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0.0. Abstract 

The method of neutron activation analysis of uranium by delayed- 

neutron counting has been investigated in order to ascertain if the 

method would be suitable for routine application to such analyses. 

It has been shown that the method can be used extensively and routi- 

nely for the determination of uranium. Emphasis has been placed on 

the determination of uranium in the types of sample materials encoun- 

tered in nuclear technology. Determinations of uranium have been 

made on such materials as ores, granite, sea sediments, biological. 

tissue, graphite, and metal alloys. 

The method is based upon the fact that delayed neutrons are 

emitted from fission products produced by the interaction of neutrons 

with $35. Since the $35 component of uranium undergoes most of the 

fissions when a sample is in a neutron flux, the method is predomina- 

tely one for the determination of u ~ ~ ~ .  The total uranium in a sample 

or the isotopic composition of the uranium in a sample can be determined 

provided one has a prior knowledge of one of these quantities. The 

content of a test sample is obtained by comparing its delayed- 

neutron count to that obtained with a comparator &ample containing a 

known quantity of u2j5. Calculations. are made according to the equation: 

u~~~ in Test = $35 in Comparator 
Net Count of Test Sample 

Net Count of Comparator Sample' 
Sample Sample 

Neutron activations were made in the pneumatic tube irradiation 

facility of the Oak Ridge Research Reactor. A thermal neutron flux of 

2 
about 6 x 1013 n/cm /sec is obtained in this facility with the reactor 



operating at 30 M.W. A neutron moderator (paraffin) and BF tube 
3 

detector assembly having a neutron counting efficiency of about 

5 per cent was used to assay the delayed-neutron activity of the . 

sanples. Under these conditions and with the proper choice of' 

irradiation and counting times, a sensitivity of 1000 counts per 

grams of 835 is obtained. The method can readily be used to 

analyze samples containing 10 to micrograms of ?35. The 

lower limit of analysis is determined by the sensitivity of the 

method.whereas the upper limit is imposed by radiation safety 

requirements. 

The precision of the,.method has been found to be normaliy 

about + 3.0 per cknt expressed as relative standard, devfation. - 
With-proper precautions in making the'irradiations, somewhat more 

precise determinations can be:made. 



1.0. Introduction 

A number of analytical methods exist for the quantitative 

determination of microgram and submicrogram quantities of uranium. 

Gindler'') lists eleven methods and reports on the range of quantity 

of uranium in micrograms for which each method is applicable. These 

methods and the lower limits of analysis are listed in Table I. For 

the determination of small quantities of uranium in a variety of 

matrix materials, almost all methods require a considerable amount 

of time for completion and/or suffer from extensive interferences so 

that chemical separations of the uranium must be made before its 

determination. Many of the methods reported in the literature lack 

the necessary sensitivity for the determination of submicrogram 

amounts of uranium. 

The method of neutron activation with subsequent assay of the 

induced radionuclides makes possible the determination of very small 

quantities of uranium. Usually the analysis is carried out by gamma- 

ray counting one or more of the fission products of $35 or the gamma- 

ray counting of (or its daughter N ~ ~ ~ ~ )  formed by neutron cap- 

ture of - 4 2 38 v23'. A sensitivity of about 10 micrograms of U can he 

obtained by this method with short irradiations (about 20 minutes) 

2 
in a neutron flux of 6 x 1013 n/cm /see if the short-lived product 

$39 ( tlI2 = 23 min.) is counted. Longer irradiations are required 

if the' same sensitivity is desired and if the radioactivity of the 

daughter product N-9 2.39 (tlI2 = 2.3 d) is assayed. 11 the Ba 140 

= 12.8 d) fission product of ?35 is isolated and its radio- 

activity is assayed, arl ii.r.adiat;lon time of one week or more (in a 



TABLE I 

SENSITMTY OF VARIOUS METHODS 
FOR THE DETERMINATION OF URANIUM 

Lower Analysis Limit 
Method (micrograms ) 

Neutron Activation loe4 

Fluoroscopy. 

Emission Spectroscopy 5 x lo-* 

Visual Chromatography 
on Paper 

Volumetric (including micro- 
volumetric) Methods 

Autoradiography (a emission) 
Counting of Tracks 

Colorimetry 

Alpha Counting 

Polarography 

Grwimetric Methods 

a Taken from J. E. Gindler, Radiochemis try of Uranium, Natl. Acad. 
Sci. - Natl. Research Coulicfl - Nuclear Sci. Ser. NAS-NS-3050 (1962). 

b~ower limit obtained with dibenzoylmethane as the colorimetric 
reagent. ~indler(l) also lists values for thiocyanate and H 0 -HC104. 

2 2 



2 
neutron flux .of 6 x 1013 n/cm /see) is required to approach a 

-4 
sensitivity.of 10 micrograms for natural uranium. Analyses by. 

neutron activation of bdth $35 and $38 have been used extensively 

and reported by a .number of groups. ( 2 - 5 )  In most cases, however, 

neutron activation of elements in the matrix containing the uranium 

make necessary radiochemical separations before the radionuclides 

produced . from . the uranium can be assayed. Such separations make 

the usual neutron activation method for uranium laborious and time 

consuming. . ... 

An alternate approach to the neutron activat'ion analysis of 

uranium is to count the delayed neutrons emitted by the fission pro- 

ducts of U-235. Echo and Turk(6) first described the application of 

this technique to the determination of By a systematic irradia- 

tion and counting procedure, they made determinations of u~~~ in a 

number of liquid samples containing known q~antities of which 

-2 varied from 10 to. lom3 micrograms. Three synthetic ore samples 

containing known amounts of $35 were also analyzed. They reported 

0.05 microgram of u~~~ as a lower limit for a determination. They 

found the method to be rapid, and accurate, to require very little 

sample preparation, and to be free of any interferences except from 

those materials which have high neutron fission cross-sections (such 

as ?u 239 and $33) or high-neutron capture cross-sections (such as 

10 
d l 3  a d  I3 )  mie el'^) has made a more extensive study of delayed 
neutron emission for the determination of fissionable materials. He 

applied the method.to the determination of uranium in a large number 

of geolog'ical'~samp1es and to samples of pure uranium reagents, as well 



as the determination of the isotopic composition of a uranium sample. 

