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Abstract

A small modification in the procedure of Amiel's delayed neutron counting method is attempted for

the simultaneous determination of uranium and thorium in geological samples. This analytical proce-

dure is found to hold good accuracy over the wide range of concentration ratio of two elements. Details
of the development and evaluation of the method are described. The sensitivity obtained from the
method is less than O.1 ug for uranium and it is about 5xg for thorium.
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1. Introduction

Analysis of trace quantities of uranium and
thorium in complex matrices has been subject
to extensive research and development becau-
se accurate content of these elements is
necessary for the identification and demar-
cation of regions having their reserves of

economic value. A number of analytical

methods are currently in use for the analysis
of uranium® and thorium? in various geolo-
gical samples. Most of these methods are
time-consuming and require elaborate chemi-
cal processing in order to eliminate blank
and/or matrix interferences prior to measu-
rements.

The basic requirements of the analytical
procedure to be adopted for geological survey
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programs are that it is highly sensitive, fast,
reliable and preferably nondestructive. Neu-
tron irradiation, followed by delayed fission
neutron counting, first introduced by Echo
and Turk® and investigated further by
Amiel®, was found to satisfy adequately most
of these basic requirements.

For the wuranium assay Amiel irradiated
samples without cadmium cover and determ-
ind uranium content by comparing the acti-
vities thus obtained from samples with those
from uranium standards. When thorium con-
tent is much high compared with uranijum,
thorium, however, interferes in the uranium
assay. In order to eliminate this interference
of thorium in the uranium assay, Reddy and
Sanker Das® irradiated samples with a ther-
mal neutron flux of which the thermal to
fast neutron ratio was approximately 13.

In this work each sample containing uran-
ium and thorium is jrradiated with and wit~
hout cadmium cover for the uranium content
using a mixed neutron flux of which the the-
rmal to fast neutron ratio is approximately
4. When the sample is irradiated without cad-
mmm cover U and **¥U as well as thori-
um are fissioned by this mixed neutron flux.
On the other hand when the same sample is
irradiated with cadmium cover, 2%U, thorium
and very smaller amount of 2**U as compared
with the irradiation without cadmium cover are
fissioned by fast neutrons. The counting dif-
ferences between the counts obtained with cad-
mium cover and the counts obtained without
cadmium cover are pure thermal neutron res-
ponses due to the fission of 235U. This count-
1ng dlfferences obtained from analytical samp-
les are compared with those obtained similarly.
from uranium standards in order to determine
uranium content. The fast neutron responses

due to thorium fission among the total fast

neutron responses are deduced by subtracting
the fast neutron responses due to uranium
fission, which are obtained from pure thermal
responses due to 235U fission described above
and cadmium ratio of uranium, from the
total fast neutron responses due to fission of
uranium and thorium. The fast neutron resp-
onses due to thorium fission thus obtained
from samples are compared with those obtained
similarly from thorium standards to determine
thorium contents.

As the results of this modification the pre-
sent method is found to hold good accuracy
over more wide range of concentration ratio
of two elements than in previoué Amiel’s me-
thod. Statistical error estimations as well as
details of the development and the evaluation
of this technique are also described.

2. Experimental

Preparation of Samples and Standards:
The sample for analysis was normally ground
to pass the 200 mesh sieve. A 100~200 mg por-
tion of the sample was accurately weighed and
sealed by heating in a small polyethylene
bag for irradiation. . :

A stock solution of uranjum was prepared
by dissolving 0.210g of A.R. grade UO,
(NO3)2.6H20 in 5ml of 0.1 N nitric acid and
diluting with distilled water to 100 ml in a
volumetric flask. A stock solution of thorium
was prepared similarly from thorium nitrate,
which was previously standardized by igniting
to oxide and weighing. Those stock solutions
were further diluted to prepare several sta-
ndard solutions containing various amounts of
each elements, few micrograms to milligrams
per ml. An 1002 aliquot of the standard
solutions was evaporated to dryness on a
small polyethylene bags by heating.

