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This invention relates to the neasurenent of density, and nore

particularly to a test instrunent and nethod for neasuring the density of a
sanpl e using gamma radi ation. The invention is especially suited for

measuring the d ) [ el atively thin zone bel ow t he sugmm mw
sanpl e. BACK \\M\“\“““M\ ENTION I n the asphalt pavenent MW "mw’m
i ndustry, portable QF&J)Og.ar gauges are frequently used for mneasuripgsdhe
density of the asphalt pavenent. Oten, the asphalt paving nmaterial is
applied in relatively thin layers, e. g. on the order of about one to two
i nches in thickness, over a prepared roadbed foundation or an existing
paved roadway. Consequently, there is a need to nmeasure density of the
pavenent sanple in a relatively thin zone, e.g., one to three inches in
dept h, bel ow the pavenent surface. To this end, nuclear density gauges have
been devel oped for diredtQW AETTVITHYHUHCIEARDENSIIOf GAUGENn | ayer of pavi ng
material. For exanple, nuclear "thin |ayer" gauges of this type are
described in comonly owned U. S. Patent Nos. 4, 641,030; 4,701, 868 and
6, 310, 936. The gauges descri bedEnpthe eI epiTIONe a Cesi um 137 (1 3~Cs )
source of gamma radi ation containing approximately eight mllicuries of
Cesi um 137. Gamma rldd iaversionirplgtes ta the measwsmsnioef (éé%%m eré&mofe om t he
underlying sanple is detected by Geiger-Mieller

particularly to a test instrument and method for measuring the density of a sample

using gamma radiation. The invention is especially suited for measuring the

density in a relatively thin zone below the surface of a sample.

BACKGROUND OF THE INVENTION

In the asphalt pavement construction industry, portable nuclear gau-ge-s are
frequently used for measuring the density of the asphalt pavement. Often, the
asphalt paving material is applied in relatively thin layers, e.g. on the order of
about one to two inches in thickness, over a prepared roadbed foundation or an
existing paved roadway. Consequently, there is a need to measure density of the
pavement sample in a relatively thin zone, e.g., one to three inches in depth,
below the pavement surface. To this end, nuclear density gauges have been
developed for directly measuring the density of a thin layer of paving material.
For example, nuclear "thin layer" gauges of this type are described in commonly
owned U.S. Patent Nos. 4,641,030, 4,701,868 and 6,310,936. The gauges
described in these patents use a Cesium-137 (*"Cs ) source of gamma radiation

containing approximately eight millicuries of Cesium-137. Gamma radiation that



tubes positioned to formtw geonetrically differing source-to-detector

rel ati onships, and the density of the material is cal cul ated based upon the
gama radi ation counts detected by the respective detectors. Although the
activity of the gamm radiation source in these gauges is quite small, in
the mllicurie range, and can be safely used by an operator with ordinary
precautions aldcmpten s¢atieradLrosp theydpying Swﬁﬁks‘g%g?te@@f by GergeeMusliehe
handl i ng, transport, storage and use of such gauges, and on persons

qual ified to tpbes pesationedtio franyew. geooeteglly differingtsource-texdetstora need for a
gauge whi ch uses a radiation source of a nmuch lower activity level which is

not subj ect t eeliti@skipgwnatioy denkiewof the Mtdrial Of cabiléd bged apgethe ghinnmas
therefore an object of the present invention to provide a nucl ear gauge

suited for meggudioRGobis dERRRd by tﬂ&e%e”cﬁb@&été’&&ﬁé. thin zone bel ow the _
surface of a sanple, and which uses a low activity radiation source. It is

LS e L, Ol DAL MGG SRS, By, i o

can operate using a source VI n't he

m crocurie range, and.mgre specifically with ap activity of no re than
100 i crocur i a,glteaﬁaﬂﬂﬂ ed@i‘?@%f@tlg&nar}é‘&ainfhet%%& tseg BrhoPerRily e

m crocurie. Gauges enploying these |low activity nuclear sources are subject
to fewer and bulrarypracagions andsare] regilaiesy agricice fupeseiresidctians oadle  Pri or
attenpts to produce nucl ear gauges using low activity (mcrocurie)

radi ati on souhamelinpavansped, storage @l seof ash, gapgésiand dypdreasumelifiéd tohei r
limted | evel s of accuracy. By way of exanple, one prior nuclear gauge

using a | ow a@{)érdﬂetsﬁcmgﬁiigéﬁrC§1@éﬁ1§‘&1tl§/§th€1%~°@(i§t§3@ﬂeddrfof39 pamel whienaed aU. S.
Patent 4,766,319. -2

radiation source of a much lower activity level which is not subject to the

regulatory requirements of existing gauges.

It is therefore an object of the present invention to provide a nuclear
gauge suited for measuring the density in a relatively thin zone below the surface
of a sample, and which uses a low activity radiation source.

It is a more specific object of the present invention to provide a gauge
which can operate using a gamma radiation source having an activity in the
microcurie range, and more specifically with an activity of no more than 100
microcurie, and more desirably an activity of no more than 50 microcurie.
Gauges employing these low activity nuclear sources are subject to fewer and
less stringent restrictions and regulations, if any.

Prior attempts to produce nuclear gauges using low activity (microcurie)
radiation sources have had limited success, primarily because of their limited

levels of accuracy. By way of example, one prior nuclear gauge using a low

activity nuclear source is described in commonly owned U.S. Patent 4,766,319.

-



The main difficulty in devel oping a gauge based on a | ow activity gamma
radi ation source is that the signal to noise ratio of the ganma radi ation
detection is | ow because of the relatively | ow ganma radiation flux froma
| ow activity source. Background radiation fromcertain naturally occurring
radi oactive elenments (e.qg. K-40,, U and Th) present in the material to be

t est ed generafréemﬁl%@‘(fﬁﬁﬂqﬁ’ﬁnéﬁm%ﬁmﬁé gaperobased Qi & AV AcH ARy 89 ng t he
accuracy of nmeasurement. Wth conventional gauges using higher activity
gamma r adi at i cadiationrsourse (ethgt tha sigpaltomotse satuy dicth€gamBia radiatiaedetedtios si gnal
to noise ratio is high and the background radi ati on does not contribute
signi ficant efglot beChlidddRheGElafivEly loW galhi{dYadiatop flas €din 4 Pweadtivitn pr ovi des
a nucl ear density gauge and nethod which is suited for measuring the

density in a g&lall Hé‘dk)érc%)dhhgacﬁ% @&ﬂ%&ﬁntﬁﬁra}%‘%&gﬁi@ra@iofé@}mé' e of paving

material. The gauge nmay be designed to neasure t ensity in a zone up to

SRR N S T T RESAOATR T SR

t he surface o ana

radi ati on sources having .a total activity of no nore fhan 100 m gr.qcurie.
The gauge i nc|“f§5§gcagngtgqugnq{5%g\ilqbgutrﬁggqlﬁéngt@mcm@gy %{HE)%S&EF“E%“-b it
positioned on a surface of the material sanple. The mcrocurie gamm

radi ati on sourcerven§oRad gauged uging higher petivily gammep lradratlémswpwe@aﬁ%ﬁoq adi ation
t hrough the base and into an underlying material sanple. At |east one

ener gy sel ect imierogenien@s-1adsatrcenthdasignal tornoise ratbelisthigh aid the badkgeowpduge
housing in spaced apart relation with respect to the gamma radi ation

source, W th tRatdRt®es A6t RatItOaskiRBAR ebof. produci ng signals representing
the energy level of the detected gamra radiation. -3

SUMMARY OF THE INVENTION

The present invention provides a nuclear density gauge and method
which is suited for measuring the density in a relatively thin zone beneath the
surface of a sample of paving material. The gauge may be designed to measure
the density in a zone up to a specific depth of, for example, up to 1 or as much as
3 inches beneath the surface of the material sample. The gauge uses one or more
gamma radiation sources having a total activity of no more than 100 microcurie.
The gauge includes a gauge housing having a surface adapted to be positioned on
a surface of the material sample. The microcurie gamma radiation source is
mounted within the housing for emitting gamma radiation through the base and
into an underlying material sample. At least one energy selective gamma
radiation detector is mounted within the gauge housing in spaced apart relation
with respect to the gamma radiation source, with the detector being operable for

producing signals representing the energy level of the detected gamma radiation.



Density cal culating neans is connected to the detector and is operable for
calculating a value for the density of the material based upon detected
signals having an energy level within a predeterm ned portion of the energy
spectrum of the gamm radiation detected by the detector. In one

enbodi ment, the density cal cul ating neans i ncl udes an, anal yzer which is
connected to tif@sigecaledlafingingansds epnaeetad to the detertos and ?i%ﬁraﬁ}ﬁfoéccuwl ating
signals fromthe detector into one or nore channels corresponding to said
pr edet er m ned cplonlating a value Her the denpity o gt matarialHasedurminydetactedeygnaisor

exanpl e, conprise a nultichannel analyzer which classifies and accunul ates
signals in a pavihglahleyergl lelies aithinea proddia@iiiedp@tion bEtheraeQy spedaint ofm of t he
gama radi ati on detected by the detector, and wherein at |east one of these

di screte channgl s,figh igsichaletbcRidadahenstasd mnk ie%o@fmén‘f‘ﬁh@ﬂﬁ{sﬁ%‘
spectrum In one specific enbodi nent, the predeterm ned portion of the

ener 9y spect t Wholiglplnd BERaLOR HRIPKE WpRRICHBELO SRR BcbOSial T ¢ Of

0.1 MeV or grea ahd an up s 1ess teristic

primary energy of ource. The ga .radiati on source may conprise at

| east one OesiOBﬁ’ialjlgg%ba s eednmaBiAs dew o the AESCREPIQRRLr y
energy. Preferably, the detector is a scintillation detector, and the
system may i naéhardehannelsreargspondingrio said eedetermingd portivmi oflthe ¢engngydet ect or
which is capable of identifying the counts which have an energy within the
speci fi ed enerpsctspecThaanalyzdr may, for example, comprise a multichannel analyzer

which classifies and accumulates signals in a plurality of discrete channels over
the energy spectrum of the gamma radiation detected by the detector, and
wherein at least one of these discrete channels defines said predetermined portion
of the energy spectrum.

