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ABSTRACT

This report discusses @ “nuclear hardened™ pamma  densito-
meter  a device which uses radiation atteisuation to measure 1lud
dendtty i the presence ol @ background radiation ticld. Data trom
the auclear hardened gamma densitometer are acquired by time
sampling the coolunt fluid piping and flud attepuated source
energy pectruin. The data are used to caleulate transient coolant
flurd cross sectional average density to analyze transient mass tlow
and other thermal-hydraalic charucternties duning the Loss-of-
Fluid Test (LOFT) lossot-coolant experiments.

The nuclear hardened gamma densitometer uses a pulse height
analysts or energy discrimination. pulse counting technique which
makes separation of the gamma radiation >ource signal from the
reactor gencrated gamma radiation background nowse signal possi-
ble by processing discrete puises wittch retain therr pulse ampli-
tude information. Testing to verify the concepts of this pulse
hewgh | aialysis technique has been conducted at LOFT located at
the Idaho National Engineering Laboratory. Resuits have shown
that reactor prunary coolant 1hud chordal average density can be
calculated from wamma radiation source signal dara,

INTRODUCTION

The LOFT tacdity includes a 55-MW nuclear reactor used tor
reactor satety experiments. One of the many measurements
needed in these experiments is the measurement of the density of
an inhomogencous steam-water mixture flowing through the [4-in.
prisnary coolant piping. This meusurement is accomplished by a
gamma densitometer, which is “nuclear hardened ™. or designed to

operate in the presence of background radiation tbeam) ! b,

Gamma densitometers operate on the principle that a greater
density of tluid in a radiation beam will attenuate the beam
intensity. A beumn iutensity miasurement gives a quantitative
indication of tluid density. The theory is discussed in the
“Physical Pninciples™ section.
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Three sets of tests have been completed tor this LOFT densitom-
eter system:

* Laboratory tests with the densitometer mounted on LOFT-wze
mipe.

* In-place testing on the LOFT system dunng a nonnuclear
experiment, in which rhere was no real auclear tuel o the reactor
and no background radiation.

* An actual application of the densitometer dunng a normal
LOFT experiment (with the nuclear core and the radiation
background), in which four ot these densitometers were used in
different locations in the LOFT system.

These three sets of tests all indicated that the densitometer works
well. The following sections of this report describe various aspects
ol the densitometer system.

SYSTEM OVERVIEW

The design of the LOFT densitomceter system s ndicated
schematically in Figure 1. There is an 11-Curie Cobalt-60 gamma
radiation source outside the prmary coolant pipe. Three gamma
radiation detectors are arranged to detect radiation which passes
anscattered from the source. tivrough the pise, and into the
detectors. These three direct paths are designated as beams A. B.
and C. A fourth detector (referred to as beam D) is arranged so
that it cannot reccive radiation directly from the cobalt source. All
four detectors receive scattered cobalt radiation and various types
of reactor background radiation.

The radiation detector emits a puise for each gamma photon that
interacts with the dctecxor(:). tSometimes several pulses may be
overlapping or coincident. so that they appear as one single pulse.}
The ampiifier performs three distinct functions:

* Amplity and shape the puises and send them to the energy
(pulse height) anaiyzer
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* Count the pulses

* Generate an amplifier ive time indication. or a measurement of
the ume dunng which the amplifier was capable of counting
mcoming pulses. ( Live time will be discussed later.)

The cenergy analyzer neasures the height of each pulse and
generates a spectrum, or 3 record of the number of pulses in each
of several pulse herght intervals, The analyzer also generates a live
time indication wiuch s combined with the ampittier iive time to
form a svstem live ime indication.

For each preset time interval and for each beam, the dat
recording system records the spectrum, the system live time, the
amplifier live time, and the total counts. The electronic system 1s
the same tor all tour beams. with two exceplions.

* The D-beam spectrum comprises 512 channels, including zero
energy. while the other spectra comprise only 64 channels each
and do not inctude sero energy

* The Jata acquisibion ume interval s 30 ms tor the D beam. but
only 12.5 ms tor the other three beams.

The data acqwsition time intervals are synchronized so that each
30-ms interval hemns at the same time as ¢ 12.5-ms interval and
exactly comncdes with tour contiguous 12.5- as antervals. Data
acquisition 15 contimuous - the sense that there dre no gaps
Detween the data acquisition intervals.

The recorded data are computer processed to separate the cobalt
spectra from the background radiation and to correct for dead
time and comnuadence effects. The result ol this processing is an
indication of the cobalt spectrum magnitude for each time interval
for cach o1 beamns A. B, and C. These cobalt spectrum magnitudes
can be used to determune the chordal average densities. or the fluid
densities averaged along the beam paths. for beams A, B.and C.