- 4 
A limit of detection of $35 was found to be about 2 x 10 micro- 

gram with 7 x microgram of $35 giving 300 delayed-neutron 

counts. He also used the method for the determination of thorium in 

a number of sample types and discussed the application of the method 

to the determination of I?33 in thorium, ~u~~~ in uranium, as well as 

the possible use of the method for uranium-thorium prospecting. Both 

solid and liquid samples of uranium and thorium were analyzed. 

The different courceE of interference in the method were investi- 

gated and discussed. In addition to the interferences mentioned by 

Echo and Turk, (') Amiel listed, the interference due to the delayed 

neutron precursor formed by the reaction 017(n,p)~17 with fast 

. neutrons as well as two secondary reactions. He showed that this 

source of interference could-.be eliminated by allowing the N 17 

( tl/2 = 4.2 sec.) to decay before counting the delayed neutrons due 

to uranium or thorium r'ission. He evaluated the er't'ect ot' the ''se1~;- 

shadowing" of saniples from the bombarding neutrons with samples: con- 

taining lithium and boron and found the effect unimportant in most 

cases. He also discussed the possibif ity of interferences from (y,n) 

reactions due to intense high-energy gamma-rays emitted by the sample 

as a result of neutron activation of sample matrices. He estimated 

this effect to be negligible in.most cases. In agreement with Echo 

and Arniel found the method to be sensitive, accurate, and 

rapid and to require little or no sample preparation. 



The present study of the neutron activation analysis of uranium 

by delayed neutron counting was undertaken in order to ascertain if 

the method would be suitable for routine application. Preliminary 

reports of certain parts of this work have been previously presented. (8) 

In view of the findings of Echo and Turk, ( 6  ) it was believed that the 

method would be an excellent one for the routine .analysis of a wide 

variety of uranium-containing materials encountered in nuclear techno- 

235 logy. Though based on the fact that it is the U component of 

uranium which undergoes most of the fissions and thereby produces most 

of the delayed neutrons, the method can be used according to the fol- 

lowing categories of analysis: (1) the determination of 835 in samples 

containing uranium of unknown isotopic composition, (2) the determina- 

tion of total uranium in samples containing uranium of known isotopic 

composition, and (3) the determination of the isotopic composition of 

the uranium in samples containing known amounts of total uranium. An 

analysis is made by comparing the delayed neutron count obtained for 

a sample with the count obtained for a comparator sample containing a 

known quantity of L?35. For a determination of the total uranium in 

a sample (analysis category 2), it is not necessary to know the 

isotopic composition of the uranium in the sample provided a compara- 

tor sample is used which has the same isotopic composition as the 

unknown or test sample. The possibility will be discussed in a later 

section of determining the isotopic composition or uranium by making 

irradiations with and without the sample being enclosed in a cadmium 

container. The delayed-neutron-counting method has been used 



according to each of the three analysis categories listed above, 

though more extensively for categories 1 and 2. The method can 

be used to determine uranium in ores, metals, nonmetals, biological 

materials, solutions, etc. The sensitivity of the method is sufficient 

to detect l f 4  micrograms of $35; microgram will give approxi- 

mately 10' delayed-neutron counts depending on the conditions of 



2.0. Principles of Method 

The determination of U-235 by delayed-neutron counting is based 

upon the fact that some of the fission products of U-235 emit neutrons 

over a short period of time after fission has taken place. The 

fission products of other fissionable elements such as Pu239 and U 233 

also emit neutrons and these elements can also be analyzed by this 

method. The delayed neutrons are emitted from nuclei which have been 

left in highly excited states ( by an amount of energy exceeding the 

binding energy of a neutron) by the negatron decay of fission-produced 

parent nuclei. The neutrons are emitted instantaneously after the 

the negatron is emitted and thereby exhibit half-lives in their 'emis.- 

sion which coincide with the half-lives of the negatron-emitting parent 

nuclides. The term precursor has.been applied to a radionuclide which 

decays by negatron emission to produce a neutron-emitting radionuclide. 

By means of radiochemical separations, at least seven radionuclides 

which are precursors of delayed-neutron emitters have been shown to be 

present in the fission product of U 235 . (9-13) These seven precursors 
and thei.r half -lives are listed. i.n Tah1.e 11. 

The existence of delayed-neutron emission is highly important to 

the operation and control of nuclear reactors; and consequently, the 

decay characteristics of delayed-neutron activityhve been investigated 

rather extensively. ('-13' Most recent investigators have been able to 

resolve the delayed-neutron activity resulting from the fission of $35, 

into six groups, each group having a characteristic half-life and 

t absolute group yield (delayed neutrons emitted per group per fission). 

Keepin, et a1..i9) have studied the delayed-neutron activity resulting 



TABU 11 

DELAYED-NEUTRON PRECURSORS RESULTING FROM FISSION OF U-235l 

Precursor  H a l f - L i f e ,  sec. 

~ r - 8 7  54.5 

1-137 24.4 

~ r - 8 8  16.3 

1-138 6.3 

~ r - 8 9  4.4 

1-139 2.0 

B r -  90 1 .6  

I 
See re fe rences  (9-13). 



from the fission of $35, $33, and Pu239 by both thermal and fast 

neutrons and from the fission of U238 and d32 by fast neutrons. 

It was found that the delayed-neutron activity resulting from the 

fission of each of these nuclides could be resolved into six groups 

with fair agreement in the half-lives of corresponding groups. 

Slight differences in the half-lives of corresponding groups were 

obtained when- different nuclides were fissioned as well as when the 

method of fission was different, as for example, when U-235 was 

fissioned first with thermal neutrons and then with fast neutrons. 

Quite.large differences between corresponding groups for absolute 

group yields were obtained when different nuclides were fissioned. 