Fuacilities; Irradiation was carried out by
the pneumatic transfer system of TRIGA
Mark III reactor. The position of irradiation
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Fig. 1. Delayed neutron detecter and associated electronics.

is located at the face of the reactor core. At
the power level of 1 MW, the thermal neut-
ron flux was 1.0X10' neutrons cm™? sec™ and
the unmoderated fission flux was 2.6X10'
neutrons cm™?sec™! at the irradiation position.
Samples can be received for counting within
6—8 sec after the end of irradiation.

‘For the simultaneous determination of
uranium and thorium, an accurately weighed
portion of a sample that was sealed in a
polyethylene bag was first irradiated without
cadmium cover to obtain mostly the thermal
neutron responses on uranium. An another
portion of the same sample was second
irradiated with cadmium cover of 0.5mm
thickness in order to obtain a summed fast
neutron responses on uranium and thorium.
The polyethylene rabbits that were used for
the transfer of sample to the irradiation
position had a dimension of 110 mm length
X 16 mm I1.D..

Details of neutron detector assembly and
associated electronics are represented schema-
tically in Fig. 1. The detector consists of
six boron trifluoride proportional counters,
96% enriched boron 10 (N. Wood Model G-
10-20), each 20”7 lengthX1” in diameter. Each
counter was inserted into an aluminum tube
(2.6cm 1.D.) that was embedded in a block

of a paraffin wax moderator (60cm length
and 27cm in diameter) so as to form a ring
of 8cm radius by 6 counters. The moderator
was surrounded by 0.75mm thick cadmium
foil, followed by an additional 6cm thick
layer of borated paraffin to serve as external
neutron shield. For the access of samples,
an extra aluminum tube was introduced along
the coaxial axis of the ring formed by 6
counters. The polyethylene rabbit which
contained the irradiated sample was inserted
half way along the tube for the neutron
counting.

The counters were operated in parallel from
a common regulated high voltage source
(~3000 volts). The pulses from the counters
were fed through a current sensitive pream-
plifier (gain 3/10) and a nonoverload amplifier
(gain 400) into a scaler. Discrimination level
of 25 pA of input signal could effectively
reduce the contribution from gamma rays.

The efficiency of the counting assembly
was checked using a standard RaD-Be source
and was found to be 6—8%. However, the
detection efficiency for delayed neutrons was
higher and found to be around 13%, when
deduced from the data presented by Amiel®
and measured thermal neutron flux of the

irradiation site,
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Procedures for irradiation and measure-
ment; Sealed samples in a polyethylene bags,
which were either covered by cadmium or
not, inserted into rabbits to a fixed position.
The rabbits were transferred pneumatically
to the irradiation site of TRIGA Mark III by
pressing the ‘send’ button. A stop-watch
turned on simultaneously to control the
irradiation time. At the end of irradiation,
the rabbits were received by pressing the
‘return’ button. Another stop-watch turned
on simultaneously to control the delay time
before starting the count. The rabbit was
quickly collected and transferred to the
counting assembly. Periods of 60 sec were
adopted for irradiation and counting, respe-
ctively, with the delay time of 20 sec in the
present work according to the recommenda-
tion®.

System background ;Under normal operating
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conditions, the counting assembly has a room
background of 4—5cpm and there was no
significant change in this value. A backgro-
und count of 484-6 (1¢) cpm was obtained after
20 sec delay by following the experimental
conditions, ¢.e., by irradiating an empty
rabbit for 1 min., transfering to the counting
position, and etc.

Comments on the analysis of uranium and
thorium in mixtures; When a portion of a
mixed sample is first irradiated by a mixed
neutron flux without cadmium cover, not
only is occured the fission of 2**U by thermal
neutron but also those of 2*U and thorium
by fast neutron. When another portion of
the same sample is second irradiated with
cadmium cover, only the fissions of ?*U and
thorium occur because the thermal neutron
is discriminated out.