PHYSICAL PRINCIPLES (LOFT DENSITOMETER GAMMA
BEAM PATH ATTENUATIONY

The attenuation of gammy radiation is governed by the narrow
beuam exponential radiation absorption law:

g e (B () ()

where:

I = intensity or flux of the primary or uncoilided
source photons that pass through the absorber
medium thickness (x)

I, =  source or incident intensity before passage through
the absotber (x =0)

& = mass attenuation coefficient of the absorber me-

2 dium for the inoncenergetic source energy E0

p = density of the absorber medium

x = thickness of the absorber medium.

For the LOFT expeniment. the gammi radiation Irom an 1 1-Cune
Cobalt©0 source traverses three absorbing mediums () the
primary coolant pipe walls. tb) tise pnimary coolant tluid, ether
steam, water, of & two-phase nuxiure of the two:and ot air The
metal, flund. and air path lengths hsted i Table I are calculated
from the tollowing LOFT pnmary voolant piptng dimensions

D0 = 35.56 cm and Di = 28.397 cm.

When these values are substituted nto the piping geometnge

cquations, the tluid. metai, and air path lengths are 3
. Fluid path length

- [0.2 - (0, + 0,)% (sin 23)]
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« Metal path length
=lp2.15 ~
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. A path length

L
= 2 2 .2 2
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a
where:
D‘ = source 1o detector distance
Do = pipe outside diameter
D; = pipe inside diameter.

]

The source or mncident 11-Curie Coball-60 gamma beam intensity
is calculated from the extensive geometric variables and the source
and detector intensive variables. The resulting expression for Iy
js (4)-
is (%
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where:
€ = detection effiviency or the probubility ot a photon
emitted by the source giving a4 pulse recorded in
the photop:ak
¥ = percentage of the total disintegrations that are
gamma radiation
Ap = exposed surtace area of the detector (nonshicided
area with good coilimation)
S = total number of disintegrations per second due to
the source (S = numtber of Curies rimes 3.7 x 101D
R =  source to detector distance.

When the exponential radiation absorption law is applied and that
the metal. fluid. and air path length terms are used as the
exponent, the final expression for the measured intensity at the
detector is:
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where the sehsenpts m. f, and a relate to metal, Huid, and ar,
respechively i5) Since (g—)m. Pim. and (X}, remain essentiafly
constant throughout the temperature range of the expeniments
333 to %83 K. and the attenuation term due to air 1s negligible
compared with the metal and 1luid attenuation terms, the
measured intensity cquation reduces to:
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where ¢
Also, the fluid path fength (x }y remans constant. regardless of the
flow regime or steamewater two-phase mixture. The mass attenua-
ticn coefticient lﬂJ,- ts the same for either steam or water beciuse
hoth have the éJumc molecular structure, The only remaming
variable 15 the chordal average density ol the coolunt fluid (oy).
When the natural logarithim of both sides ot the equation s taken,
the equation becomes

In (I/XO)
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Thus hma! expression s the theoretical bass for relating the

chordal averaze thad Jensity to the pramary beam, uncoliideu
in terms of known constants and measured

= (ﬁ)f'

source flux count rat
count rates

Fluid density is deterimned trom the photopeak wingow count
rate. the pipe tull and cempty count rates. the subtraction of
background radiation count rate and the loganithmse relationship

between count rates and density which is ),
In {1 1
Tosa -t (s ) (meas/z)}
c ‘ . | ]nZlg/I?)

where:

P = chordal average density

o = pipe tuil water density

Lo = pipe cmpty air uensity

[mcus measured count rate at any chordal average fluid

density
Ie = measured count rate with the pipe full of’ water
| = measured count rate with the pipe empty.
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FRONT-END ELECTRONICS

The portion of this svstem designated as “‘front-end eiectronics™
includes a gamma-ray proportional Jetection device. signal condi-
tioning circuits, gamma-ray cnergy region-ol-interest selection
circuits, pulse pile-up rejection circuits and live time measuring

circuits. These components provide reliable and predictable system
pertormance tor detected gamma-ray counting rates rangng trom
103 10 1.2 x 10° coumt per seeond tepsy. The input to thns tront
end 15 gamma radiation. The outputs are region-of-interest pulses.
whose pulse amplitudes are proportional to the individual garmma-
ray energies absorbed in the detector, accompanied by appropriate
five ttme intormation to allow data corrections, aceguntng tor
amplitier as well as analog o digital converter (ADC) dead time,
and pile-up etfects.

Commercially purchased tront-end components mclude an Ortec
Model M4U0N powered Nim Bin. an Ortee Model 456 high-voltage
supply, an EMR-54IN-01-14 photomultipher tube and a Bicron
I x 1 Nal crystal. Components developed by EG&G Idaho. Inc..
include g mintaturized preamplifier and count-rate dependent gan
stabtlization cireuntry. @ negative restorer with solaced outputs. an
invert<deflay-linear  gate module. and a singie-channet anaiyzer
(SCA) with pale-up rejection and live time measuring circutry.