The data obtained, by Keepin, et a1,(9) for thermal neutron fission 

of 335, $33, and l?u239 is given in Table 111 Table IV lists the 

data obtained for the fast-neutron fission of $35, ,233 $38 ,239 

and Th232. Keepin, et a1,(9) interpreted their results in terms of 

the existence of six main delayed-neutron precu,rsors. &all dif- 

ferences between the half-lives of corresponding groups obtained 

either for different nuclides or the same nuclide for different modes 

of fission were believed. to result from (1)perturbationsof the derived 

half-lives by different yields of the six main delayed-neutron pre- 

cursors or (2) perturbationsof the derived half-lives by different . 

yields of minor delayed neutron precursors having half-lives which 

are diffe'rent from the six main precursors. 

An analysis for uranium is made by irradiating a test sample in a 

nuclear reactor for a period of time ranging from seconds to minutes, 

rapidly removing the sample to a neutron counting facility, allowilig 



Number of 
Delayed Neutrons Group Hal f - l i fe  Absolute Group 

Nuc.lide per  Fiss ion Index (i) (sec.  ) Yield ($)b 

a 
Data taken from Keepin, G. R. ,  Wimitt, T. F., and Ziegler, R. K . ,  
"Delayed Neutrons from Fissionable Isotopes of Uranium, Plutonium, 
and Thorium, I' Phys. Rev. 107, 1044-1049 (1957)) J. Nuc. Energy 6, - - 
1-21 (1957-58). 

b ~ b s o l u t e  group y i e l d  (%) means t h e  number of delayed neutrons per 
100 f i s s i o n s .  



TABU IV 

DELAYED-NEUTRON GROUPS FROM FAST NEUTRON FISSIOIP 
Number of 

Delayed Neutrons Group Half-life ' Absolute Group 
Nuclide per  Fiss ion Index ( i )  (sec.  ) Yield ($)b 

U-235 0.0165 - + 0.0005 1 . 54.5 + 0.94 0.063 + 0.005 
2 21.84-+ 0.54 0.351 T 0.011 
3 6.00 +-0.17 0.310 '7 0.028 
4 2.23 T 0.06 0.672 T 0.023 
5 .496 7 0.029 0.211 7 0.015 
6 .I79 T - 0.017 0.043 - 7 0.005 

U-233 0.0070 - + 0.0004 1 55.11 + 1.86 0.060 + 0.003 
2 20.74 7 0.86 0.192 7 0.009 
3 5.30 +-0.19 0.159 7 0.025 
4 2.29 + 0.01 0.222 7 0.012 
5 .546 T 0.108 0.051 5 0.010 
6 .221 7 - 0.042 0.016 T - 0.005 

u-238 0.0412 - + 0.0017 1 52.38 + 0.29 0.054 + 0.005 
2 2 1 . 5 8 7 0 . 3 9  0 .564T0.025  
3 5.00 +-o.lg 0.667 7 0.087 
4 1.93 7 0.07 1.599 7 0.081 
5 0 .490+ 0.023 0.927 T 0.060 
6 0 .172T0.009  - 0 .309T0.024  - 

Th-232 0.0496 - + 0.00020 1 56.03 + 0.95 0.169 + 0.012 
2 20.75 7 0.66 0.744 7 0.037 
3 5.74 + 0 . 2 4  0.769 T 0.108 
4 2.16 7 0.08 2.212 7 0.110 

2 0.571-+0.042 0 .853T0 .073  
0.211 - 7 0.019 0.213 + - 0.031 

Pu-239 0.0063 - + 0.0003 1 53.75 + 0.95 0.024 + 0.002 
2 2 2 . 2 9 + 0 . 3 6  0 .176T0 .009  
3 5.19 +-0.12 0.136 T 0.013 
4 2.09 T 0.08 0.207 T 0.012 
5 n .549+ 0.049 0.065 3 0,007 
6 0.216 7 - 0.017 0.022 7 - 0.003 

a 
Data taken from Keepin, G. R. ,  W i m i t t ,  T. F., and Ziegler ,  R.  K., 
"Delayed Neutrons from Fissionable Isotopes of Uranium, Plutonium, 
and Thorium, " Phys. Rev. 107, 1044-1049 1 9 5 7 ) ,  J.  NU^: Energy 6, ' - - 
1-21 ( ~ ~ 5 ' 1 -  58). 

b ~ b s o l u t e  group yield  (dp )  means t he  number of delayed neutrons per  
100 f i s  sians . 



the  counter t o  co l l ec t  counts f o r  a period of time and recording 

the ' co l l ec t ed  count, A blank sample and a comparator sample a r e  

then t r ea t ed  precisely  as  was the t e s t  sample. The blank sample 

usual ly  consis ts  of an empty rabbi t .  In those cases i n  which a 

uranium analysis  i s  desired on a material  t o  which uranium has been 

added, the  o r i g i n a l  matrix material  t o  which no uranium has been 

added can serve a s  the blank along with the rabbi t  containing the 

material .  The comparator sample should contain a known quantity 
. . &  

of and/or t o t a l  uranium. The $35 content of the t e s t  sample 

i s  obtained by the following equation:' - 

Ct - BG 
$35 Content of Test = ?35 Content of Comparator 

Sample Cc - BG 
(1) 

Sample 

where C i s  the  - tota l  delayed-neutron count of' the t e s t  sample, 
' 

t 

C i s  the t o t a l  d t l u y ~ i J = ~ ~ e u L ~ ~ u i i  cuullL o r  Llle culuparatur 
C 
sample, and 

BG i s  the background .count which i s  obtained as  explained above. 

To obtain t o t a l  uranium i n  a sample when the comparator contains 

uranium of the  same isotopic  composition as  the  uranium i n  the t e s t  

sample, " t o t a l  uranium" can be inser ted i n  equation 1 i n  place of 

I f  t he  isotopic  cornpositians are di f fe ren t  f o r  the  uraniumin 

- the t e s t  and comparator samples, the t o t a l  uranillm j.n the  t e s t  sample 

can be obtained by the equation: 

where 'P  i s  the  per cent of the uranium i n  the t e s t  sample which i s  
u235, other  terms being the same a s  i n  equation 1. 



Equation 2 can be used to solve for'P when a determination is made 

of the per cent L?35 in a sample containing a known quantity of 

total uranium. 