Since delayed neutrons are emitted from
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Fig. 2. Calibration curve of 1~1,000.g stan;iard uranium samples. (Irrad.
time lmin.; power level 2MW; counted for 1 min. after 20 sec

delay.)
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Fig. 8. Calibration curve of 1~1000,¢ standard thorium samples (lrrad.
time 1min.; power level 2MW; counted for 1min. after 20 sec

delay)

fission precursors by both thermal and fast
neutrons when irradiating samples without
cadmium cover, the following additivity
holds in counting rates,

A=A+Ay, (1)
where A is the total counting rate which is
due to 23U, 280 and thorium components,
A, the counting rate from #SU component,
A; the counting rate from both **U and
thorium components, ¢.e., total fast neutron

response. When the mixed sample is irradi-

.ated with cadmium cover, only. the total fast

neutron response A, is taken and given by
Eq. 2,

Ar= Arst+ Av—z3s, (2
where Ar, and Ay-.3s are the counting rate
from thorium and wuranium components,
respectively. The thorium component Ar,
can be given by Eq. 3, which is deduced
from Eq. 2,

Table 1. Delayed neutron activities of uranium standard, irradiated at 1 MW for 1 min,, counted

for 1 min, 20 sec after end of irrad.

Net count without | Net count with

ug of U Cd cover d cover At Adrg CR
1 363 25 338 + 338 14.6
5 1, 850 130 1,720 43 14.3
10 3,695 274 3,421 342 13.6
30 11, 050 809 10,241 341 13.6
60 22,331 1,619 20,712 345 13.8
100 36, 329 2,595 33,734 337 14.0
300 108,970 8,457 100,513 335 12.9
600 217,731 15,984 202, 827 338 13.6
1,000 363,925 26,105 339, 022 339 13.9

average 340+3.2 13.8+0.5
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Table 2. Delayed neutron activites of thorium
standard. irradiated at 1MW for 1
min, counted for 1 min, 20 sec after
end of irrad.

ot | wichonr | N |

Th Cd cover | Cd cover m/ug| CR
(A) (Ary)

10 58.0 56. 0[ 5.60 1.03
20 115 109 5.47 1.05
30 175 167 5.57 1.05
50 296 284 5.74 1.04
100 1,600 578 5.76 1.4
500 2,854 2,713 5.42 1.05
1,000 5,620 5,495 5.47 1.02

average 5.5710.14 1.04+0.01

An=Ar—AX =i ®)

where CR is cadmium ratio of uranium.

Calibration; Calibrations were established
using respective standard samples of uranium
Each standard
solution of uranium and thorium was twice
first with cad-

mium cover and second without cadmium

and thorium as follows.

irradiated for 1 min., 7.e.,
cover. The sample was counted for 1 min.
after 20 sec delay. The counting rate from
2350/, A,, and the counting rate from thorium,
Ary, were deduced using Eq. 1 and 3, respe-
ctively. The counting rates were resulted in
linear curves over a wide range of quantities
and concentrations as shown in Fig. 2 and 3
and Table 1 and 2.

Analysis of uranium and thorium in mix-
tures; Mixtures were irradiated and counted
according to the procedures as described
above. The counting rate from 23U, 4,, and
the counting rate from thorium, Ar,, were
deduced using Eq. 1 and 3,
Uranium content

respectively.
in mixed samples was
determined by comparing the counting rate
A, with the corresponding values obtained
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Table 8. Analysis of uranium and thorjum in
sample (U, ppm)

| Present method |Colorimetric method
Sample

*Uranium | Thorium | Uranium*Thorium**
AlIC—7 66.0 266 60 270
r —24 61.5 111 60 132
r —25 54.0 355 50 357
r —45 66.5 97 70 99
7 —48 172.0 303 200 305
7 —49 417.0 173 400 180
’ —69 250. 0 69 280 72
No.—1 176.0 223 195 250
r —5 116.0 388 93.3 396
r —6 97.5 590 102 610

* Results were presented by Korea National Geo-
logical Servey.

**+ Results were obtained by the method described
in Ref. (5)

Table 4, Uranium content of standard ores

Uranium content(Uz;0s %)
Ores

Reported | Present work

Low grade pitchblende

% e 429 (4.5 +0.14

Phosphate Rock (No.1) 0.029 0. 0302-0. 001
Carnotite (No.4) 0.18 0.187-0. 005
Torbernite (S—1) 0.471 0. 489-+0. 003
Torbernite (S—2) 0.313 0. 3132-0. 008
Carnotite (S—3) 0.418 0.438+:0. 016
Uraninite (S—4) 0.375 0. 37510. 003

from the uranium standards, while thorium
content was determined by comparing the
counting rate Ay, with the corresponding
values of thorium standards.