The system preamplifier-amplifier i» a tast current inode amplitier
providing 0 2-V/gA current-voltage conversion gin and s housed
with the photomuluplier-scintillator inside the tungsten shield.
Gas stability versus temperature 15 100 ppm. K. Slew rate capa-
bility 1s 100 V/g second. The output 1s senes 100 € terminated.
Under operating conditions, the average voltage offset at the
preamplifier ontput 15 O3V ut 100 cps of Cobalt-60. Thus. the
calculated average anode current at 100 cps. Cobalt-60.15 2.3 gA

The count rate eamn compensation crcint senses the average
voltage offset at the preamplifier output with approprate time
constanls and applies a correction  oltage to the phatomultipher
dynode striny at the ground potential end to make a tirst order
rate dependent zaon correction allowing less than =1"7 gain shirt
due to rate over an operating range of <10° to >1 2« 100 (ps.
Count rate gain dependence his been found to have more than one
time constant. Gain incredses as count rate 1s incredsed. (The
inverse is true of a count rate decrease. although the time
constants involved are somewhat different.)

The negztive restorer. a highly asymmetric restorer with ix isolated
outprits with each series terminating in 100 82, holds the system de
haseline to less than 0,077 shift up 1o 907 duty cycle.

The SCA pertorms several tunctions: the most important 1s to
select a remionm-ot-interest in the pulse height distribution trom the
negative restorer and provide a gate signal to a Jinear gate, allowing
only those pulses whese amplitude fails within this region-of-
interest to be presenied to the analog to digital converter. Figure 2
is a simplified block diagram of the signal conditioning clectrons
and shows how the SCA is udjusted to pass only the photopeak
counts through the linear gate. The unit contains a bascline
discriminator (RLD), a lower level discriminator (LLD)Y, an upper
levei discriminator (ULD), a peak detector. and awsociated
emitter~oupled logic circuits to perform pulse pile-up rejection.
system and amplifier live time measurements. and input rate
measurement.

The peak detector is enabled as an input pulse exceeds the baseline
discriminator level. At peak detection time. the ¢onditions of the



upper and lower discnminators are strobed into loge aircunny . Iy
the pulse herght s such thut the LLD s exuveeded and the ULD »
not exceeded. 3 wate output 1y generated f no prle-up was detected
and cie system s not busy with a previous pulse.

To determne pile-up rejectuion, LLD and ULD information is
strobed 4t peak detection time tor the firct peak detected in each
baseline excursion {n Figure 3 a¢ the tirst peak detecuon time. the
proper LLD and ULD condituis were not set: theretore, no
oulput wate was generated. and the four succeeding pulses cannot
generate a4 gate output since BLD had not been reset. Pulse £
generates a gate output 1f the rest of the system (ADC or delay
discnminator’ s not busy. Pulse 7 generated no gate because BLD
did not reset between Pulses 6 and 7.

Mhe invert-delay-lincar gate moduie pertorms the tunctions indi-
cated by oLts name. st the ADC requires positive puises. so Uie
moduie accepts negative input pulses and provides posiuve output
pulses Sinee the SCA requires approxunately 125 ns to determine
it £ pulse voan the reg motmierest. the module mcludes a 200-ns
stabie delav hne to clay the input pulse tiun while the SCA
makes 1ts deasion tinally sncorporating a tast linear gate so that an
dopropnate tine shice ot the incoming pulse tran s presented to
the ADC at the command ot the SCA.

DIGITAL PROCESSING AND DATA STORAGH

The dimtal processor serves the tuncuoon ot the traditonal
multichannel analyzer (MCA) innuclear spectroscopy. The magor
difference hetween the two 1s that the digtal processor is designed
to count end store o discrete puise throughput rate of up to
1.2 % 109 Hz. Count rate Jdata that are stored n the memory of
the digital system ure reduced and converted ultimately to the
reactor coofant tlurd chordal average density data. Figure 4 shows
mator components. the front-end processor. the memory control-
ler. the o4 x 8 bit memory, the unfoading procussor. the tape

controller. and the 9 rrack digtal magneuc tap-

The irontwnd procesor accepts an 6 bit word address from the
ADC. tetehes the approprate word from the address ! memory
iocation. and then stores 1t vack in the same memory location.
The 6 it word functions as the energy dependent channel number
counter that gives the number of times a @iven 6 it word received
trom the ADC iy pilaced in memory.

The 64 < 3 hit memory serves as the counter portion of the
densitometer and 1s identical in purpose to the individual channel
counters ol u MCA. The 6 bits give 64 possible channels or
memory locations that are capable of counting S bit or 256 times
treally 255 nmes as “zero™ is not considered a counti. LCacl.
channel 15 double buffered so that continuous counting or data
accumulation can take place. While memory A is counting,
memory B is unloading or writing its contents to the digital
magnetic tape.