The rather high sensitivity attainable with the method is due 

to the following factors: (1) the relatively high fission cross- 

section of U235 for thermal neutrons (577 barns), (14) ( )  the fact 

that approximutely 1.58 per cent of the fissions of u~~~ caused by 

thermal neutrons result in the emission of delayed neutrons, (9) 

(3) the relatively short half-lives of the delayed-neutrons precur- 

sors which allow the counting of a definite fraction of the total 

delayed neutrons emitted,'(9) (4) the fact that neutron detectors can 

be constructed which have neutron counting efficiencies of 5 - 10 

per cent or greater, and (5) the fact that neutron sources with a 
2 thermal neutron flux of 1 0  n m  s c  or higher can be obtained 

in nuclear reactor irradiation facilities. 

By treating the delayed-neutron activity resulting from the 

fission of $35 as distinct groups each having definite half -lives 

and absolute group yields, one can write an equation which gives the 

rate of delayed neutron emission of a sample.at any time during or 

after an irradiation of the sample in a neutron flux. If a sample 

of ?35 containing N atoms of is irradiated in a neutron flux, 

, for a period of time, tj, and allowed to decay for a time, t ,' 
the rate of delayed-neutron emission, Ad, ot' the sample at the end 

of the decay time, as given by the conventional radioactivation 

equation, is 



where a is the thermal neutron fission cross-section of $35 for 
the neutron flux to which the sample is exposed, 

Ai is the absolute group yield of delayed neutron precursors 
in the i th delayed-neutron group, and 

hi is the decay constant of the i th delayed-neutron group. - 

The summation term indicztes that a summation is taken over all of 

the delayed neutron group since the rate of total delayed-neutron 

emission is equal to the sum of the rates of delayed-neutron emission 

of each individual delayed-neutron group. Equation 1 can be modified 

to give the number of delayed, neutrons, Na, which are eirr'i t,l-,eil o.ve,ra 

a time interval, tc, measured from the end of t 
d ' 

Equation 2 can be used to estimate the optimum or best valucs of 

$, td, and t to be used for anaiyses of samples containing any 
C 

-I = 
particular quantity of uLJ'. In equations 1 and 2, the fission of 

the L?35 which is caused by epithermal neutrons is neglected. 

Determinations of u~~~ on which this report is based were carried 
2 out using a thermal neutron flux of about 6 x loi3 n/cm /see. Using 

this neutron flux value, a thermal neutron fission cross-section of 

577 barns for u~~~ and the half-lives and absoLute group yields of , 

the delayed-neutron groups of 935 given by Keepin, et a1,") calcula- 

tions have been made for the delayed neutron activity, Ail, and the 

number of delayed-neutron precursors contained in the sample as 

functions of time, following the irradiation of a 1-microgram sample 



235 of U . For purposes of calculation, values of the irradiation 

time, t were chosen to be 20, 60, and 126 seconds and a time b ' 
sufficient to saturate ell of the,delayed neutron groups. The 

results are presented graphically in Figures 1 and 2. The abscissas 

of Figures I. and 2 indicate the elapsed time in seconds from the end 

of the irradiation. The ordinates of Figures 1 and 2 indicate (as 

a function of time measured from the end of the irradiation) the 

rate of delayed neutron emission and the number of delayed neutron 

precursors contained in the sample, respectively. The number of 

delayed neutron precursors contained in the sample is equal to the 

number of delayed neutrons which are emitted by the sample if all 

of the delayed-neutron precursors are allo~~ed to decay completely. 

Since the half-livesofdelayed-neutron groups 5 and 6 are so small, 

calculations were made only for groups 1 through 4, and the curves 

shown in Figures 1 and 2 show only the decay of these four groups. 

From the curves in Figure 2, one can obtain the approximate 

number of delayed neutrons, emitted by a sample of ?35 over m y  

period of time following an irradiation of either 20, 60, or 120 

seconds or a time sufficiently long to produce saturation activity 

of all the delayed neutron groups. As an example, suppose a 1 pg 

sample of j?35 is irradiated for 60 seconds ($ = 60 sec.) at a 

2 thermal neutron  lux or 6 x loT3 n/cm /set. The sample is allowed to 

decay for 10 seconds (td = 10 seconds). If one wishes to know the 

number of delayed neutrons, Nd, which will be emitted by the sample 

over a 60-second interval following the 10-second decay period, one 

obtains the value of N as follows: First, the curve in Figure 2 is d 
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selected for which t is equal to 60 seconds. A value of Nd at t 
b 

6 equal to 10 seconds is seen to be 8.8 x 10 neutrons; at t equal 

b 
to 70 seconds, Nd is seen to be 1.8 x 10 . The difference in 

6 
these numbers, 7.0 x 10 , is the approximate number of neutrons 
emitted by the sample over the time interval of interest. 

As in other neutron activation methods of analysis, higher 

sensitivities are favored by irradiations of relatively longer 

times, allo~~ing relatively little time to elapse before counting, 

and counting for relatively longer times. Table V lists some values 

taken from the curves in Figure 2 for the number of neutrons emitted 

by a 1-pg sample of $35 for various values of i j ,  td, and t when 
C 

the sample is irradiated in a thermal neutron flux of 6 x 10 13 

2 235 ,, 
n/cm /sec. It is 'seen in Table V that if a 1-pg suple of U 

irradiated in a neutron flux of 6 x 1013 until all of the delayed 

7 neutron groups are saturated, approximately 1.8 x 10 delayed 

neutrons will be emitted by the sample. Thus, if a neutron counter 

having a neutron counting efficiency of 5 per cent is used to assay 

the neutron activity of the sample, a collected count of 9 x lo5 c/pg 

of u~~~ or 900 counts per loe9 grams of u~~~ will be obtained if 

counting is begun immediately after the irradiation. Normally, 

samples can be transferred from the irradiation position in a 

reactor through a pneumatic tube to a neutron counter in a time of 

about 2 scconds, so that the sample neutron activity can be assayed 

almost during its entire decay. Shorter times of irradiation, longer 

times of delay before counting, and shorter times of counting reduces 

the sensitivity of the method. However, as can be seen in Table V, if 



- TABLE V 

NUMBER OF DELAYED NEUTRONS EMITTED FOLLOWING 
I R W I A T I O N  O F  1 MICROGRAM O F  u235 

* 
Time Values, seconds 
t b - t d - t c - 

Neutrons Emitted By 1 pg 
of ~ 2 3 5  

3- 
S = saturat ion,  C = time f o r  a l l  neutrons t o  be emitted. 



