constant.

Since each chemical element will produce its own
characteristic gamma ray speciral emission, an analysis
of the gamma ray spectrum at each test point 22 can
provide both a qualitative and quantitative indication of
various elements, particularly hydrogen and chlorine,
where the concentration of water and salt at the wall 10
is desired.

Referring now to FIG. 3, the gamma ray detector 16
as shown is comprised of a Ge(HP) semiconductor
detector cooled by a liguid nitrogen source 22. The
detector 16 forms one portion of a gamma ray spec-
trometer which additionally includes a multichannel
analyzer 24, for example, a TRACOR model TN 1710.
Such equipment, inter alia, includes a pulse height ana-
lyzer section 26 and a computation section 28 which can
be programmed to compute the ratio of the intensity of
various elemental spectral lines. The gamma ray detec-
tor 16 is shown coupled to the analyzer 24 by means of
a signal amplifier 30. The pulse height analyzer section
26 is operable to output data indicative of the relative
position and the intensity of the various spectral line(s)
of the elements detected. This data is fed to the ratio
computing circuit 28 where the intensity of predeter-
mined spectral lines is computed relative to the concen-
tration of a predetermined element, for example, the
dominant element, which in the case for a building wall
10 constructed from refractory materials such as brick,
comprises silicon. The ratios are used to make any
needed corrections for changes in neutron spectral and
spatial distribution and changes in gamma ray absorp-
tion between the source and detector. These ratios more
closely reflect the chemical changes rather than
changes in gamma ray intensity. The ratio calculation
performed in the ratio circuit 28 is coupled to a digital
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read -out circuit 32 from which the values can be re-
corded and tabulated, for example, as shown in Table 1.

6

Thus what has been shown and described are non-
destructive methods and apparatus for the rapid map-
ping of bulk properties associated with large structures

TABLE 1
Run Cl/8i H/Si Ti/Si K/Si Sn/Si  Ca/Si Fe/Si
# 1165 2864 6.111 2223 1381 771 1293 1.943  7.638 (MeV)
1 117 At 32 145 .33 .20 — — .54
2 1.06 A5 38 125 43 — - — -
3 0.0 00 00 1.59 40 — .13 078 .38
4 A7 - 047 1.44 49 13 097 .089 —
5 A6 — 071 .86 47 21 25 13 45
6 0.0 00 00 1.06 .60 .18 .38 17 —

Table 1, runs 1, 3 and 5 comprise spectral line data
taken at three points on a front wall of a typical building
under investigation, while runs 2, 4 and 6 correspond to
the same corresponding points on the rear wall. In a
mapping procedure, however, one would systemati-
cally test a great number of points on both wall surfaces.
The Table I shows the ratio values for three lines of
chlorine which is indicative of salt concentration in the
wall, one line for hydrogen which is indicative of water
concentration, and lines for titanium, potassium, tin,
calcium and iron. Accordingly, the columns reflect the
concentration of contaminant elements in relation to
silicon. As indicated above, the ratio value is particu-
larly useful because it provides compensation for
nonelemental composition effects which might be con-
sidered as noise in the measuring apparatus. Comparing
values in the same column thus provides an indication of
the relative intensities and location of the desired ele-
ments.

To provide a record of the various spectra, the pulse
height analyzer section 26 is also coupled to a tape deck
34 which is adapted to be coupled, for example, to a
chart recorder 36 for providing a strip record typically
as illustrated in FIG. § where the top half of the graph
is representative of the lower energy portion of the
spectrum, while the lower half of the graph corre-
sponds to the upper energy portion of the spectrum.

To resolve any anomalies in the measurement tech-
nique involving the fast neutron source 14 and the
gamma ray detector 16, as well as determining the bulk
density at each of the points 22, this is accomplished
simply by replacing the neutron source 14 by a gamma
ray source 38 as shown in FIG. 4 and repeating the
spectral analysis for the gamma ray source line emission
and studying the variation in transmission as reflected
by the change in intensity of the gamma ray line mea-
sured at the detector.

While the configurations shown in FIGS. 3 and 4 are
illustrative of the basic embodiments of the invention,
reference to FIG. 5 is illustrative of a modification in
the spectrometer apparatus utilized for making the re-
quired spectral analysis. With reference to FIG. 5, ref-
erence numeral 40 denotes a collimator of either the
active or passive type which can be wutilized, when de-
sired, when enhanced spatial resolution is required.
Secondly, a scintillation type detector 42 can be used in
place of the earlier disclosed -semiconductor type of
detector, the light output of which may be enhanced by
a photo-multiplier tube 43. Thirdly, a multi-channel
analyzer 44 can be utilized to analyze the spectrum of
the detector 42 or photo-multiplier tube 43, having a
smaller number of channels than heretofore required
and being operable to monitor only the count rate
changes in the number of channels selected rather than
measuring the total spectrum.
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and which is particularly adapted to determine the pres-
ence of contaminants and chemical changes in the build-
ing materials from which these structures are con-
structed. It should be understood that the foregoing
detailed description is not limited to the determination
of the chemical constituents in the walls of buildings or
the like, but when desirable, the same techniques can be
applied to other environments such as in the metals
industries where non-destructive testing of the composi-
tion of slabs or ribbons of metal are required, preferably
on-line, and in real time.