In one specific embodiment, the predetermined portion of the energy
spectrum which is used for density calculation has a lower limit of 0.1 MeV or
greater and an upper limit which is less than the characteristic primary energy of
the source. The gamma radiation source may comprise at least one Cesium-137
gamma radiation source with a 0.662 MeV primary energy. Preferably, the
detector is a scintillation detector, and the system may include an analyzer
connected to the scintillation detector which is capable of identifying the counts

which have an energy within the specified energy spectrum.



BRI EF DESCRI PTI ON OF THE DRAW NGS Sone of the features and advantages of

the i nvention having been described, others wll becone apparent fromthe
detail ed description which follows, and fromthe acconpanyi ng drawi ngs, in
which: Figure | is an exploded schematic view of a gauge in accordance wth

one enbodi nent of the invention. ERgure is a schematic diagram show ng

2
t he gi rciji try forI processBRbEFtP@S REIQN Gt BH MWINK@ gauge. Figure 3 is
. . . : s Thodi
ot “the Trvention. SHoEAtflc BaSfUand ah A0 PRE Tt B dfEROA P oey ™

of the invention, own wt sour ce rai sed
position. Figuyre 4 is a Si el evational . vi ew showi.ng the. soyr.ce wheel used
Po°t he gauge - Brrbtnuftss W niomeebpgRR i3t SBRGRHOBNETT  he. sour ce
wheel. Figure 6 is a side elevational view of the gauge of Figure 3, shown
with the sour édlapfeand fromitheaccepparyng deavaress ipwhichi on. DETAI LED

DESCRI PTI ON OF THE | NVENTI ON The present invention now w || be described
more fully herei naffigre Wig dn explasied sclematictview et e gangzniy aenpréangoivigonei n

whi ch preferred enbodi nents of the invention are shown. This invention my,

however, be egbddigtnt of thiwwediiéd.er ent forns and shoul d not be construed as
limted to the enbodi ments set forth herein; rather, these enbodi nents are

provided so that t g, &b $Cd QIEMmEtIMIlakranPshowing the circuitry for processing the
signals obtained by the gauge.

Figure 3 is a side elevational view of a gauge in accordance with a second
embodiment of the invention, shown with the source wheel in the shielded, raised
position.

Figure 4 is a side elevational view showing the source wheel used in the
gauge of Figure 3.

Figure 5 is a cross-sectional view of the source wheel.

Figure 6 is a side elevational view of the gauge of Figure 3, shown with

the source wheel in the exposed, lowered position.

DETAILED DESCRIPTION OF THE INVENTION

The present invention now will be described more fully hereinafter with
reference to the accompanying drawings, in which preferred embodiments of the
invention are shown. This invention may, however, be embodied in many
different forms and should not be construed as limited to the embodiments set

forth herein; rather, these embodiments are provided so that this disclosure will



be thorough and conplete, and will fully convey the scope of the invention
to those skilled in the art. Like nunbers refer to |like el enents

t hroughout. Theory The present invention is based on the scattering and
absorption properties of ganmma radiation with matter. For ganmma radi ation
wWith energies less than 2 MV, there _are two dom nant |nteracting

mechani sms wi PR thaseughyand compigte, and will tully\eopvey eggopeefdhe invEBUILE nant
mechanismis inelastic scattering (Conpton scattering). For energies |ess
than 0.1 MeV, thdse skitled imatht arte dikemisubersrefirdo ke elements thiowgh@tti on. I n t he
0.1 to 2 MeV energy range, the anount of gamma radiation scattering (energy
degradation) is a fimee#y on of electron density of the material and
therefore, density is a fundanmental mneasurenent property. This results in a

nucl ear attenuatio : = W AVE i i :uenced b
u uat i O @festitiihvdn@BA i bABF S fiﬁ‘eré%tge)ﬁl\r}g@fjﬁa tah%r%)l‘?(ﬁlspﬂo*?éljtlb@ y

the material conposition. At energies bel ow O. hot'oel ectric
absorption of gamma rgqjlitagni oghims 38 irti ve atro itaggn%t%ng C nelégbs%rt of2the
material and ReRCETRASITAECHEN caér"(eq STEM aIaS1 ONpPosi P& of t}Illa'él mat eri al .
Therefore, when amma radj at,i on ,source of sufficient energy is_placed
near a mat eri MeV-4here AfF GioeARngN idlerr ee @am?alw%hn@ﬁerdépé%ﬁt@# ©$ used

for gamma radi ati on detection, gamma radi ati on mai nly under goi ng Conpton
scattering caMoéerssgnrangedhe Hominaat pechanism ipriraﬁmtiwaattebinat(g@mptomhe gama
radi ati on count can be converted to an absolute density. According to one
speci fi ¢ enbodcarering pfFdrleaergivs duss than, 0. BMed~ e dpamivantrmaebhabisaris source with a
0.662 MeV primary energy is used. However, other gamma radi ati on sources

wi th differenphdiobleBtii aBSEHEON. | BURE 6.1662IMe P en&Bp ke tthe aolnest 6Co for

exanple. Gamma radiation interacting with the sanple Is -6
gamma radiation scattering (energy degradation) is a function of electron density
of the material and therefore, density is a fundamental measurement property.
This results in a nuclear attenuation per unit-length mass-density that is less
influenced by the material composition. At energies below 0.1 MeV, the
photoelectric absorption of gamma radiation is sensitive to the atomic number of
the material and hence to the chemical (elemental) composition of the material.
Therefore, when a gamma radiation source of sufficient energy is placed near a
material, and an energy selective gamma radiation detector is used for gamma
radiation detection, gamma radiation mainly undergoing Compton scattering can
be counted exclusively. With proper calibration, the gamma radiation count can
be converted to an absolute density.

According to one specific embodiment of the invention, a '*’Cs gamma

radiation source with a 0.662 MeV primary energy is used. However, other

gamma radiation sources with different primary energy levels could be employed,

such as ®*Co for example. Gamma radiation interacting with the sample is

-6-



measured with a detector, which is preferably an energy sel ective detector
configured to detect ganma radiation in a predeterm ned energy spectrum
Gamma radi ation detectors may be configured in various ways to be selective
to a desired energy spectrum For exanple, in the enbodi nrent shown and
descri bed herein, an ener selective scintillation detector is used,
specifically ﬁle§%?%Withéd§%éét°(, hivh & Rreferablypr pnesgy sthecaivedstest®nl ti pl i er
tube (PMI). Wen using a ~37Cs source, ganma radiation interacting with the
sanpl e with enenfigues tordeteotbggmmal eddeativnrind predetpemined dnorgy.spedvbih.ar e count ed.
In a further specific enbodi nent, gamma radiation with energies in the

pr edet er m ned GagingeradiatiOn detectofd miy BLIOHraddt Vafous Wile 16 BBRElettBditakhi On
within this energy spectrumis that which has interacted with the

under| ying mH@sﬁﬂeQ'en?ﬁgs 2 .uHﬁ%rQﬁ&ﬂﬁEfé?fnttﬁf eﬁbamﬂehﬁs%%ﬁm%ﬁ%%aause of

Conpt on scattering, iation posses a |ower energy |evel than the

0. 662 MeV pripary ener of, the '. 3 source.. For, ga adi_at.i on sources
other ¢ han' | sieein. G Ehchby SotequlE seintilitfor B s bR, SRR R R e
based upon the gne di stribution for the rticul ar._source sel ected.
Appar at us one il ystghmounicd gra photgpilinbisn ube t HEhepustgR
invention is shown in Figure 1. The gauge is indicated generally by the

ref erence char’aCs squraq gammme rgdiatien interadiinggvith tha semple withvéneggies muhet antial |y
pl anar | ower surface and a gauge housi ng 14 which cooperates with the base

12 to protect pwdbyrmrinel emge Oileto\id Mesare eopitadnimsa Hirthehepegidicge. A handle 16
extends upwardly fromthe gauge housing 14 to facilitate transporting the

gauge- On t hecBR&@iIMment, $8m@fa radiati SRWHE AORsHS thkdpredbtdraiha ﬂaﬁ%éléf(}?yid)u'f
evi ces are provided, such as the keypad 18 and display 19 shown in the
draw ng. 0.25 MeV are counted. The gamma radiation within this energy spectrum is that
which has interacted with the underlying material and has been backscattered to
the detector. Because of Compton scattering, the radiation posses a lower energy
level than the 0.662 MeV primary energy of the '*’Cs source. For gamma
radiation sources other than *’Cs, the upper limit would be selected in a similar
manner based upon the energy distribution for the particular source selected.
Apparatus
One embodiment of a gauge in accordance with the present invention is
shown in Figure 1. The gauge is indicated generally by the reference character
10. The gauge includes a base 12 having a substantially planar lower surface and
a gauge housing 14 which cooperates with the base 12 to protectively enclose the
various components of the gauge. A handle 16 extends upwardly from the gauge
housing 14 to facilitate transporting the gauge. On the upper side of the gauge

housing 14 suitable input-output devices are provided, such as the keypad 18 and

display 19 shown in the drawing.