a microgram of L?35 is irradiated Ror only 20 seconds, alloyed to 

decay 10 seconds before counting, and counts are collected for 60 

seconds, the total neutrons emitted during the 60-second count time 

6 is still 4.0 x 10 . With a neutron counting efficiency of 5 per cent, 
-8 

the neutron count is 2000 counts per 10 gram of $35. Therefore, 

it is seen that relatively short irradiation times can be used to 

-8 
analyze samples for u~~~ if the samples contain as much as 10 grams 



3.0. Experimental 

3.1. Apparatus 

~ l l  irradiations were carried out in the pneumatic tube in Hole 

, 
HN-3 in the Oak Ridge Research Reactor (ORR). The pneumatic tube 

irradiation facility in Hole IW-3 of the'ORr? consists of the pneumatic 

tube, the control panel for the pneumatic tube, and two sample loading 

stations. The design and operation of this irradiation facility has 

been -previou;ly described. (15) At the time of the previous des- 
. .  . 

cription, only sample loading station 1 was in use.. Station 2 is now 

being used for delayed-neutron counting. The additions and modifica- 

tions which have been made to the system are described below. 

Pneumatic Tube: Figure 3 shows the design of the pneumatic tube 

and how Sample Loading Station 2 (~igure 5) is connected into the 

system. Station 2 also consists of a neutron moderator and detector 

assembly for counting delayed neutrons. At this station, rabbits - 
. are 1.nad.ed into the bottom of the assembly, sent into the reactor 

through the pneumatic tube, irradiated for a preselec3ed time, and 

automatically removed from the reactor to the assembly for delayed- 

neutron counting. Station 2 'can be'operated when air supply valve 

S1 is closed, air supply valve S2 is open, and the hood selector valve 

is in the Hood 2 position (see Figure.4). 

Neutron Moderator and Betector Assembly and Counting Equipment: 

The neu.l;r-un moderator and detector assembly, shown in detail in 

Figure 5, consists of a paraffin cylinder having a diameter of 19 1/4 

inches and a height of 24 inches. A teflon tube with an internal dia- 

meter of 0.620 inches and an external diameter of 3 inches traverses 
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the axis of the paraffin cylinder. The teflon tube is connected to 

the stainless steel pneumatic tube, both of which have the same 

internal diameter to allow rabbits to travel from one to the other, 

Six BF neutron detector tubes are embedded in the paraffin parallel 
3 

to and symmetricallyaround the teflon tube. A rabbit (shown in 

Figure 6) containing a uranium-bearing sample is loaded into the 

bottom of the assembly and pushed into place with the plunger shown 

in Figure 5. The plunger has the functions of holding a sample in 

the counting position (see Figure 5) and providing an inlet and outlet 

for the air necessary to operate the pneumatic tube. Air enters the 
, 

pneumatic tube through the plunger to push the rabbit through the 

pneumatic tube into the reactor and escapes through the plunger when 

the rabbit is returned to the assembly. 

The counting equipment used to count delayed neutrons consists of 

the BF neutron detector tubes, preamplifier, amplifier, high speed 
3 

scaler and high volhge supply and an electric timer for measuring the 
L( 

interval of time, t during which the scaler is allowed to collect c' 

counts. A schematic diagram of this equipment is shown as part of 

Figure 5. The BF tubes are connected .in Barallel to the preamplifier . 
3 

The circuit which connects the BF tubes is enclosed in a brass shield 
3 

to reduce noise due to stray radiofrequency radiation. 

Pneumatic Tube Control Panel: The control panel which controls 

the operation of the pneumatic tube is shown in block diagram in 

Figure 4. The operation of the control panel has been previously 

described by Cristy. (I5) Two modifications have been made to the panel 

to assist in its operation and to permit the use of Sample Loading 





Station 2. A hodd selec,tor switch in the upper right.corner of.the 

panel. permits either. station 1 or.2 .to be. selected as desired by 

controlling the position of the,hood selector .valve (shown in Figure 

4).of the.pneumatic tube. A time indicating panel has also been 

added.to.the control panel.. The function of the time indicating 

panel is to faci.litate.the measureu~ent of.various time intervals of 

. .  . .interest whenever samples are irradiated and counted.. Electric labora- 

tory timing clocks are.plugged into the time indicating,panel to make 

. ,the. time interval measurements.., The time indicating panel is .shown 

in Figure 4 with two electric laboratory timing clocks, C1 and C2, 

connected. Clock C1 begins timing whenever the irradiation start 

switch on the control panel is -depressed and. stops timing when the 

irradiation ends. Since the counter is manually operated, the func- 
. . 

tion of clock C1 is to shov the time which remains for an irradiation 
. . .  

which is in progress, and therefore, indicates when one should pre- 
. . .  

pare to turn the counter on. Clock C2 begins timing when an irradia- 

tion is started and continues to time after the irradiation ends. The 
. . 

time interval which orle allows to elapse betveen the end of an irradia- 

tion and the time the counter is turned on (the delay time, td) can 

be.judged .. . to within + 0.1 seconds by observing clock C2. - 

. . 
" 3.2. Irradiation snd Counting procedure 

To'make an irradiation of a sample for delayed neutron counting, 

one first selects the time interval of irradiatidn, $, and the delay 

time, td. The hood' selector switch on the control panel is placed in 

the 1iood 2 position and the time I+, is set on the microflex preset 



timer on,the control panel. The air selector valves S1 and S2 are 

turned so that S1 is closed and S2 is open. The plunger in the 

neutron moderator and detector assembly (~oading Station 2) is 

removed, a rabbit.containing the sample is inserted and the plunger 

reinserted and locked into place. The clocks C1 and,C2 are set to 

zero, the reset switch and irradiation start switch on the control 

I 

panel are depressed respectively in succession. After the irradiation, 

the time td i6 allowed to elapse by observl.ng clock C2; the counter 

is turned on, and allowed to collect counts for a preselected counting 

time tc. . . 