3. Results and Discussion

The results of measurements of uranium
and thorium in several samples which were
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supplied from Korean National Geological
Survey are presented and compared with
those obtained by ather methods in Table 3.
This table shows a good agreement between
results. It is also notable that the present
procedure for the simultaneous determination
of uranium and thorium holds good accuracy
over the wide range of concentration ratio
of two elements. On the other hand when
Amiel’s procedure is applied for.the determi-
nation of uranjum in the geological samples
of Table 3, it is found that the errors due to
thorium interference in uranium assay are up
to about 10%. Standared ores for uranium,
available from International Atomic Energy
Agency, were analysed by this method, and
the results. are compared in Table 4 with
certified values. It was found from this
comparison that the accuracy of the technique
was around 4-3% for ores. Replicate measure-
ments also showed a good precision of the
procedure as shown in Table 4. A major
advantage of the procedure is its rapidity in
analysis(~5min.) compared to 3—5 hours
required per sample for the determinations
of both uranium and thorium by conventional
colorimetry.

The activity observed for a sample of lug
of natural uranium was 340 counts and that

for 14g of thorium was 5.57 counts as shown
in Table 1 and 2 when followed experimental
procedure as mentioned earlier with the
reactor power level of 1.MW. Using these
values, the sensitivity of uranium or thorium
detection and the accuracy of the measure-
ment were calculated by a statistical analysis
If the
background of an empty rabbit in a 1-minute
count is B, then the counting rate from U
compoméht A, is given by following Eq. 4,
" A=(A+B)—(A,+B). (4)
The standard deviation in the measurement
of dranium ¢, is given by following Eq. 5,

ou=(A+A+2B)*. (5)
When the number of counts of A, in a single
measurement is low, it is desirable to repeat
the measurement, both of empty rabbit and
rabbit with sample, in order to improve coun-
ting statistics. If measurements are repeat-

of the counting data as follows.

ed n times, the fractional error E is given by
following equation,

%
A calculation of the standard deviations for
various uranium content and background
level is given in Table 5. It is seen that
uranium content level of about 10xg can be
analysed whithin the standard deviation of

Table 5. Error estmate in uranium assay, standard deviations(%) for various uranium content

and background levels

Uranium, 10xg. Uranium, 1pg. "~ Uranium, 0.1pg. " Uranium 0.05.g.
A.==3, 400 counts A,=340 counts A.=34 counts A;=6. 8 counts
B (counts) 50 60 | 50 | 40 | e | 50 | 40 | 60 | 50 | 40
1 1.86 665 | 647 | 6.35 | 37.0 | 347 | 321 | 69.4 | 64.1 | 58.4
2 1.31 460 | 4.60 | 4.50 | 26.2 | 24.6 | 22.6 | 49.1 | 45.5 | 415
3 1.07 388 | 376 | 3.68 | 21.4 | 2.0 | 185 | 40.2 | 37.0 | 33.9
4 0.925 332 | 32 | 318 | 185 | 17.4 | 168 | 4.7 | 322 | 20.3
5 0.829 296 | 201 | 285 | 166 | 155 | 14.3 | 3.1 | 28.7 | 26.2
7 0.702 251 | 246 | 242 | 140 | 131 | 121 | 26.2 | 243 | 222
10 0.588 210 | 205 | 201 | 11.7 | 109 | 10.1 | 22.0 | 20.4 | 185
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Table ¢. Error estimates of thorium assay in uranium-thorium mixtures

Uranium pg 1 5 10 50 100 500 1000
Thorium ug Relative standard deviation, %
5 36.9 53.3 66.2
10 20.6 28.4 35.6 70.2 98.3
50 6.79 7.79 8.9 15.2 20. 6 43.4 61.4
100 4,51 4.94 5.33 8.13 10.6 22.1 30.9
500 1.93 1.97 2.02 2.38 2.62 4.71 6.39
1000 1.36 1.37 1.39 1.52 1. 66 2.55 3.3
A1y=b5. 57 counts per gg of thorium
A,=340 counts per ug of uranium
B=48 counts
Cadmium ratio of uranium=13.8
irrad. time=60 sec, delayed time—=20sec,
counting time=g60 sec, at a power level of 1 MW.
about 2% even with single measurement, -,
. 1 1 Ny Ads
while for the content level of 0.05xg the - [Af <1+ "2 >+ RZ] 9)
deviation can be reduced to about 20% with - 1

10 repeated measurements,

When assessing the sensitivity of the
thorium measurement, the presence of ura-
nium gives a rise in background and the
sensitivity of the thorium assay is calculated
The net count due to thorium
Az, is given by following Eq. 7.