Addi ti onal conponents of the gauge are nounted to the upper surface of the
base 12. As shown, |ocated adjacent one |ongitudinal end of the base 12 is
a source plate 20. Source plate 20 is in the formof an elongate bar. In
the illustrated enbodi nent, a series of three discrete radiation point
sources 22 are nounted, at. spaced-apart | ocations to one side of the source
plate 20. It will duwaalrme@tﬁa?tlma@gﬁtﬁamqweééoab%mfgﬂ&&? sour ces
could be used. In an alternative enbodi nent, not illustrated, the radiation
source may bethedrse hliods shown,docated dsiacent aredorgitudinabend ofthe basgtla ivp t he
source plate. Alternatively, the sources may be arranged in a pattern, such
as a circul ar spaté plate, 20s Boueseplats @0 tihin tHefani effan diohgattybaevanthe t he t ot al
activity of the gamm radiation sources does not exceed 100 microcurie. In

the parti cul agRiFpediAMBBEinkdnt, USdefidd Stthrde s cBRAOTRId R iRt QBurS QWX e S
Cesi um 137 and each individual point source of Cesium 137 has an activity

of no nore th 1 i r . J rahl: unted so
Chat i can booubig ShREKabEyENRIbRE Sl B e st B pRECHE NI BEC T
shown, the source plate 20 has two vertjcally extendi hol adj acent
each end whi cHMdaraioadiil s Hap ek discrpie i SauPeRe ML Used s bol ts 24,
and whi ch threadably engage suitably tap{)ed hol es 25 fornmed in the base

pl ate 12. Thi slterpativeranhasdimentieos illystigteds ths|radiatipr somEspanadnlee ¢ontinBeyson
source, either for replacenent or for taking background radiation counts,

as expl ai ned omnd disfributed ddeigihe ehtiredtrmth efithasewce phate. tAltersaivebe thEl ate 20 i s
reliably and consistently | ocated at the sanme position when installed on

the base 12, $hute& thiebéludiree th APsttIRQWEH hd £ dikcul& ALE@N Sl dunBRigwen t he
source plate 20 and the radiation detector nust be consistently maintained

for accurate ggector. In any event, the total activity of the gamma radiation sources does not

exceed 100 microcurie. In the particular embodiment illustrated, the gamma
radiation source is Cesium-137 and each individual point source of Cesium-137
has an activity of no more than 10 microcurie.

The source plate 20 is preferably mounted so that it can be readily
removed from the base plate 12. In the embodiment shown, the source plate 20
has two vertically extending holes adjacent each end which are adapted to receive
threaded fasteners, such as bolts 24, and which threadably engage suitably tapped
holes 25 formed in the base plate 12. This arrangement makes it possible to
remove the radiation source, either for replacement or for taking background
radiation counts, as explained more fully below. It also ensures that the source
plate 20 is reliably and consistently located at the same position when installed on
the base 12, since the distance and geometrical relationship between the source

plate 20 and the radiation detector must be consistently maintained for accurate



and reproduci ble results. For radiation safety, the source plate 20 may be
tethered to the gauge to prevent |oss while renoved fromthe gauge. An
energy selective detector systemis nounted to the base 12 adjacent the
opposite end fromthe source plate 20. In the particul ar enbodi nent
illustrated in Figure 1, the energy selective gammua radi ation detector
syst em i ncl ud@8d EePseshicibls reseltsa & o Fadiation spkety ke soustrRle IO beer t ube 28
nounted to the sodiumiodide crystal. Wen gamma radi ation strikes the
sodi um i odi de tethered tol the ghgedn prevent losd whidertmowad friongthe gauget ensi ty
corresponding to the energy |level of the gamma radiation. The

photomul tiplier tubg e8rgdedehetige ddiectohtensis afshnedty elid sast N2 adjacerg! ect ri cal
signals which, in turn, are anplified by an anplifier 30 nounted to the

phot onul ti pl i efe §ppBSite cHASrGHMd obRE piitg 26! &ﬁa@%aﬂich%%ﬁ@odi‘{ﬂeﬁt an el ectri cal

conductor 32, to circuit board 34, where the signals are processed as

descri bed nor I . Latlon,shiel di J: ed on the
base plate 12_?11115#8&}51%1?5#&% nlgi%%éﬁ%tééx %(l:eef?l gg gg‘#‘{r}%cr? %?fline@ﬁgce%@g@&sour ce
plate 20 and th adi atj on, det ect or _assenb to. i nhibit _gamma radiation
emanating fr oﬂﬁcﬁ S@éﬂﬁsﬁﬁn’s@ lde ceystd 28136 Qgéé’FW&‘FgleF 8@@@3 W?W‘ftﬂéﬁ%our ces
to the detector. Consequently, the only gamma radi ation fromthe sources 22
that is recei vediumyiodide costabcWhen igempadpdiationstikecthe sediupdedide crystabugh t he
base 12 into the underlying material sanple, and which has interacted with

the materi al phopheadketlossedpairyigg sicattdnsite dotbesplindipgver the ynérgy devghofithe base
12 to the sodiumiodide crystal 26. Thus, the gauge operates in the

"backscatter"” gamef radiados UThepH RoiBltipiélibs 2P adtt &s e PhoREk afd cERRTE
radi ati on can be used as the shielding 36, with | ead or other dense netals

bei ng typi cal them 19 electrical signals which, in turn, are amplified by an amplifier 30

mounted to the photomultiplier tube. The amplified signals are directed, via an
electrical conductor 32, to a circuit board 34, where the signals are processed as
described more fully below.

Radiation shielding 36 is also mounted on the base plate 12. The
shielding 36 is located directly between the source plate 20 and the radiation
detector assembly to inhibit gamma radiation emanating from the gamma sources
22 from passing directly from the sources to the detector. Consequently, the only
gamma radiation from the sources 22 that is received by the detector is radiation
which has passed through the base 12 into the underlying material sample, and
which has interacted with the material sample before being scattered back
upwardly through the base 12 to the sodium iodide crystal 26. Thus, the gauge
operates in the “backscatter” mode. Any suitable material capable of blocking
gamma radiation can be used as the shielding 36, with lead or other dense metals

being typical.



-9 The functional conponents of the circuit board 34 are shown
schematically in Figure 2. An anal og-to-digital converter 38 transforns the
anplified analog signals fromanplifier 30 into digital signals quantifying
the energy level of the gamra radiation (photon) count. The output of the
anal og-to digital converter 38 is directed to an anal yzer device, which in
the illustrated enBibaifurctionaleompanents olcthe giseyit bosd §4 aie shown) 39 which
accurul ates the nunber of gamra radiation (photon) counts of different

ener gy | evel ssé¢henmtiealpt mrEigure . ofn aadopretdigitd zohvartea 38 slansfomsethpondi ng t o
portion of the energy |evel spectrum For purposes of density cal cul ation,
only a predet gmplified aRdsd éigﬁhl@froﬁﬂwn}ﬂmab|int6'd@giﬁl’si§ﬂﬁ§tpﬁaﬂmf}dﬁg gt ed by the
detectors is considered. Thus, only the accumul ated counts from one or nore

of the Chann.eleﬁer%ﬁ?e&v%?@ﬂﬂ@gﬁlﬂnfa%&igﬁ& @h@féﬁ%ﬂtﬁ?ﬂe &ﬂpaﬂ' mrﬁ%@@gﬁfi der ed

for the density ulatio For exanple one specific e , this
energy spectrum.has a lower. limt of 0.1 MV,and ap. upper .l.im f 0.4 MV
when a 370s SRS Rand R BB smboidr afie, iR Bebitrde hpoui ment
the lower Iimt is 0.1 MeV and the upper |imt_is 0.25 MeV. O her channels
of the anal yz&mbpeisieatisRE-chanes! agplyzardMitA} Hewhichpggrmayaies HEm may be
considered for taking standard counts or in conpensating for background
radi ati on. Theuwbepefigaoima tadiaion (P®tern cdimts of difterant angsgp taysksanto410
containing a set of stored instructions suitable for converting the

accunul at ed gaimality adchinnels, ¢4eh charinel cwtependinim gonorMIAhe ahagplegeinsi ty

val ue. The processor 40 is operatively connected to the keypad input device

18 and to thespushibl. FHr$RbR¥esl& density calculation, only a predetermined portion of

the overall energy spectrum detected by the detectors is considered. Thus, only
the accumulated counts from one or more of the channels corresponding to this
predetermined portion are considered for the density calculation. For example, in
one specific embodiment, this energy spectrum has a lower limit of 0.1 MeV and
an upper limit of 0.4 MeV when a '*’Cs gamma radiation source is used. Ina
more specific embodiment, the lower limit is 0.1 MeV and the upper limit is 0.25
MeV. Other channels of the analyzer representing other slices of the energy
spectrum may be considered for taking standard counts or in compensating for
background radiation. The output of the MCA 39 is directed to a processor 40
containing a set of stored instructions suitable for converting the accumulated
gamma radiation (photon) counts from the MCA into a density value. The
processor 40 is operatively connected to the keypad input device 18 and to the
output display 19.