3.3. Sample Containers and Sample Preparation 

Samples are transferred through the pneumatic tube in small cylin- 

drical boxes called rabbits. The rabbits are made of high-density 

polyethylene. A picture of a rab'bit is shown in Figure 6. The rabbits 

are sealed wPth screw-cap lids. The dimension6 of the rabbit are 8,s 

f 0llows : 

Dimens ion Length Diameter 

Outer 2.78 cm 1.48 cm 
Inner 1.95 cru 0.90 cm 

Samples can be sealed tightly in the rabbits by means of the 

screw-cap lids with little chance of any portion of a sample being 

lost to contaminate the pneumatic tube. However, it has become rou- 

tine practice to seal samples in polyethylene tubes before placing 

them in the rabbits. The polyethylene tubes are (see Figure 6) cut 

from low density polyethylene tubing. The ends of the polyethylene 



tubes are sealed by holding them with forcep's in'a low flame until 

they melt. The polyethylene tubes3 being of a low density type of 

polyethylene, melt and seal easily in this manner. By using this 

procedure an additional'measure of safety is taken against loss of 

a samples from a rabbit and pneumatic tube contamination. 

Essentially all the effort required to prepare a sample for an 

activation is to weigh a portion of a solid sample or to take an 

aliquot of a liquid. If a solid sample is dissolved, the resulting 

solution is diluted to a known volume before an aliquot is taken 

for analysis. Usually, the volume of an aliquot of liquid is not 

more than a few hundred microliters. At first it was found to be 

difficult to use micropipettes to place a known volume of liquid in 

one of the polyethylene tubes accurately. However, two techniques 

are now used for this procedure. If the volume of the aliquot is 

about 50 pl or less, a piece of absorbent tissue (uranium free) can 

be placed in a polyethylene tube and the end of the micropipette 

touched to the tissue so that the solution is absorbed in the tissue. - 
. . . . 

A rinse can be treated in the same manner. If the volume of the 
. . . . .  

aliquot is too large to be absorbed on the tissue, the tissue can be 
" .  

omitted, a polyethylene tube sealed on one end, and weighed, an 

aliquot of unknown volume can be added and the tube sealed and then 
. . 

- ~ 

a 
Sealing a sample in a polyethylene tube also helps serve the function 
of keeping the sample in a known fixed position within the rabbit. As 
will be discussed later, there is a neutron flux gradient of about 2% 
per millimeter along the axis of a rabbit when the rabbit is in the 
irradiation position. Thus, it is important to. maintain a test sample 
and a comparator sample in the same positions within their respective 
rabbits in order to make. analyses with maximum. precision. 



weighed again. The di f ference i n  t he  two weights i s  t h e  weight of 

t h e  a l iquo t  of l i q u i d .  The volume of t h e  a l iquo t  can be obtained by 

measuring t he  dens i ty  of t h e  l i qu id  and then ca lcu la t ing  t he  volume. 

It has been found t h a t  t he  polyethylene tubes can be sealed with 

neg l ig ib le  l o s s  of weight. 

Background Count Measurements: The background count of t he  

neutron de tec tor  with no f r e sh ly  i r r ad i a t ed  r abb i t  i n  t he  detector  

normally runs about 40 - 50 counts per  minute. However, during the  

course of t h i s  study, t h e  determination of very low l e v e l  amounts of 

uranium was hampered by a s l i g h t  uranium contamination i n  the  pneumatic 

tube. The count obtained f o r  an empty rabb i t  i s  approximately t h a t  

obtained f o r  l oe3  micrograms (1 nanogram) of u~~~ o r  about 1000 counts 

when a r abb i t  i s  i r r ad i a t ed  f o r  one minute and counted f o r  one minute 

immediately upon discharge of the  r abb i t  from t h e  reac tor .  Since 

samples a r e  normally counted i n  the  rabb i t s  i n  which they a r e  i r r ad i a -  

ted,  t h i s  background of about 1000 counts i s  t h a t  applied t o  most 

sample analyses. The background count 6btained i n  t h i s  manner, how- 

ever, i s  qu i t e  var iab le  and values having the  range of 900 t o  1400 

counts have been obtained. This background count was shown t o  be due 

t o  l?35 ( o r  o ther  f icc ionable  nucl idec)  contamination in the pneumatic 

tube by making decay measurements on t he  a c t i v i t y  and by making an 

independent a c t i va t i on  analysis  of some of the  rabb i t s  i n  another 

reac tor  i r r a d i a t i o n  f a c i l i t y  i n  which t he  r abb i t  d id  not  come i n t o  

contact  with t he  wal ls  of t h e  f a c i l i t y .  The decay measurements 



corresponded quitz closely to a decay measurement of an irrad3ated 

Sample of u ~ ~ ~ .  For the independent activation analysis of the 

rabbits, an activation was made for one week in a flux of.7 x 10 11 

n/cm2/sec. A decay study by gamma- ray spectrometry of the radionuclides 

induced in the rabbits revealed no fission products of 33.5. Such ur 

analysis is sensitive enough to reveal easily 1 nanogram of $35. 

Samples which are sealed in polyethylene tubes can be irradiated 

in one rabbit and after discharge from the reactor removed from this 

rabbit and placed in another rabbit or suitable container for delayed- 

neutron counting. By this procedure the contamination picked up by 

the rabbit from the pneumatic tube is eliminated and the only back-. 

ground is then the normal 40 - 50 counts per minute .mentioned. above. 
This procedure has been used for a ndber of samples containing from 

- 4 
, lom3 to 10 micrograms of u ~ ~ ~ .  The time required to make such a 

change in the sample container is about 20 seconds. It can be.seen 

from Figure 2 that a delay of 20 seconds in the time before counting 

is begun results in a loss of sensitivity due to decay of delayed- 

neutron activity amounting to about 40 per cent when the irradiation 

time is 1 minute. Even with this loss in sensitivity, determinations 

can be made more precisely by this technique on samples containing 

micrograms or less of $35. 

