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A GAS-PHASE UF_, ENRICHMENT MONITOR
FOR ENRICHHE&T PLANT SAFEGUARDS

R. B, Stritimatier, J. W. Tape
Los Alamos Scientific Laboratory
Los Alamos, NM, 87544, USA

An in-line enrichment monitor 1s being
developed to provide real-time enrichment data
for the gas~phase UFg feed stream of an
enrichment plant. The nondestructive gamma-ray
assay method can be ured to determine the
enrichment of natural UFg with a relative
precision of better than 1% for a wide range of
pressures.

1. Introduction

One of the primary ®strategies for an
international safeguarda syster at a uranium
enrichment plant is material accounting on the
declared feed, product, tajls, and waste streams
of the facility. On-line enrichment data nom-
bined wih on~line weights for the feed, product,
and tails cylinders are necessary to implement
a real-time dynamic material balance for the
plant.® The performance of an in-line enrich-
ment wmonitor for 1liquid UFg product, which
has sucoessfully operatad at the Goodyear Atomic
diffusion_plant since 1973, hai been previously
reaported. However, feed streams at enrich-
ment plants are typically in the gas phase, and
the enrichment principle employed in the
Goodyear Atomic product monitor is not feasible
for most gas-phase enrichment measurements.
The gas-phass enrichment is %&ominod by
combining measurements of the U and the
total uranium concentrations in the gas., A
NaI(Tl)-based in-line enrrchment monitor {s
being developed to provide real-time enrichment
data for the gas-phase UTs foeed stream in the
feed and withdrawl building of an enrichment
plant. The 233y concentration is determined
gsgm a smeasurement of 186-keV gamma rays from

u. The ¢otal ucanium oconcentration is
deterw.aed by measuring the tranmmission through
the Urg znl of 60-keV gamma rayx from an

external AR SOUrCe.
4. _Ixperiment

To investigate the physioml principles upon
which the enrichment monitor is based, & picto~
t/pe insirument was tested under oontrolled
laboratory comitions, The laboratery
encichment mon{tor consists of a UFg gas-
handling system, sample chamber, MNaI(Tl)
detector, an 24lam  transmission  mource,
nuclear electronics, preasure and temperature
{nstrumentation, and a data acquisition systenm.
Two sets of measurements have been made, one
over the low-pressure range of 10 to 150 torr
and the other over the high-pressure range of
178 to 700 torr. The low-pressurs data were
taken using a gas-handling aystem operated at
ambient temperature. A modified gas-handling
system, designea to maintain the sample chamber
at a constant temperature of 60°C and to

provide UF¢ pressures in excess of 800 torr,
was used to perform the high-pressure measure-
msnts. The gtainless-steel cylindrical sample
chamber ussed for b ch low- and high-pressure
measurements has a l4.6-cm diameter and is 9.83-
cm high, The top and bottom chamber walls
through which the various radiations must pass
are 0.079-cm thick. » different NaI(Tl)
detector was used for each of the two pressure
ranges. Both detectors were 12.7 cm in uiameter
and had a Nal light pipe. The low-pressure
measursments were performed with a 2.54-cm-thick
detector and the high-pressure measurements with
a 2-om-thick detector. Pigure 1 is a schematic
of the prototype system showing the orientation
of the deteactor, t;:‘ sample chamber, and the
location of the lm transmission source,
The low-pressure measurements were performed
with a 100-uCi Am source, &nd a 200-uCi
source was used for the high-pressure measure-
ments. The transmission-source strength was
increaged to oompensate for the additional
structural and insulating material between the
sample chamber and detector required by the
heating system. The sample chamber is instru-
mented with thermccouples and a precision
capacitive manometer for  temperature and
pressure measuroments respectively.

Depleted UFg (0.28 435U) was introduced
inte the sample chamber by vapor transfer,
Measurezents were made of the oount rates of
R - and 60-keV gemma rays from 3y ana

An respectively and of ratem produced by
an electronic pulser. The thermocouple and
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rPig. 1. NMal(Tl)-based gas~phase UPg eonrich-

ment monjitor. The lnunlﬁ“ of 186-keV

gamma rays emitted by U and the

transmission through the UFg gas of

“E"'V gamma rays from an external

An  sourcy were measured and ;Eo

data were used to determine the 233y
enrichment.
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manometer readings were also recorded. A
fraction of the sample gas was removed by cryo-
pumping, and the measurements were repeated.