For this purpose, gamma rays produced by the cap-
ture and inelastic scatter of neutrons may be used to
perform both qualitative and quantitative analyses
while the metal is still molten and thus be used, for
example, to perform ladle metallurgy. A neutron source
placed adjacent to one side of the ladle or metallic flow
would excite characteristic gamma ray emissions which
are then detected by a gamma ray sensor placed on the
other side of the ladle or flow. The ratios of the mea-
sured intensities of the spectral line, for example, iron to
the various spectral lines for the allows can then be used
to monitor the metal elemental composition.

Having thus shown and described the invention with
respect to its preferred embodiments, it should be un-
derstood that modifications may be made and equiva-
lents substituted therefor without departing from the
spirit and scope of the invention. Accordingly, all modi-
fications, changes and alterations coming within the
spirit and scope of the invention as defined in the ap-
pended claims are herein meant to be included.

What is claimed is:

1. The method of determining the elemental composi-
tion in an extended medium (10), comprising the steps
of:

(a) placing a neutron source (14) adjacent to and
directing neutrons into one surface (12) of said
extended medium (10);

(b) placing a gamma ray detector (16) adjacent the
opposite surface (18) of said extended medium (10)
in fixed relationship with the neutron source (14);

(c) sensing gamma rays (y) emitted from elements
located substantially within a hemispherical region
(20) of said extended medium (10) which is located
adjacent the gamma ray detector (16), said hemi-
spherical region having a radius substantially equal
to said gamma ray mean free distance;

(d) measuring the gamma ray line spectrum (FIG. 6)
of characteristic spectral lines of radiations emitted
from the elements in said hemispherical region (20);

(e) determining the presence and identity of predeter-
mined spectral lines in the gamma ray spectrum
(FIG. 6) for making a qualitative analysis of se-
lected chemical elements in said hemispherical
region (20); and
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(f) determining the relative intensity of said predeter-
mined spectral lines in relation to the spectral line
intensity of a predetermined element for making a
quantitative analysis of said selected elements in
said hemispheric region (20).

2. The method of claim 1 and additionally including

the step of:

(g) reversing the mutual position of the neutron
source (14) and gamma ray detector (16), and

repeating steps (c) through (f).

3. The method as defined by claim 1 and additionally
including the step of:

(h) moving said neutron source (14) and said detector
(16) in unison over the respective surfaces (12, 18)
of said extended medium (10) and repeating steps
(d) through (f) at predetermined locations (22) for
mapping the distribution of said chemical elements
in said medium.

4. The method as defined by claim 1 wherein said
extended medium (10) comprises a wall of a building
having constituent materials including silicon and
wherein said determining step (¢) comprises determin-
ing the presence and identity of the spectral lines of
hydrogen and chlorine for determining the presence of
water and salt, respectively, and

wherein said determining step (f) comprises determin-
ing the intensity of the spectral lines of hydrogen
and chlorine in relation to the spectral line of sili-
con.

5. The method as defined by claim 4 and additionally

including the step of:

(D) reversing the mutual position of the neutron source
(14) and gamma ray detector (16) and repeating
steps (c) through (f).

6. The method of claim 3 wherein said moving step
(h) comprises the step of moving said source (14) and
detector (16) in discrete steps (22) over said extended
medium (10).

7. The method of claim 6 wherein said discrete steps
(22) have a separation distance which is at least equal to
said gamma ray (y) mean free distance.

8. The method as defined by claim 7 wherein said
extended medium (10) comprises a wall of a building
having constituent materials including silicon and
wherein said step () comprises determining the pres-
ence and identity of the spectral lines of hydrogen and
chlorine for determining the presence of water and salt,
respectively, and

wherein said determining step (f) comprises determin-
ing the intensity of the spectral lines of hydrogen
and chlorine in relation to the spectral line of sili-
con.

9. The method as defined by claim 8 wherein said
discrete steps (22) have a separation distance substan-
tially equal to the gamma ray mean free path at the edge
of said wall (10) and substantially equal to twice the
gamma ray mean free path at points interiorally of the
edge of said wall.