Neutron Flux and Neutron Flux Gradient in the H N - ' j  irradiation 

,Facility: The neutron Ylux in the BN-3 irradiation facility has been 

measured using cobalt-aluminum, gold-aluminum, and thin gold leaf 

activation monitors. (16) By loading a rabbit with disks of cobalt- 

aluminum alloy spaced every 1.59 mm along the rabbit, the neutron flux 



i n  t h e  r a b b i t  i r r a d i a t i o n  pos i t ion  was found t o  have a gradient  of about 

1.9% per  rnm along the  a x i s  of the  r abb i t .  The value of the  t h e m 1  

neutron f l u x  i n  the  end of t he  r abb i t  fac ing the  reactor  core was found 

2 
t o  have t he  value 7.1 x 0 n m  s c  and i n  the  opposite end of the  

2 
r abb i t  a value of 4.5 x n/cm /set was found. The e f f e c t  of t h i s  

gradient  on the  f i s s i o n  of ?35 was determined by i r r a d i a t i n g  and 

9 5  assaying t he  delayed neutron a c t i v i t y  of a 0.100 pg sample of 

placed at  d i f f e r e n t  posi t ions  within a rabb i t .  The gradient  of the  

delayed neutron count vas found t o  be 1.5% per mm along t he  ax i s  of t he  

r abb i t .  Thus, i n  carrying out  analyses by delayed-neutron counting i n  

t h i s  f a c i l i t y ,  it i s  imperative t h a t  the  posi t ions  of t e s t  samples and 

comparator samples i n  t h e i r  respect ive  r abb i t s  be as near ly  the  same as  

poss ib le  i f  t he  des i red precis ion i s  t o  be obtained. Techniques which 

can be  used t o  insure  t h a t  the  p o ~ i t i o n c  of a t e s t  sample and a cornpara- 

t o r  sample a r e  a s  near ly  i d e n t i c a l  a s  poss ible  a r e  t o  make t he  s i z e s  o r  

volumes of t h e  two samples near ly  the  same, place t he  two samples i n  

t he  bottom of t he  r abb i t s  and pack absorbent t i s s u e  o r  polyethylene 

f i l m  on t op  of them t o  hold them i n  place.  If the samples a.rP s ~ a . l e d  

In polycthylene tu'bes, the above p r inc ip les  should be adhered t o  a s  well  

a s  having any void space i n  the  polyethylene tube as  small a s  poss ible .  

m e  f i s s i o n  neutron f l u x  i n  t h i s  i r r a d i a t i o n  f a c i l i t y  was obtained 

by making i r r a d i a t i o n s  of very  pure aluminum. (I7) Two samples of t h i s  

aluminum ( a s  tu rn ings )  were placed i n  the  bottom of a r abb i t  and poly- 

ethylene f i l m  was packed i n  t he  r abb i t  and the  screw-cap l i d  was t igh-  

tened on t he  r abb i t .  The r abb i t  w a s  i r r a d i a t e d  so  t h a t  t he  sample end 

of the  r abb i t  w a s  toward t he  reac to r  core. . The threshold react ion 



27 24 A1 (n,a)~a was employed to measure the fission neutron flux. . . 

According to Hughes (I8) the average cross-section for this reaction 

for a fission neutron flux is 0.60 millibarns. The absolute dis- 

2 4 
integration rate of the Na was assayed using a gamma-ray Ospectro- 

meter and a Na24 standard of known disintegration rate. A fission 

2 
neutron flux of 1.6 x 1013 n/cm /see was obtained for both samples 

of aluminum. 

Detection of N ~ ~ :  An attempt was made to detect the delayed- 

neutron precursor,' d7, so that an estimate could be made of its 
interference to the determination of uranium in water solutions. 

An empty rabbit was irradiated several times for 20 seconds and 

counted for 20 seconds immediately upon discharge from the reactor. 

The range of counts obtained for the several irradiations fell 

between 900 - 1100 counts. The rabbit was .then filled with distilled 

water and again irradiated and counted several times as before. 

Again the count fell in the range of 900 - 1100 counts. No attempt 

was made to seal small volumes of water in plastic tube, makean 

irradiation, transfer the sample to another rabbit, and take a count 

in order to eliminate the background due to the pneumatic tube 

contamination which is picked up by the rabbit. The time necessary 

to make the sample transfer is so long that most of the N 17 - 
(5/2 - 

4.2 seconds) decays before the transfer can be made. 

17 The N17 formed by the reaction 0 (nJp)N17 might represent a 

235 possible interference to the determination of U . However, as shown 

above, the interference is very small if it occurs at all. Usually 

the volume of an aqueous solution which is analyzed for u~~~ does not 



exceed 100 p1 so that any interference from d7 ~ould be extremely 
7 small. In any case, the lV1 could be allowed to decay before counting 

the delayed neutrons due to 835 fission if an interference from N 17 

were observed. 

It is a matter of interest to calculate the saturation equili- 

brium value for the number of atoms of N~~ when 1 gram of natural 

water is irradiated in a neutron flux such as exists in the HN-3 faci- 

lity. This number of atoms, N, of N~~ is given by the equation: (18 

where N1 is the number of atoms of 017 in 1 grain of natural water, 

Q) is the fission neutron flux, 

c is the cross-section for the reaction and 

17 h is the decay constant (0.6931 tl,,?) for N . 

Values for Nf and cr of 1.24 x 10" atoms per gram and 5.2 microbarns, 

respectively, were given 'by Xoys and Shure. (19) Inserting these 

2 
values, a value pf 1.6 x 1013 n/cm /see for 4, and a value of 0.24 

- 1 
sec for h into equation 3 given for N a value e ~ a l  to about 4000 

atoms. It' all of these atorns are allowed to decay in a counter with 

a 0.05 neutron counting efficiency,, the expected count .,.rould be about 

200. Thus, it is seen that if the background for a rabbit was suffi- 

ciently constant it should be possible to detect the N~~ formed in 1 

gram of water. Since the background is so high and quite variable, 

the aetection appears to be highly improbable. For an aqueous sample 

volume of 100 p1 or less, the count doe to 817 forned according to 

this reaction would be much to snmll to measure. 