3. Results

The enrichment, I, is vrelated to the
measured count rate of 186-keV gamrma rays, R, by

1 = R/CenTgg (1)

where R is corrected for deadtime losses and
attenuation in the gas, Tgy is the transmis-
sion through the UFg of 60-keV gamma rays,
and C is a aslibration constant. The determi-
naticn of enrichment I from R2q. (1) can be
separated 1nt§> two parts; the measurement of R,
yielding a 350 concentration in the sample
chamber, and the measurement of Tgg Yielding
the total uranium concentration in the sample
chamber .

The data were first anulyzed to demonstrate
the accuracy of determining UFg densities,
and conseguently total uranium concentrations,
from the tranmmission of 60-keV gamma rays.
The UF gas density determined from the
natural 6logn:it:hm of the 60-ksV gamma-ray trans-
mission was ocompared to the UFg gas density
deternined from che temperature and pressure
measurements. The gas density wars cal-‘'\ated
from the temperature and pressure data u.'ng
the equation of state

PV(L + AP) = nkT , (2)

vhere P ia the pressure in uni«s o1 torr, T f{s
the temperature in degrees kelvin, k s the
Boltzman constant, n is the number of molecules,
and A the second virial coefficient

A 1,812 x 103173, (Ref.

The UFg density oalculated at 7¢0 torr and
60°C using RXQ. (2) ds 3.7¢ greater than
predicted by the {desl gas lav. The nomalized
ratios of the density of Urg deternined from
the temperature and pressure measurcmente to
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Pig. 2. Ratios of the Urg gas  deneity
determined from the temperature and
pressure neasursments ©0 the natural
logarithm of the 60-keV gamma-ray
transmission. The wvalues have been
normalised to the weighted average of
the ratios. The indicated pressures
are for a gas tenr.cature of ¢0°C.

the natural logcrithm of the 60-keV gamma-ray
transmission are presented in PFig. 2 for the
p-essure range of 176 to 680 torr, A similar
plot was obtained for the data taken over the
lowv-pressure range. From these data it was
concluded that the relationship between the
natural logarithm of the transmission and the
gas density is linear within the accuracy of
the temperature and pressure measurements over
UFe pressures of 10 t~ 680 torr. The slight
slope indicated by the data in Pig. 2 can be
attributed to the uncertainty in the absolute
tenparatures and pressures.

T0 demcnstrate that the enrichment can be
measured by the described method, Bq. (1) was
used to deatermine a relative enrichment from
the &ata. The gamma-ray peak areas were cor-
rected for deadtime losses using an elactronic
P lser method. The oount rate of 186-keV gamma
rays was oorrected for attenuation losses in
the sample using the expression anT/(T - 1),
where T is the transmizsicn of 186-keV gamma
rays through the U, T was determined from
the measured transaission at 60 keVv raised to
the 0.21 power, which {s the ratio of attenua-
tion wefficients in U}  for 60- and 186-keV
garma tays. Although the attenuation-correction
factor AnT/(T - 1) is not expectcd to be
accurate for close-coupled aesometries, it is
adeguate when the correction factor is small.
For the UP; pressures measured, the attenua-
tion ocorrection factor for 186-keV gamma rays
is less “han 78, Pigure 3 shows the ralative
entichments determined according to Eq. (1)
normalized to the weighted average of the
measured values. A separace normalization was
calculated for the 1low- and high-pressure
measurements. The enrichment values represent
the resylts of 4000-a neasurements of depleted
(0.ae 335y, yp, over the range of UF
densities plotted as the pressure at 60°C,
The error bars represent the atatistical preci-
sion of the measured values. The shaded area
in Pig. 3 represunts the limits of a 18
relative standard deviation.
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Fig. 3. Resulta of 4000~ meamurementa of the
relative enrichment of depleted (0.28)
UPg: The low-pressure data (4) were
neasured at 27%, the high-pressure
dats (O, were measured at 60°. The
error bars represent the statiutical
precision of the measured values. The
UFg denaities were oconverte) to
pressures at €0°¢c,



The gamua-ray background for these
neasurements comes fram two primary sou.ces,
the buildup of 38y daughter products in the
sample chamber and the 1.3 kg of UPFg 1in the
feed bottlas. The low-pressure data were
measured after about 1 day of intugrated
exposure of the chamber at 100 torr.
Consequently, essertially none of the backgrgggd
was associated with the buildup of v
daughter products in the sample chimber. The
background under the l86-keV peak, most of which
originated from the 1.3 kg of UFg in the feed
bottle, resulted in a signal-to-background ratio
of 0.9 at 100 torr. The high-pressure data were
taken with a background equal to that uuociﬁgd
with an aquilibrium oconcentration of /]
daughter products from 100 torr of depleted
UFg. The bcckgtoung caused by an equilibrium
concentration of 238y daughter products was
neasured after a l0U-day exposure to 100 torr
Urg: The measured equilibrium walue results
in a signal-to-background ratio of about 0.5
for dapleted Urg, dependent on the integration
vregion of the gamma-ray peak but independent of
the operating pressure.