Preferably, the source or sources of gamma radiation are configured so

that gamma radiation emanates from a laterally extending area or zone so as to
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Preferably, the source or sources of gamm radiation are configured so that
gamma radi ation emanates froma laterally extending area or zone so as to
-10 provi de for a nunber of individual of pathways al ong which the gamma
radi ation may travel downwardly into the underlying sanple. The resulting
backscattered radi ation also travels along a nunber of pathways back up to
the detector ®yevidabor prumber efindizidvahef nathweys elonggvhighthegagyes mgiagien

di screte 10 microcurie point sources of ~ 3~Cs nounted on the source plate
20, and the gamydaraveldovesvadly intoithntetbrlyingrgmpld. | e gariengbicksetterdndi cul ar
to aline passing directly fromthe source plate to the detector. Since the

detector is caghiion ao tiReRl Aot mahberlof BAhOMPE backupadlhd &tet@aysteher e are
nuner ous paths of travel for the gamm radi ation passing downwardly into

the underlying, ﬁféggg{%dﬁﬂglt DflsP9teRARERCGAL HHELS %&gtgtlggﬁﬁﬁ;cﬁféé ?5in§¥cﬁfr@é§‘ It

wi || be apprecrat that simlar results wou ieve roma source
whi ch extends alsg the entire |en t source plate 20.. To,make nore
ot 1 ci ont - use bt ¢ RmolteR ah i sapih Pietn b poidnd B 5 sBiuf St Oritid e o
plurality of spaller sodiumiodide crystals and associ ated photonultiplier
tubes arrangedloggadinggensrally perpendigiarge atline rapsig diretlydoam theesodseg

phot ormul ti plier tube 28 shown in Figure 1. By providing nmultiple paths of
travel in thi plataiorthe détednr.t Siscsibadetsctonist bapalilstadeeaiving tediggmngaet ks abl e to
see a larger volunme of the sanple and the error caused by the surface

roughness of fthiresdemptirrd sretnimestuy pathd o€ aavel Speahé purmStradibliozpdskiap
Scintillation detectors are sensitive to tenperature fluctuations. In the

di gital spect HyEhRAREYERS HYNHERINESmHIBAnE BEE babie¥fter&f tolthe dSBsBR

radi ati on
system. It will be appreciated that similar results would be achieved from a

source which extends along the entire length of the source plate 20. To make
more efficient use of the detector area, the detector system may include a
plurality of smaller sodium iodide crystals and associated photomultiplier tubes
arranged side-by-side, instead of the single crystal 26 and photomultiplier tube 28
shown in Figure 1. By providing multiple paths of travel in this manner from the
source to the detector, the gauge is able to see a larger volume of the sample and
the error caused by the surface roughness of the sample is thereby reduced.

Spectrum Stabilization

Scintillation detectors are sensitive to temperature fluctuations. In the
digital spectrum produced by the MCA, the energy level of the gamma radiation
detected by the scintillation detector is correlated into one of many (e.g. 512)
channels representing the counts corresponding to a particular gamma radiation
energy level or range. This spectrum may be represented graphically as

extending in the x-direction, with the total number of counts in each channel
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detected by the scintillation detector is correlated into one of many (e.g.
512) channel s representing the counts corresponding to a particular gama
radi ati on energy |l evel or range. This spectrum may be represented
graphically as extending in the x-direction, with the total nunber of
counts in each channel -11  extending in the y-direction. Wen the

t enper at ur e f pxfending asthe yrliresiertWhen e dermpripaze fusiuatess therspgetium t he
x-direction. Therefore, a peak once centered on one channel may end up

cent ered on afldetifites sort lindaalyrie khe X-firemienwdhtrefdre, £ paalt onbecaymerodion adé at i on
(photon) counts in channels between C~o~,,er, representing the energy

E, oVer, and CoRp@ermaeiEseednitdted bihe deaEs\chmiPelf.one kA6 il thdrese
fluctuations, the counts obtained fromusing the "raw' spectrumw || have

uncer tai nt i es ughifialRdieh (RORRS AL EnRBARI Verkiden A, 20308 g 01 {2

spectrun1stab§ zer 1S Us ize the spectra sulting from
tenperature fluctuations.in the Nal detgector. Eor purposes,of spectrum

st abi | i zati on® %ﬁ@%dﬁdi@wﬁr%ﬁ%&%t HTEHE Y!’P‘*E’!%S?F@Pei Wle%er ocurie 24 ~
Am gamma radi ation reference source 45 mpunted near the detector 26 in the
enbodi nent  shE#FUAtiens; e caunts obtaineg frogpuypgthse sVt SRSRTYMeVildaree 45 is used
as a reference point by the MCA for stabilization of the spectrum During a
4 minute counthceytaintieedue teshd/empetdtirecsessitutnt An anlog or digialtshesiruoor r ect ed
for signal anplitude fluctuations and stored in a buffer. At the end of
counting, thestybifizerivased toatabilikitheé frotralpRitisresultidgfr@n tethpeitned | ve

approach, spectrum stabilization could be carried out without requiring an
addi tional ragi&hhishsSR Weafall Rfectd! FoLPGPosed of ‘s;b”Bétrun‘J fAfilizdoh&he

gauge is provided with an additional 1 microcurie **' Am gamma radiation

reference source 45 mounted near the detector 26 in the embodiment shown in

Figure 1. The 0.056 MeV peak from the source 45 is used as a reference point by

the MCA for stabilization of the spectrum.

During a 4 minute counting time, the MCA collects counts, which are
then corrected for signal amplitude fluctuations and stored in a buffer. At the end
of counting, the MCA gives the stabilized spectrum.

In an alternative approach, spectrum stabilization could be carried out
without requiring an additional radiation source for reference. A tiny “leak” hole
could be provided in the shielding 36 so that a small fraction of the gamma
radiation can pass directly from the source 22 to the detector 26. In this instance,
the 0.662 MeV peak of the gamma radiation source itself can be used as a

reference point for spectrum stabilization.

Gamma radiation Background
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could be provided in the shielding 36 so that a small fraction of the gamma
radi ati on can pass directly fromthe source 22 to the detector 26. In this
i nstance, the 0.662 MeV peak of the gamma radi ati on source itself can be
used as a reference point for spectrumstabilization. Gamra radiation
Background -12 In order to obtain an accurate density neasurenent, it is
necessary to quant it §rdeRto QPIRIR @R desiaty apsity acASURCTSAL, A is REGREIE ihpl e and
its surroundi ngs. Conventional nuclear density gauges avoid this issue by
usi ng a st ronguantifuhesbackgioand pamme wadigtiqnefrory thextsmptle 88T svirouodifgs.i e)
resulting in such a large signal to noise ratio that the effect of
background r adioavémivnalbduchear desiy gaugediatbidtthie igguebgasing Awavhded@amhtacr e are
several possible approaches to conpensating for background gamra radi ati on.

According to onRatRRRoARENe.of MoueR@®MhRro Chﬁ?%wlﬁﬁ%msﬁﬁa?ﬁ £&dnd%o
physically renoved fromthée gauge and placed in a Tocation éhl ' ded from

the detector. e fuic 8 BOUES RERRSRIPE AR IRPIS Bt el 0 3, garme

radi ation coufl representi ng pec t o anot her
approach, the ?ag%e can be constructed with a sogr ce which can be noved
from an unshi OFGEY BYSHHOR. hErEiars YCRARISSHRIRRreaFhesio coamentaing s ur emrent
to an internally shielded | ocation within the gauge when operated for
backgr ound calbprekeseundrganaperadietinpl Acgordifigddione APProadhm éprekpmplgphcoach i s
illustrated in Figure 3. To avoid repetition, |like reference nunbers with
prime not ati onorce platediiechndreephysieallyt wmoded frofrythe lgeugerdnd plaveti in 8 enbodi nment
whi ch correspond to el enents previously described. In this enbodi nent, the
ganmma location shielded from the detector. Then, the sourceless gauge can be operated

to obtain a gamma radiation count representing the background spectrum.

According to another approach, the gauge can be constructed with a source which

can be moved from an unshielded active position when operated for density

measurement, to an internally shielded location within the gauge when operated

for background calibration. One exemplary embodiment using this approach is

illustrated in Figure 3. To avoid repetition, like reference numbers with prime

notation () added are used to identify elements in this embodiment which

correspond to elements previously described. In this embodiment, the gamma

radiation source 22’ is located on a disk 52 which is mounted for rotation within a

shielded enclosure 54. Both the disk 52 (Figures 4 and 5) and the shielded

enclosure 54 are made from a dense material such as lead, which is opaque to

gamma radiation. A shaft 56 connected to the disk 52 extends from the gauge

housing to allow for rotating the disk. When positioned in the shielded position

for background counts and storage, the disk is rotated so that the source 22’ is

completely enclosed by the shielded enclosure, as shown in Figure 3. When
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radi ati on source 22' is located on a disk 52 which is nmounted for rotation
within a shielded enclosure 54. Both the disk 52 (Figures 4 and 5) and the
shi el ded encl osure 54 are made froma dense material such as |ead, which is
opaque to ganma radi ation. A shaft 56 connected to the disk 52 extends from

t he gauge housing to allow for ratatjing.th i_sk. We sitiqned_ in the
shi el'ded posi SPERYABFSHEEIGISIERE RejakEmS tf&ﬁﬁagégﬁw&tﬂ] H%dp BRSINGR 15 at ed s0
that the source 22' is conpletely enclosed by the shielded enclosure, as
shown i n Fi guseurge 2%panhe ushieldpdrastive pesitzan shommrin &ignre 6+ &n thes pasicion, t he
shaft 56 is rotated 180 to position the source 22' in the unshielded active

posi ti on showthd soukde @2’ & 16catédpiolirsatp asthe ilower sutfacesafithe bas2Plate $271 wcat ed
proximate to the | ower surface of the base plate 12' so that gamm

radi ati on may the pfinhRGhadtidiindy 8 AREQE Ao & AHRdrRI bAREIE BstaRAMRALIM tHae base
pl ate of the gauge. Gamma radi ati on background may al so be esti mated