Arv=(As+B)

~UA+B) ~(AAB g D

as follows.

The standard deviation in the measurement
of thorium o7, is given by Eq. &,

on=[A; 1+ )+ oo+ o)t (®)
where ocr is standard deviation obtained
when measuring cadmium ratio of uranium,
which is given in Table 1. For the Eq. §,
A is defined as (A+B), A, as (A,+B) and
R as (CR—-1).
single net count of thorium is given by Eq.

The fractional error E of a

9 and error propagation,
- 1 A 1
[Af(l R2‘> 1?2 ‘;154' "%R} ’

1
Ar—AXoR—T

__OTh —
E=4,.

Af‘*AzXﬁjT

Calculated errors obtained when analyzing
samples of various content of uranium and
thorium is given in Table 6 with a backgro-
und B=48.

Because of the large activity of 2%U by
thermal neutrons compared to those of *U
and thorium by fast neutrons, the error due
to a small presence of thorium is trivial in
uranium assay. On the contrary, however,
a small presence of uranium give rise to the
large error in thorium assay due to about 4
times larger activity of ?**U by fast neutrons
than thorium. As can be seen in Table 6,
for example, the error of thorium assay is
about 4.5% when thorium content is about
100pg level with 1xg of uranium in a mix-
ture, while this value is enhanced to about
10.6% with 100ug of uranium in a mixture.
Therefore, for samples in which the content
of thorium is comparable to that of uranium
a series of repeated measurements is prefer-
able to reduce errors.

As the samples and standards were sepa-
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rately irradiated and counted, a check on
the stability of the reactor flux is essential.
The results given in Table 1 are obtained in
a typical series of measurements, involving
nine sequential irradiations for 40 min. The
mean value of 340 counts per minute was
obtained per microgram of uranium with a
relative standard deviation of 3.0% out of
which 2% could be accounted for the coun-
ting statistics alone. The mean value of 5.57
counts per minute was obtained per microg-
ram of thorium with a relative standard
deviation of 5.0%.

Effect of impurities; For the analysis of
uranium the activity due to thorium A, was
observed to be about 60 times smaller than
A, for uranium. In practice, when analyzing
uranium, the error due to the possible pre-
sence of thorium was negligible. The interfe-
rence of uranium in the thorium analysis was
discussed above.

Errors may be caused due to flux attenua-
tion by elements such as B, Li, Gd, Cd and
etc., having high thermal neutron absorption
cross section, This effect was reported to be
unimportant in most cases?. Beryllium can

emit neutron by photo-neutron reaction and
causes interferences. It was also reported
that such effects are unlikely to be impor-
tant®. ' '

The only known delayed neutron emitters,
apart from fission products, are N and °Li
produced by "O(n,p) N and °Be(n,p) °Li
reactions. Because of their short half-lives
(4.2 and 0.17 sec, respectively), these will
decay to negligible levels under the selected
delay time.

References

1) T.W. Steele and L. Taverner, Progress in Nu-
clear Energy, ed by M. T. Kelley, p. 75, Series
IX, Vol. 1, Pergamon Press, (1959)

2) Charles V. Banks, #bid, p. 33.

3) M. W. Echo and E. H. Turk, Quantitative deter-
mination of 2%U by delayed neutron counting,
Report PTR-143, (1957)

4) S. Amiel, Anal. Chem., 34, 1683 (1960}

5) C. Lee and K. S. Chung, J. Korean Chem. Soc.,
16, 5 (1971)

6) C.R. Reddy and M. Sankar Das, Private Com-

munication (1973)