The low-pressure (\ta were used to normalize
a calculation of the expected precision of a
1000-s enrichment measurement for pressures up
to 10 OU0 torr at 155°C for natural and 3%
enriched UFg. The effect of the background
from an equilibrium oon.e«ntration of 238y
daughter products and an uxternal 1l.3-kg UFg
souroe was included in the calculation. The
results of this walculation are premented in
Pig. 4.

The plating of uranium on the chambsr walls
was investigated as a possible source of syste-
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rig. 4. Relative precision of a 1000-s enrich-
ment mneasurement caloulated for natural
(s0lid curve) and M-enriched (dashed
curve) Urg &s a function of pressure
at 135°C. The gamma-ray background
inocludes an estimate of the background
associated -ﬂ\. an equilibrium oonoen
tration of U daughter products in
the sample chamber and an external
1.3-kg UFg source.

matic error in the enrichment measurement. A
measurement of uranium plating was performed
after a 1lC-day integrated exporure of the
stainless-stesl chamber walls to 100 torr UFg
at 20°C and a 3-day exposuze to an average of
300 torr UFg at 60°C, The wmeasurement was
performed by evacuating the cha?bgr and counting
the 186-keV gamma rays from 35y, The count
rate of 186-keV gamma ray measurad when the
chamber was evacuated was 0.2 + 0.5% of the
count rate from 100 torr UFg. It was conclu-
ded thut a negligible awsount of plating occurs
on stainless steel when kept in a clear vacuum
environment.

4. Conclusions

A prototype NaI(Tl)-based enrichment monitor
has besn developed and tested under controlled
laboratcery oconditions. The results of measure-
ments on depleted UF, demonstrate that the
method can be used to determine the enrichaent
of deplated to highly enriched UFg over a wide
range of pressures. Within the statistical
precision of the reported mecsurements, no
systematic error in the relative enrichment as
a function of pressure was obsezved, Calcula-
tions based on the reported data indicate that
the enrichment can be Jstermined for natuvral
Urg with a relative precision of better than
1% for pressures ranging lrom 250 to $000 to:r
at 1589¢,

The ratio of UFg derxities determined from
terperature and pressurv measurements to densi-
ties determined from gamma-ray transmission
msaAsurements was chown to be oonstant within
the accuracy of +the temperature and pressure
messurenents., Tne gamma-ray transmission method
of measuring UFg densmities offers s precise
alternative to conventicrai density or pressure
medsucrements,

Buffisient information har Laen ottained
from the laboratory measurements that a detailed
design of a prototype field system has been
initiated. A fileld teat and evaluation of a
gas-phase UFg enrichment monitor in a prodac-
tion enrichment facility wil)l proviée further
test information not evailable in the
laboratory.
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3.

FPiguree

NaI(Tl)-based gas-phase UF enrichment
monitc:i. The intensity of gaG-ch gamma
rays emitted by 2350 and the transmission
tarough the UFg gas of 60-kev gamma rays

from an external lm source were
lusgsgd and the data were used to determine
the U enrichment.

Ratics of the UF; gas density determined
from the temperature and pressure measure-
ments to the natural logarithm of the 60-keV
gamna-ray transmission., The walues have
been normalized to the weighted average of
the ratios. The indicated pressures are
for « gan temperature of 60<C.

Results n»f 4000-s measurements Of the
relative enrichment of Jdepleted (0.2%)
LPg. The low-pressure data (A) were
measured at 27°C; the high-pressure data
(O, were measured at 60°C, The error bars

represent the statistical precision of the
mearured valuer. The UFg densi:ies were
converted to pressures at 6n°cC,

Resative precision of a 1000-s enrichment
measurement calculated for natural (solid
curve) and 3%-enriched (dashed curw; UFg
as a function of pressure at 155°C, The
gamma-ray backgrcund includes an estimats
cf tha background associated “h an equili-
brium oconcentration of 238y daughter
products in the sample chamber and an
external 1.3-kg UFg SOUrce.