“on-the-run" R RP surenent of the gamma radiation counts having
an energy Ieve?ée%iat(lé)r ggg%?tqg% 460 MeV. The el ement potassium has a

| ong-1ived radi oi sot ope =40, .that emts 1.460 \Y A radi,ati on. Since
ot assi um i 5. pr ese NS HRE FfiaRp peR e T e ke §e st VR TR e for an
asphalt paving m x, Conpton scattering of the 1.460 MV ganma radi ation
produces back§PouAeasHpaenicy thagamypa gadiation copals having aacaerey devek atigst er est
for density nmeasurenent. Another approach involves mathematical fitting of
t he strai ght - labowg 1pd0tMeV . {Ihe eEn&BR pdtbisign hmea taagilateld oadipisatkpe, Krd0s| ope of
this line can be used to estinmate the background. Still another approach
i nvol ves havi night @mste pa¥6atMe 8 FamheI radiaties.t Since potassium is present in the

minerals typically used as the aggregate for an asphalt paving mix, Compton

scattering of the 1.460 MeV gamma radiation produces background radiation in

the energy spectrum which is of interest for density measurement. Another

approach involves mathematical fitting of the straight-line part of the 0.662 MeV

gamma radiation peak. The slope of this line can be used to estimate the

background. Still another approach involves having a separate smaller detector

system for background measurement. This detector may be connected to gauge

electronics with a cable and placed in the side of the detector that is away from

the sources, or may be placed outside the gauge enclosure.
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system for background nmeasurenment. This detector nmay be connected to gauge
el ectronics with a cable and placed in the side of the detector that is
away fromthe sources, or may be placed outside the gauge encl osure. -14
St andard Count Nucl ear density gauges use radi oactive sources having a
finite half life. The soyrce activity decreases with tinme due to

di si ntegration of I 'ﬁonpensate for the varying source activity,

t he neasured gamma radi ation count is nornalized to the count on a
standard. This coumucleat density gaugsa upgadivesiivergourses hivipg a finite balf-dite.i onal
gauges, this standard is a polyethyl ene bl ock. The present invention can
enpl oy any of Theyeurad adtbitpalderehses withdime dingtoalisihtepaeon of mhdldr dloi on count .
For exanple, in one approach, the gauge can be placed on a standard pl ates

two to three ipnbasatetbfthe AR sRr@UclioRE (RS RRaRRAI AimhiPadidtiFaTolite
footprint size of the gauge. "'These standard plates can be magnesi um

al um num - or g 6( ii%%lttioceﬂ%&%lln;% Q%@h@ﬂg%ﬂis%ﬂ%ﬁ rgﬂ%sntﬁgkgirnegﬁlé%%‘éﬁtotfer

counts are acquired on eac amra ra ng from
source to detector, is conpletely s opg%% by. t he sﬂk | di that only a
backecat ter 1 Ot B PR eRbR Eabies b Lt APelEEmeiiock. e erasnar
energy w ndow, for example 0.1 0.25 MeV (for a 13'Cs source with 0.662 MV
primary ener gyveniion eancrmplpy appelowreral mededs forgequiring p standarfl gplifrationy t he
shield to provide a direct path for the gamm radiation fromthe source to
t he detector sourth&br exempletie ohoapmoeachdths @auge dinrbeqtladed amactangamina
radi ati on of 0.662 MeV energy. The net counts in the 0.662 MV ~3' Cs peak
can be used aplddrawditaneas theB&URick andONa surface area one or two times the

footprint size of the gauge. These standard plates can be magnesium, aluminum,

or a combination of magnesium and aluminum, and backscatter counts are

acquired on each plate. The gamma radiation streaming from source to detector

is completely stopped by the shielding, so that only a backscatter reading is

acquired, and counts are taken in a particular energy window, for example 0.1 -

0.25 MeV (for a "*’Cs source with 0.662 MeV primary energy).

In another approach, a small bore hole is formed in the shield to provide a

direct path for the gamma radiation from the source to the detector so that the

detector could see a direct beam of gamma radiation of 0.662 MeV energy. The

net counts in the 0.662 MeV '*’Cs peak can be used as the standard count, when

the gauge is placed on the standard plate as well as on-the-run. Here, on-the-run

means when the gauge is placed on a testing material. When the gauge is placed

on the testing material, the standard count (the net counts in the 0.662 MeV

primary energy) is taken simultaneously with the backscatter density count.
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t he gauge is placed on the standard plate as well as on-the-run. Here,
on-the-run neans when the gauge is placed on a testing nmaterial. Wen the
gauge is placed on the testing material, the standard count (the net counts
in the 0.662 MeV primary energy) is taken sinultaneously with the
backscatter density count. -15 In stil] another approach, a small Geiger
Mul l er tube is i nccy5¥1 sﬁawhewpf%h, Hergss M@‘{l?féége tsHBcqsporAlgAyn Bur ce
and is used to ascertain the standard count. This tube is inside the gauge
and is not af feeugehpusinginger the psintayy sifureeandiindead tpiaseprtain the stahdardauge
Calibration Exanple 1 As with other nuclear gauges, the gauge has to be

cal i brated to commydhis wherisensidelihatgaoge anlishst Affecrattsr thadedyitylofdensi ti es.
Prelimnary calibration was performed using three solid nmetal calibration
plates: a nagnR@aéliythPhaiia th soil equivalent density of 109.8 pcf (pounds
per cubic foot), a conposite nmagnesiun al um numplate with soil equival ent
density of 133.3 pcf, and an alum num plate with soil equival ent density of
161. 2 pcf. The gauge was operated in the backscatter node. Counts in a 0.1

to 0.25 MeV ener gy Gaupdavulibration Exdniple £sti mate the density. The background
radi ation fromthe sanple and its surroundi ng was neasured by obtai ning

counts when the ~3~Cs ga radi ati on source s renoved fromthe gauge.
The gauge was pl acé¥ ‘ﬁﬁh gﬁgr SPYSES Slgéu%;rlfkg’stt%'?"e%al&’-rﬁ?q‘ﬂﬂ‘é’n(‘f% nts were
obt ai ned. The average of these counts was cal cul ated as Cbgd~. The gauge
was then pl ace&dmoir rafiatipngeids Wrmatetiahiballndensiites Bredimingry salibrafieruwes count s
were taken. The average count was cal cul ated as Cbgdz The source was
rei nstal |l ed i petfosnabesigg thwe solid hetd] delibmptien plaes: 4 maghsiwaphe witldséihe gauge
was placed on the magnesi um plate and three 4 m nute counts were coll ected.
The average ceybivaNasdensitybf B6%E8Ipcf (pounds per cubic foot), a composite

magnesium/aluminum plate with soil equivalent density of 133.3 pcf, and an

aluminum plate with soil equivalent density of 161.2 pcf. The gauge was

operated in the backscatter mode. Counts in a 0.1 to 0.25 MeV energy window

were used to estimate the density. The background radiation from the sample and

its surrounding was measured by obtaining counts when the '*’Cs gamma

radiation source was removed from the gauge. The gauge was placed on the

magnesium plate and three 4-minute counts were obtained. The average of these

counts was calculated as Cpgg;. The gauge was then placed on the

magnesium/aluminum plate and three 4 minute counts were taken. The average

count was calculated as Cpgs; The source was reinstalled in its operative

unshielded position in the gauge and the gauge was placed on the magnesium

plate and three 4 minute counts were collected. The average count was calculated

as Cy The gauge was then placed on the composite magnesium/aluminum plate

and three 4 minute counts were obtained. The average count was calculated as
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as CMy The gauge was then placed on the conposite magnesi unif al um num pl ate
and three 4 m nute counts were obtai ned. The average count was cal cul at ed
as -16 C, ~gAl, The gauge was then placed on the alum num plate and three
4 mnute counts were collected. The average count was cal cul ated as CAS,
The 4 m nute background count Cbgd i S given py Chgd = (Cbgdl + ~'bgd2~ ~2
The backgr oun&vetsr ediaage Watthes pised Al wegwumlgﬁeép (tma%wygereas t he
standard count (Cs~d) where Csrd = CH~g ' Cbgd The count ratio (CR) for
each sanpl e wasuntheerecellectedit The aisirags cohmt wasl datomlated asofiat i on: CRpl a~e =
(Cplale -Cbhgd)~ Csrd where Cplate is the count on a particular calibration
plate. Table 1 shoWhe #heind@tbackgraimdcolnPlagy, dgiven by €, =nCuRt: i /D

backgr oundCount

Rat i oMy109. 857fo Badfnihd-BHENEA &Merﬁé@%ﬁa%%ééiﬁx%%@at?%}ﬁée’d%-tﬁ§48285- 0. 0508

The calibration counts are used to determne the calibration constants by

fitting to a r at, of. the fo CR = Ae-g - C Were A B, and C

are the fitti %@%@@P%ﬁ?@@ﬁ%{eé igf”’étlkg;f‘f constants and D is density. The

De b & 9Ye e e oomeastio RS eath phipte was thert caldutated udlng fizst ants- A =
following equation: CRptate = (Cptare ~Ciga)l Csa Where Cpyqre is the count on a

particular calibration plate. Table 1 shows the data.