10. The method as defined by claim 1 and additionally
including the step of:

(j) replacing said neutron source (14) with a gamma
ray source (38) for making a determination of the
bulk density of said medium (10) and for resolving
anomalies by measuring the change in intensity of
discrete transmitted spectral lines from the source
(38).

11. The method as defined by claim 10 and addition-

ally including the step of:
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(k) moving said gamma ray source (38) and said de-
tector (16) in unison over the respective surfaces
(12, 18) of said extended medium (10) at positions
previously determined for the neutron source (14).

12. The method as defined by claim 1 wherein said
extended medium (210) comprises an iron sample includ-
ing alloying materials and wherein said determining
step (e) comprises determining the presence and identity
of the spectral lines of the elemental components of the
sample.

13. The method as defined by claim 12 wherein said
spectral lines include those for iron and said alloying
materials. '

14. The method as defined by claim 13 wherein said
spectral lines for said alloying materials are referenced
to said spectral lines for said iron.

15. The method as defined by claim 12 wherein said
iron sample, including said alloying materials, is molten.

16. The method as defined by claim 12 wherein said
determining step (e) is made in real time and on line.

17. The method as defined by claim 1 wherein said
extended medium comprises a metal sample of a pri-
mary metal including alloying materials.

18. The method of claim 1 wherein said extended
medium is a liquid. ’

19. The method of claim 18 wherein said liquid is a
molten composition.

20. Apparatus for mapping the distribution and deter-
mining the elemental composition in an extended me-
dium (10), comprising in combination:

a neutron source (14) adjacent one surface (12) of said
medium (10) and operable to direct neutrons into
said medium;

a gamma ray detector (16) adjacent the opposite sur-
face (18) of said medium (10) and being in fixed
relationship with the neutron source (14) and oper-
able to sense gamma rays () emitted from chemi-
cal -elements located substantially within a hemi-
spherical region (20) of said medium in proximity
to the gamma ray detector (16), said hemispherical
region having a radius substantially equal to said
gamma ray mean free distance;

means (26) for providing the gamma ray spectrum of
characteristic spectral lines of said chemical ele-
ments in said hemispherical region (20) and indicat-
ing the presence of predetermined spectral lines
therein; and

means (28) for computing the relative intensity of
selected spectral lines in relation to the spectral line
intensity of a predetermined element.

21. The apparatus as defined by claim 20 wherein said
medium (10) comprises the wall of a building including
a constituent dominant element and wherein said means
(28) for computing the relative intensity of selected
spectral lines computes relative intensity in relation to
the spectral line intensity of said dominant element.

22. The apparatus as defined by claim 21 wherein sa
dominant element comprises silicon and said predeter-
mined spectral lines include the lines of hydrogen and
chlorine for determining concentration of water and
salt respectively in said wall (10).

23, The apparatus as defined by claim 22 wherein said
neutron source (14) and gamma ray detector (16) are
moved in unison over the respective surfaces (12, 18) of
said wall.

24. The apparatus as defined by claim 23 wherein said
neutron source (14) and gamma ray detector (16) are
moved in discrete steps (22).
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25. The apparatus as defined by claim 24 wherein said
discrete steps (22) have a separation at least equal to the
gamma ray mean free path. :

26. The apparatus as defined by claim 20 and addi-
tionally including means (38) for determining the bulk
density of said medium.

27. The apparatus as defined by claim 24 wherein said
means (38) for determining density comprises a gamma
ray source located on said one surface (12) of said ex-
tended medium substantially directly opposite said
gamma ray detector (16).

28. The apparatus as defined by claim 25 wherein said
medium (10) comprises the wall of a building.

29. The apparatus as defined by claim 18 wherein said
medium (10) comprises an iron sample including alloy-
ing materials.

30. The apparatus as defined by claim 27 wherein said
spectral lines include those of iron and said alloying
materials.

31. The apparatus as defined by claim 28 wherein said
spectral lines for said alloying materials are referenced
to said spectral lines for said iron.
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32. The apparatus as defined by claim 27 wherein said
iron sample including alloying materials, is molten.
33. The apparatus as defined by claim 30 wherein said
spectral lines are determined on line and in real time.
34. The apparatus as defined by claim 27 wherein the

- bulk density of said medium is determined.

35. The apparatus as defined by claim 18 wherein sa
extended medium comprises a metal sample of a pri-
mary metal and further including alloying materials.

36. The method of claim 15 and additionally includ-
ing the step of:

(g) reversing the mutual position of the neutron
source and the gamma ray detector, and repeating
steps (c) through ().

37. The method as defined by claim 15 and addition-

ally including the step of:

(h) moving the neutron source and the gamma ray
detector in unison over the respective surface of
said extended medium and repeating steps (d)
through (f) at predetermined locations for mapping
the distribution of said chemical elements in said

medium.
* * * * *