The unloading processor takes the number of counts in one of the
64 memory locations and transters the data to the mugnetic tape
interface for data storage on the tape. The tape controiler is the
intertace between the unloading processor and the tape drive.

The 9 rrack dimtal magnetic tape drive operates at a transport
inches per second (ips) and at a packing density ot

speed of 123
1660 bits per tnch thpi).

The memory controller will determine the total counting or data
accurnulation tume at which the svstem will operate. Incremental
sampling or counting time is 0.01 23 second. The memory contro!-
ler also starts and stops the counting process and “zeros™ the

memory locations.

The tollowing is a summary of the specifications of the dimtal
processor and data storage portion of the densitometer.

* Incremental data accumulation time 0.0125 sevond

64 (transmitssion)
512 tbackground)

Memory locations per processor ADC

.
N

Maxitnum count per memory focation 25

3

Number of densitometer channels 16 texpandable 10 20}

Mass storage capability 24 x 100 bytes

* Total data accumuliaiion time 300 seconds

* Tape dnve 125 1ps
1600 bpy
* Computer PDP 11.04

(32 K core memory
DATA ANALYSIS

The data anaivsis includes three operations on the A. B. and €
heam gamma ray spectra: dead time vorrection. background
subtraction. and coincidence correction. The dead time correction
and the coincidence correction are also applied to the D heam
spectra.

The dead time correction is standard in most spectroscopy
applications. The correction consists ot multiplying the spectrum
hy g constant to account for the energy analyzer being “dead™. or
etTectively turned off, during part of the data acquisition time.

The background subtraction is done to separate the desired cobalt
radiation from the unwanted nuclear reactor background radia-
tion. The spectrum tail, representing only background {not cobait)
radiation. is extrapolated into the cobalt peak region and
subtracted from the total spectrum to obtain the cobalt spectrum.
The shape of the extrawolated curve is determined trom the
D beam spectrum. which contains no cobait contribution.

The background subtraction by itself would be stmple in princiole,
but it must be done in conjunction with the voincidenze
correction. The comedence correction is a spectrum  shape
correctior which must be applied 1o each spectrum. The correc-
tion is necessary because the high count rates — as high as 109 per
second ~ make coincidence events relatively frequent. These are



events in which two or more photons are absorbed tor partially
absorbed) by a detector with a time separation so small that the
detector output pulses overlap and appear to be a single pulse
representing one higher energy photon. The general effect of these
coincidence vvents is to decrease the low cnergy count rate and
increase the high energy count rate. Figure § shows the predicted
effect of coincidence events with a total count rate of 100 per
second. As can be seen in Figure 5, the main damaging result of
these coincidence effects is that the background part of the
observed (uncorrected) spectrum is much larger than it ought to
be, which causes a significant error in the background subtraction.
Thus, the coincidence correction must be done before the
backpround subtraction.

The computer program that does the coincidence correction
requires knowledge of the actual background level (This is not an
inherent praperty of the coincidence correction. but rather a
property of the particular program used in this application because
of its cfficiency.) Therefore, the use of an iterative, successive
approximation scheme is necessary to perform the background
subtraction and the coincidence correction simultaneously.

The processing of cach A. B, and C heam spectrum results in a
single number representing the magnitude of the cobalt radiation
contribution to that spectrum. The average density of the tluid in
a beam 1s a linear tunction of the logarithm of the cobait radiation
magnitude in the corresponding spectruma. The two constaats in
the linear equation are obtmned trom two calibration measure-
ments, uswastly a tull pipe and an empty pipe measurement. The
chordal average densities, or the tluid densities averaged along the
radiation beam paths. are then extrapolated to obtain density
profiles for the entire pioe cross section, using techniques
desciibed in other rupor!s‘ 'g'.

CONCLUSIONS
The gamma deasitometer used by LOFT allows two-phase density

values to he determined from the measured gamma spectrum data.
The densitometer 15 designed so that the measurement will have a

300 seconds. The density measurement accuracy 1s about =37 of
range. Fluid density data can be extracted from complex spectra
data which include unwanted background data using energy or
pulse amplitude discrimination techmques. The hardware and
software required to operate the LOFT densitometer system has
been designed to facilitate its sct-up and running.
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TABLE 1
LOFT GAMMA DENSITOMETER
(Metal, Fluid, and Air Transmission QOistances)
R
X . X i X, source to
Beam pipe {cmy fluid (cm) ais (cm) detector (cm)
A 8.024 24.455 25.352 60.3N
B 7.142 28.418 23.279 61.379
C 9.955 17.977 29.878 57.785
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