Table 1
Plate Density 4-min count 4-min background | Count Ratio
Mg 109.8 574525 40458 1.000
Mg/Al 1333 562293 41798 0.9771
Al 161.2 548285 - 0.0508

The calibration counts are used to determine the calibration constants by

fitting to a standard equation of the form

CR=A4e™ -C

Where A, B, and C are the fitting coefficients or calibration constants and D is
density. The best fit gave the following values for the three calibration constants.
A =0.8245

B = 1.4036e-3 and

C=-0.2932
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Gauge Calibration Exanple 2 A portable calibration unit can be produced

wi th sandw ched 1-inch thick Mg and 1-inch thick Al um num plates. The
l-inch plate of My itself is formed by two 0.5-inch plates. The plates
preferably have a surface area about one to two tinmes the footprint of the
gauge. Background Count: Place the plates flat on the ground with the
1-inch My plate fa&avge§alibratieseExamplesdige, with the source removed or in
t he shi el ded position, on the plate. Acquire counts for 4 mnutes (Cbgd)
St andard Count: Pl wcpsortalbha qallibtation fuh#caw he produgdowitiel sauidtwicttel d -itheh thidk My

pl ate facing up. Place the gauge, with the source install or in the

unshi el ded op@@ind/EiR@shick Aumiund ﬁlateﬁl arh@l 1ﬁélﬁblhtre%f éedf 1 Fornfedm nut es
(Csrd,ru,v). The standard count Cstd = ~~~ - Count for

Cali bration: gggw g W‘ﬁé i top
0.5-inch My pl 06?[%8% e gau%iatéﬁreﬁ?dwo}gfri%}g alogri:lgftaa%)%ﬁle% 3%:?]:3 ve, on
the plate and uir 4 mnutes (C, ~gql, raw) |ng| Count C, ugAl =
C ugAl,ra, v- g %ﬁo@ﬂ{énpb?ﬁéﬁg?lfﬁﬂatl on: Now turn the plates so that the

1-inch Al pl ate is facing Pl ace the gauge, with source installed and
active, on the pl atBé‘CIEBﬂYG“I&béﬂ‘WePlﬁSEH}@WS? at on the eeyind owith tha lying)  Count
CAl = CAl ,raw Cbgd The counts as acqui red above may now be used as
described in &4 pleredfatiog upx Blnct thelgauge,ovithathe seakce banaavied or gothstshistded Densi ty
Cal cul ation The cal culation of the density of a material sanple is
preferably calpbslﬁdn @utthdylate. SAdquarbleyums GgriamimebsiCgppr ocessor or by any

ot her functionally

Standard Count: Place the plates flat on the ground with the 1-inch Mg
plate facing up. Place the gauge, with the source install or in the unshielded
operative position, on the plate. Acquire counts for 4 minutes (Cyy,ay). The
standard count Cgy = Cagraw - Coga

Mg Count for Calibration: Cpgy= Cya.

MgAl Count for Calibration: Now remove the top 0.5-inch Mg plate.
Place the gauge, with source installed and active, on the plate and acquire counts
for 4 minutes (Cagasraw). MgAl Count Cyrear= Chsgasraw - Chga.

Al Count for Calibration: Now turn the plates so that the 1-inch Al plate
is facing up. Place the gauge, with source installed and active, on the plate and
acquire counts for 4 minutes (Cy,qw). Al Count C;= Cyyraw - Chga.

The counts as acquired above may now be used as described in
Calibration Example 1 to obtain calibration constants.

Density Calculation

The calculation of the density of a material sample is preferably carried

out by a suitably programmed microprocessor or by any other functionally
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-18 equi val ent device, such as an application specific integrated circuit
or a general purpose conputer. The gauge is placed on the sanple to be
nmeasured and a count is obtained for a suitable period of tinme, such as 2
to 4 mnutes. Fromthe MCA, stabilized counts for the particular portion of
the energy spectrumof jnterest are obtained., Then using fhe density
equation and Egiveeaidesice gk anan arrlisatiomingcilis iptegratsdirdi@uit T #igenatdl i br at i on
Exanpl es above, a value for the density of the sanple may be obtained. This
val ue i s di sppaspese campiier. Uldwergavge istpdacdd opithesatrpleoto hehmeaguredend an a
preferred inplenmentation of this nmethod, the calculations are carried out

on the accunukedrmds gasimed ford saltalle péfdibditithe, 3acasS2 toepmividel. Vrrai the f r equent
intervals as the counting proceeds, such as every one to two seconds,

treating each h@@A?st&Hiﬁ?é&Fd%%MtsR@ﬂ!ﬁ@bﬁrtﬁﬂQ_r Borfiofl 'of ]fHe dnbtgyQpbAfndbPOr i thm i s

utilized to decrease the statistical variation of the packet. Instead of

wai ting until i&tg%%steaﬁgc%@é%lgd.izghgn ésiﬁﬁgtdggs‘ié&%?%ogl aﬁ»{gisct%h&%tiw‘éo&%?' ty

val ue, this approac 0SS € ‘user an a% nost
real -tinme disp|lay Qf the calcul ated density value while the count is stil
proceedi ng. TH@%}?&????W&P&;H&&WHB@“% Eﬁ%ﬁ?lgﬁla‘?‘b"et ‘F\@glﬂg ”E‘? E‘B’ﬁitﬁal ly as
a function of time, as showmn in Figure 1. As the digitally filtered density
val ue sett| esofihgrrampleamay bxeftaivedt Ehis value isdisplaygd tadlag wist oo thechiaay t he
cal cul ated density value as being sufficiently accurate, and to di scontinue
t he measur enenf ofthecgadge.e wi t hout waiting until the end of the full two or
four mnute count. Thus, this calculation nethod can reduce the tine

required for takingn §orgéded MASHERRIN F tRE thetladl, tHeaaRRations Arkd8Ried

ef ficiency and
out on the accumulated gamma radiation (photon) counts repeatedly at a frequent
intervals as the counting proceeds, such as every one to two seconds, treating
each as a frequency packet, and a digital filtering algorithm is utilized to decrease
the statistical variation of the packet. Instead of waiting until the end of a2 to 4
minute count to display the density value, this approach makes it possible to
provide to the user an almost real-time display of the calculated density value
while the count is still proceeding. The density values may be displayed to the
user graphically as a function of time, as shown in Figure 1. As the digitally
filtered density value settles down to a steady state, the user may decide to accept
the calculated density value as being sufficiently accurate, and to discontinue the
measurement procedure without waiting until the end of the full two or four
minute count. Thus, this calculation method can reduce the time required for

taking density measurements and can thereby increase efficiency and

productivity.
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productivity. -19 According to a further nodified enbodi mrent of the
invention, it is possible for the user to adjust or to set the depth of
field of the gauge so that density neasurenents can be obtained froma
specific depth into the underlying material, such as a depth of up to one

inch or up to three inches. This is hi eved_ by adjusting, the source to

det ect or geonetry. Alcﬁorﬂ&%ttf’@tfﬂ% er q‘?fﬁg?dgm F‘FPbeth‘i"rﬂ’cYG URMMIt ISt he source
can be adjustably positioned at one of several different distances fromthe
gauge. | n t he pessdelfordhe usehovadiust oFfapet thedepthifdieddof the gaugs sevibat by
fastening the source plate 20 to the base 12 at one of several different

presel ect ed | deadityonsasugemexisdan bbybtalrea fioat & ygeciiid depd int@heasidardying 25' in
the base for receiving the bolts 24 used to fasten the source plate.

Al ternativelymddifil | 06ihd £8epth of BStodHeaREIPSr P18l tBreB Enched. UBRiS T dcRidved ati on
to a fixed source location. 'Many nodifications and ot her enbodi nents of the

i nvention wl . 1 il i e Wi eh this

i nvention per 'Itb gi(éﬁ@‘gwlia@tlh%gﬂﬁée9qbée)eqne:°ft(|§r§eg#n%ﬁﬁ'eﬂfé%?:lﬁllﬂéééﬁ %rl%\@g%?lg in the

f oregoi ng descriptions and the assogj at drawi ngs. Therefore, it is to be
indes st oot hEMBPHENIREhTauS 428 b daeblasos igneaa ans A ne Y sistepel

enbodi ments di scl osed and that nodifications and other enbodi ments are

i ntended to bdistaneeuiiien thy gavea Imbesabodingint shawvmpldgaed . thiapansbe Al t hough

specific terns are enpl oyed herein, they are used in a generic and
descriptive secseveadtyyfastaning tie soorceplatpde ésthetbasd 1 atame of sevepd) different

preselected locations, provided by alternative sets of tapped holes 25 in the base
for receiving the bolts 24 used to fasten the source plate. Alternatively, the
location of the detector could be adjusted in relation to a fixed source location.
Many modifications and other embodiments of the invention will come to
mind to one skilled in the art to which this invention pertains having the benefit
of the teachings presented in the foregoing descriptions and the associated
drawings. Therefore, it is to be understood that the invention is not to be limited
to the specific embodiments disclosed and that modifications and other
embodiments are intended to be included within the scope of the appended
claims. Although specific terms are employed herein, they are used in a generic

and descriptive sense only and not for purposes of limitation.
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CLAI M5: 1. A nucl ear gauge for neasuring the density of a material, said
gauge conprising: a gauge housing having a surface adapted to be positioned
on a surface of the material sanple; at |east one gamra radi ati on source

wi thin said gauge housing having a characteristic primary energy and having
a total activity of no nore than 100 microcuries, said at | east one source
bei ng positioned for emtting gamma radi ati on through said housing surface
and into an underlying material sanple; at |east one energy selective gama
radi ati on det &PAMSipunted within the gauge housing in spaced apart
relation with respect to said at | east one ganma radi ati on source, said
gama radi ation detlect o® BEFISR] Sfaealor aneasuripg dbg CeRgjtysPlgAdnateridpsaidlent i ng
the energy |level of detected gamma radiation; and density cal cul ati ng neans
connected to 9aHYE RPRIENGE and operable for cal culating a value for the
density of the material sanpl e based upon detected signals having an energy
| evel within a pre@e&aé‘ﬂﬁihﬁggn%ﬂﬂ“f‘%ﬁ syfface adapted tR/be petiiones ¥ a sWéacganma
radi ati on detected by said at | east one detector. 2. A gauge according to
claimi, wher &f HedMaterialSANPY; cal cul ating neans incl udes an anal yzer
connected to said at | east one detector and operable for receiving said
signal s therefrom 2528t ANR93DBA radiatiofs e wihig spigraauog dorsing hgvins @
accurrul ating sjgnals in one or nore channels corresponding to said

pr edet er mi ned CPRREIEHRIOPTNAY @RERYyPnd figvingantotali activily ohngmefe Haeotdi ng to
claim2, wherein said analyzer is a nultichannel analyzer for classifying
and accunul at MgOSHNEsaIsaid At deast Ang PUCR Peids PPEtienedh ion Rmittingy gamMge
energy spectrum of the ganmma radiatign detected by said at | east one

det ect or, andr%m%tloé‘itﬁroéfghF%‘Qé’\ou%‘H%SH'F‘a“@a?rH’ itosy WiderlWng Arpderial §3PPlges sai d
predeterm ned portion of the ener spectrum 4. A gauge according to claim
1, 2 or 3 wherein §é#%%%ﬂ@f‘%ﬁ%ﬁ%&ﬂ'¥ﬁ)9?ﬁnﬁ}? diating detRAQMauted ?"&hﬁr‘of t he
gama radiatign has a lower limt of 0.1 MeV and an upper |limt which is
ess than the R QPUIS BPYSIRG N 5PAGeREr SPAENERIR) "o‘f"t%é‘?%’eﬁ'o{}‘r gaid af least Piigge
according to any one of the preceding clains, wherein said at |east one

source conpri 989mMa radiation §oHcese33id HaRa JadiRtion setestqrobeiag Apeerblg for a

0.662 MeV primary energy. 6. A gauge according to any one of the preceding
cl ai ms, wher ePPRSINY ?ﬁ’é&ﬁef@r’?ﬁ%‘@ﬂgé%fe@?%d@geﬂ Parﬂef%fqugwm rgdiakeny ange
of from0.1 MeV,to 0.4 MeV. 7. A gauge according to claim®6, wherein said

portion of th@nﬂredetern‘i ned portion of the energy spectrumfalls within

the range of fromQ.1 . : :
g density calculating means connected to said detector and operable for

calculating a value for the density of the material sample based upon detected
signals having an energy level within a predetermined portion of the energy

spectrum of the gamma radiation detected by said at least one detector.

2. A gauge according to claim 1, wherein said density calculating
means includes an analyzer connected to said at least one detector and
operable for receiving said signals therefrom, said analyzer including means for
classifying and accumulating signals in one or more channels corresponding to

said predetermined portion of the energy spectrum.
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MeV to 0.25 MeV. 8. A gauge according to any one of the preceding clains,
wherein said at | east one gamma radi ati on source conprises a plurality of
poi nt sources, each in spaced apart relation fromone another and from said
detector and are arranged in a common plane substantially parallel to said
base. 22 9. A gauge according to any one of the preceding clains,

i ncl udi ng an addi t Ponal Ay&RHSE ra&epc'sim%ﬁo sHifc @ nahATRg éa'éhgi’%{&eériss?i c
primary energy and an activity of no nore than 50 mcrocurie, said

addi ti onal solM#ichaenel @natygef: é’& claseifing 384 @ceriyatingotignaly) imAPIYEEYt foned so
that gamma radjation can pass directly fromsaid additional source to said
detector. 10. diRCEgiRiGRANNGISAVET HI§ fNSr@NSPESHEMAT theygapmatadiahen detapted by
additional ly including background radi ati on detectign neans operable for

cal cul ati ng as¥diaides Fﬂ”@s‘@%?qtﬁ’fg apd vhergin o deash opg b $ald dscraie ehamnalsi on,
and wherein said density cal cul ati ng neans cooperates wi th the background
radi ati on det 8efineshaicbrrigdetespingd pertipn of the enelay|SRECYP- t he density of the
mat erial sanple which is corrected for anbient background radiation. 11. A
gauge according to claim 10, wherein said background radi ati on detection
means includes neans to permt placenent of said at | east one source in a

| ocation shiel ded fr om $e93198eceRUBg taSlaimat: 293 wherety taid prgdetremiied garma
radi ation originating other than from said source. 12. A gauge according to
claim2 or anpodiqe Qﬁghﬁl Reergy speeiiumy ot the gammatradiationfasha dewe tmthef 84 at

| east claim 2, additionally including stabilization neans associated with
sai d anal yzer r ARG AR dPPEHMiIt Wihiohd 2ihap dhe; gharpeteysticyprisrary angraye?fect or,
said stabilizatjon nmeans including nmeans responsive to reference signals in
at |east one SRIASOUES ected channel of said analyzer, said at |east one 23
ot her sel ected channel representing an energy |evel outside of said
predeterm ned portion of the energy spectrum 13. A gauge according to
claim 12, wherein said stabilization neans includes an additional gamm
radi ati on source havi ngAadyaer 3ECEHNGq 8Ny, PPEnSf heRreLeingliciairas eMer®ifom t hat
of said at | east one source, and wherein said at_| east _one ot her sel ected
channel corr eSPORIJEIY ARSUFEE SRITRIISES 13t degst ioRE Sesiier! ¢ 98Mnaaffialiedi t i onal
source. 14. A Sau e accordi &%M;to_ any one of the preceding clains, including
a shi el ded en&PYSEMEh &R 502l EYi R 888" @ housi ng and a di sk rotatably
nmounted within the shielded enclosure, and wherein said gamra radi ation

i ted id disk, the disk bei tatable to. t hy
from a retracted shi el dAdIHE F3OION IhPRY PR CLHIGPEHIEn bt dherghan

exposed position for nmeasurenment. 15. A _gauge according.t.o any of the
precedi ng cl aisﬁ@,Prﬁﬂ%t%‘i“ﬂe%&ﬂﬁrgdéﬁéf’tfw (!%Féc‘g'ﬁﬁ'ﬂ ﬁ??g@?é’ﬁrfg fam Buh&@%nt@ans
operabl e for %aJacu{/ati ng density val ues repeatedly during a predeterm ned
counting tine,” M&Vi ncl udi ng a display device cooperating with said density

cal cul ati ng neans and operable for displaying the cal cul ated density val ues
as a function of tinme during said predeterm ned counting tine. 16. A

nucl ear gauge for asur,j ng the density of .a terial, said gau
conprising: a gaugg?houéal ﬁ%}‘g%acwﬁﬁ%g% %?l'ms?d“’e'beéﬁ'aesﬂgug?'ﬂﬁn gcgameed to
be positioned p(r)ende‘?ler%ll"nre]c ;:(J:oertié)r}c of the energy spectrum falls within the range of from 0.1

MeV to 0.25 MeV.

8. A gauge according to any one of the preceding claims, wherein
said at least one gamma radiation source comprises a plurality of point sources,
each in spaced apart relation from one another and from said detector and are

arranged in a common plane substantially parallel to said base.
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the material sanple; at |east one gamma radiation source within said gauge
housi ng having a characteristic primary energy and having a total activity
of no nore than 100 microcuries, said at | east one source being positioned
for emtting gamma radi ati on through said base and into an underlying
material sanple; at |east one energy selective ganma radi atjion_detector
nmounted within the Sgaugd G3HEE; ?@Wﬁ‘%ﬁ?a%’é’do@pafr enEeeadingnclaimsh inchigingct t o
said at | east one _ctj_arma radi ation source, said gamma radiation detector
bei ng oper abl @nfasiditighgl@ammgrasialinniseurce haking 3iahAtacteristie pinary qnelay ansk
detected gamma radi ation; shielding within said gauge housing and | ocated
bet ween sai d &0 3cvit ofeemereithar 58 ficrosyiie. daideaddiijionpbsouste BRiNg ayataca

radi ation from_qﬂassi_ng directly fromsaid source to said detector; an

anal yzer oper dfiihifep3id Gayge hoaging Angapesitipaed goothat gamma: 3diatien <l Bassi gnal s
therefrom said anal yzer including neans for classifying and accunul ating
si gnal s i n ondireetlyfene saif agdtipral gowice tp gaid detesiprspect rum of the det ect ed
gama radi ati on; background radi ati on detection nmeans connected to said
anal yzer and operable for calculating a value representing the anbi ent
background gamma radi ati on, density cal cul ati ng neans connected to said
anal yzer and operatPe fdY %2aideuraeqraigata adnye a6r of hthed @regedindofclaime,

mat eri al sanpl e based upon the accunul ated signals in one or nore of said
channel s sel e@ddijorgdlyr djstusingntbagkgrpuribt iadiation ddgieetiono measms: Reerakier dJor
spectrum of the ganma radiati on detected by said at | east one detector, and
wherei n sai d dalsslating aMaiug reprasgntingathe ambientkaskererrd gammanragdigtion.rik gr ound
radi ati on detection neans for calculating a 25 val ue _for the density of
the material YAW®HRIR SHH cAensdy ceplewatingd MeAnNsafpPRSatep aWitly r Higndaskaiewrd on;

and
radiation detection means for calculating a value for the density of the material

sample which is corrected for ambient background radiation.

11. A gauge according to claim 10, wherein said background radiation
detection means includes means to permit placement of said at least one source
in a location shielded from said detector so that the detector can detect gamma

radiation originating other than from said source.

12. A gauge according to claim 2 or any one of the preceding claims
3 to 11 when dependant on at least claim 2, additionally including stabilization
means associated with said analyzer for correcting for temperature sensitivity of
said detector, said stabilization means including means responsive to reference

signals in at least one other selected channel of said analyzer, said at least one
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stabilization means associated wth said analyzer for correcting for
tenperature sensitivity of said detector, said stabilization neans

i ncl udi ng means responsive to reference signals in at |east one other

sel ected channel of said analyzer, said at | east one other selected channel
representing an energy |l evel outside of said predeterm ned portion of the
energy spect r GHier 1 seleptega hanngl c HRILSAPING @naieRerdy, Igwebr uigideaiqf said
stabilization neans includes an additional ganma radi ati on source having a
char act eri st i @redetargineg rorianeeithe ergroy ARRCYYM.sai d at | east one source and
having an activity of no nore than 50 m crocurie, said additional source
bei ng mounted within said gauge housi ng and positioned so that gamma

radi ation can pass directly fromsaid additional source to said detector to
t her eby produce saild r efed@48cacspisting to clainy 1viharein said stahiizationraeddnsi ve
to reference $i9nals is responsive to the characteristic energy | evel of
sai d addi ti ondIClygeman additional gamarFadiation soukeayo acharagienslic BrimpRi m 16
or 17, wherein said stabilization neans includes a channel fornmed in said
shi el di ng f or epe@yidiffergntdramathet ob paig atleast aae aerea, and whergingtaidat legst r om
said at | east one gamma radiation source to said detector to thereby
produce sai d PBf Stsiselesteghenapnelgriragnendsi ie thaichanastenstic RYpaY§neEY of
reference signals is responsive to the characteristic energy |evel of said
at | east one §aWhAsditigaalRoUE®: source. 19. A gauge according to claim 16, 17
or 18, including a shielded enclosure |located within said housing and a
novabl e source nount wthin the shielded enclosure, the source nount

al | owi ng novenent of the source froma 26 retracted shiel ded position

wi thin the shiel ded4enclf33Hae Fcsprdingtp 75y BaR RthERitCadiW GRIMSninFEdiBE Penent s
to an exposed unshi el ded position for taking density neasurenents of the
mat eri al . 20. ShielgedqgRncipseils incatpd: within Hajes hagsing ang (@ disk rpitaklymeynted
shi el ded encl osure | ocated within said housing and a novabl e source nount
wi thin the shivéthifetheeabiplded renclasHes, sB\Gr Wheiell 32ida98BRRNRARYOR MONCEOfS t he
source froma retracted shielded position within the shielded enclosure to
an exposed undMubteselp $aidh diskntheoisk haing rotatedle fvdave. thesoysce diege a
according to any one of clains 16-20, including a nounting plate uypon which
Said at least refRERbENEIIed BORRYIEAN e SN RIBER PRSP niPRTeHBesiaRab
connected to a predeterm ned | ocation on said base to permt renoving the
source from t f MBEARYEEMYUsi ng, and including a tether connecting the source
plate to said base so that it cannot becone | ost or separated when renoved
fromsaid base. 22. A nethod for neasuring the density of a material,
conprising: directing gggna radiai%&; into the nmaterial fromat |east one

o f
source having a chdPact ér Y& a¢HOTHRS {° 8RL RS CAARP Rrecsding BuVESTelr no
nore than 100 njcrocuries; detectin a radi ati qn iC as interacted
ih ana beon SB-4eTaly bapuatne, merbs Thal SRR dncain.shaa Jah ety Sine BRShny

I I f the detected .radi atjon; . selecting, radiatiof t
R R e i R RN

t f the detected diation; d 27 | cul afi I f
Spectum o e ek ar AR S IR SShdta pRRlS el B T

wi thin said predetermned portion of the energ ectrum. 23. A net hod
accor di ng t o CISRANS: N GRPURIPd APEety, WUEY ab dUTIRg Brie PUHREPEh
conpri ses genera ingfsi nalﬁ r@gresenting the energy | evels of detected
gamma radi at i GFEIEHRINGEIUNHNGUNE st ep of sel ecting ganma radiation counts
conprises classifying and accumul ating the signals in one or nore channels
of an anal yzer over the energy spectrumof the detected gamma radiation;
oot B neerlh, Ut S TR PR TR TR 31 b ™
according to claim?23, .wherein said step of selecting one or nore channels
conpri ses sel &PHGOPRIHILI s representing gamma radiation with an energy

having a lower limt of 0.1 MeV and an upper limt which
a gauge housing;
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Is less than the characteristic primary energy of said source. 25. A nethod
according to claim24, wherein the source is Cesium 137 with a 0.662 MV
primary energy, and said step of selecting conprises selecting channels
representing gamma radiation with an energy of from0.1 MeV to 0.4 MeV. 26.

A met hod according to claim?23, 24 or 25 addi%éi opal lé'i ncl| udi ng detecting
background radi at i GhP289CTE B SeLPe §OrTRe adaried 1o,Pe paditionasdson @ sUFfags,ef

mat erial sanple to account for anmbi ent background radiation. 27. A nethod
for measuring WBAREREFAYPI8T a material, conprising: 28  directing ganmm
radiation into the terial from at, | east one_source having a )
characteristic pri r?én?‘iﬂsbﬂ'é‘? gy adiation spuree withinspid.gaygs Wgﬁ'@gth"?é{ﬁgfoo

m crocurie; detecti n_gwgam’ra radi ati on which has interacted with and been
backscat t er ed BPraciesistia PEMAY engaY GEAd1avingnd el Actvay 98 sloeers theg 19%
energy level of the detected gamma radiation; classifying the signals
accordi ng to tHETOCURSTeSAF 136 et AN seWERASHY ,pes@pr@ﬁ%p‘orcgr@mqg gamma
respective channel s of an apal yzer; selecting accunul ated signals in one or
mor e sel ect ed "BfalifthEcugh spidebasa ang Jntp apdpfedying material $AMARIRt er ni ned portion
of the energy spectrum of the detected gamma radiation; and cal culating a
val ue for the densidtyeast opgenergyteieqie SaMmmb Fdiationdatecteremodried yithint ed

signals; and . . . .
the gauge housing in spaced apart relation with respect to said at least one

gamma radiation source, said gamma radiation detector being operable for
producing signals representing the energy level of detected gamma radiation;

shielding within said gauge housing and located between said at least
one source and said detector for blocking gamma radiation from passing directly
from said source to said detector;

an analyzer operatively connected to said detector for receiving said
signals therefrom, said analyzer including means for classifying and
accumulating signals in one or more channels over the energy spectrum of the
detected gamma radiation;

background radiation detection means connected to said analyzer and
operable for calculating a value representing the ambient background gamma
radiation,

density calculating means connected to said analyzer and operable for
calculating a value for the density of the material sample based upon the
accumulated signals in one or more of said channels selected to represent a
predetermined portion of the energy spectrum of the gamma radiation detected
by said at least one detector, and wherein said density calculating means also

cooperates with said background radiation detection means for calculating a
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di splaying a cal cul ated density value for the material. 28. A nethod
according to claim27, wherein said step of classifying and accumul ating
signals is carried out over a predeternined period of time, and wherein
said calculating step and sai d displaying st ep are carried out repeatedly
during said predeterm ne ger iod of tipne met hod accorgll ng to claim
27 or 28, wherag fenithe @&P tn ot Fh?g"haﬁ%ﬁl |sﬁmplfdé’§'°f‘h\§ %‘ir@ﬁt%’f i grgient y
filtering the signals to decrease the statistical variation in the
cal cul at ed deRaffgound rgdiationigaind
. A& A& ALu. A& ALu. A9a. A9a. A9N. A9. ALu. ALa. A9u. ALN. A& AL. A&u. Ai . AL. A& ALN. A&u
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gamma radiation;

selecting gamma radiation counts having an energy level within a
predetermined portion of the energy spectrum of the detected gamma radiation;

and
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detected gamma radiation; and
calculating a value for the density of the sample based upon the selected
accumulated signals; and

displaying a calculated density value for the material.

28. A method according to claim 27, wherein said step of classifying
and accumulating signals is carried out over a predetermined period of time, and
wherein said calculating step and said displaying step are carried out repeatedly

during said predetermined period of time.
29. A method according to claim 27 or 28, wherein said calculating

step includes the step of digitally filtering the signals to decrease the statistical

variation in the calculated density values.
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