Sensitivity of Detection for $38 and The sensitivity 

for the detection and/or determination of $38 and has been 

determined. Measurements were made with a 1.6 milligram sample of 

838 as U 0 which was believed to contain less than 1 pg of 
3 8 

per gram of U238 or total uranium. The s&ie was irradiated and 

counted with and without a cadmium shield with a 40 mil wall thick- 

ness. The purpose of the cadmium was to shield the sample from 

thermal neutrons and thereby reduce the fission rate of the U 235 in 

the sample. The rate of fission' of L?38 should not be affected 

since it is fissioned by fast neutrons which should not be absorbed 

significantly in the cadmium shield. In each irradiation the sample - 

was placed in the end of the rabbit next to the reactor core. Irra- 

diations were made for 20 seconds and delayed-neutron counts were 

taken for 60 seconds after a 20-second delay. Similar measurements 

were. also made on samples of uranium which vere 0.164 per cent I?)35, 
. . 

natural uranium, and 93.1 per- cent u ~ ~ ~ .  The results obtained for 

these measurements are given in Table VI. From the measurements with 

the uranium which contained less than 1 .pg u~~~ per gram of u ~ ~ ~ ,  the 

938 sensitivity for d- appears to lie in the range 0.87 - 1.4 x 10 4 

' $38 counts per mg of . . The lower limit is the cadmium covered valve 

and the upper limit was obtained without a cadmium cover. Although 

the cadmium cover reduced the count somewhat, it is not known it' this 

reduction is due to a lowering of the rate of fission (and, therefore, 

the delayed-neutron count) of the $35 contained in the sample or if 

the cover reduces the rate of fission of $38. . In any event, it is 

believed that the values obtained represent a fair approximation of . 



SETTSITIVIT1' VALLmS AND: CADMIUM RATIOS FOR URAIdIUM 
OF VAFIOUS IS3TOPIC CO?lPOSITIONS AND FOR TFIORIL~~VI~ 

Sample Sample c C ~ ~  C~dmium 
Mater is l  Weight, mg. L?35, Ear2 Cd Co-rered Eat io  Sens i t iv i ty ,  c/mg 

a 
A l l  s m p l e s  were i r r a t i a t ~ d  20 seccnds and c x l t e d  1 ~ i n u t e  a f t e r  a 20-secmd delay. 

b~~~ meanb count csrrec t ed  fc+r backerc~r-d. 

C 
This value i s  31 terms of c& U-235 er-d not t o t a l  uraniun. 



t h e  s e n s i t i v i t y  f o r  $38. From these  data  one can ca lcu la te  the  

contr ibut ion from $38 f i s s i o n  t o  t he  delayed neutron count obtained 

'when na tu r a l  uranium is  i r r ad i a t ed  and counted. 'For the  conditions 

o f . i r r a d i a t i o n  and counting given, the  per cent  of the  counts obtained 

f o r  na tu ra l  uranium due t o  $38 f i s s i o n  i s  given by:  

Count mg 8' 38 4- 2 
+X Count mg Nat . U . lo2 = 

X 10 = 1.2% 
1.19 x 10 6 

An attempt w a s  made t o  obtain a value f o r  the  $'38 contr ibut ion 

t o  t he  count i n  na tu r a l  uranium by subtract ing the  contr ibut ion of 

$35 from the  count obtained f o r  na tu r a l  uranium. ~lbwever, s ince  such 

a ' _  

a  l a rge  per cent of the count obtained f o r  natura l .  uranium i s  due t o  

U235, t he  d i f ference i n  the  values obtained d id  not  appear t o  be l a rge  

enough t o  be s ign i f i can t .  The same s i t u a t i o n  was found t o  apply t o  

the  uranium containing 0.164s 835. However, with a number of measure- 

ments on t h i s  uranium and $35, it should be poss ible  t o  obtain t he  

$38 count contribution.  Other measurements with uranium more depleted 

than 0.164% $35 vould ce r t a i n ly  a1lo.r more accurate  values for t h e  

s e n s i t i v i t y  f o r  $38 t o  be dr l r l r s i~ ld .  

The s e n s i t i v i t y  f o r  ~h~~~ was' measured using enough highly pure 

thorium oxide t o  give 27.1 mg of thorium. The sample was sealed i n  a 

polyethylene tube and i r r ad i a t ed  and counted under the  same conditions 

3  a s  was the  uranium. A value of 8.38 x 10 counts ge r  milligram of 

thorium was obtained f o r  the  s e n s i t i v i t y .  

It was of i n t e r e s t  t o  ca lcu la te  the  s e n s i t i v i t y  f o r  t he  deterpina- 

t i o n  of $38 according t o  equation 2, using t he  value 1 .6  x  10 13  

P 
n/cm /sec f o r  the  f i s s i o n  neutron flux, the  values f o r  t he  delayed- 



neutron group yields for U238 are given in Table 11, and a cross- 

section for the fission of by a fission neutron flux of 310 milli- 

barns. (20) The calculation was somewhat simplified due to the fact 

that only delayed neutron group 2, for purposes of approximation, 

need be considered. Delayed neutron group 1 can be onitted since 

its yield is small compared to group 2 especially since the irradia- 

tion is short. Groups 3 - 6 can be neglected because of their short 
half-lives since a delay period of 20 s,econds was employed. Neglec- 

ting these groups, therefore, and calculating a value for Nd in 

equation 2 for delayed-neutron group 2 gives a value of 4.7 x 10 =r 

238 
delayed neutrons emitted per milligram of U under the irradiation 

and counting conditions -used. When this .value is multiplied by the 

neutron counting efficiency (0.05) of the counter, a value of 

4 2.3 x 10 delayed-neutron6 counted per mi-lligran of 838 is obtained. 

This value is about a factor of two larger than the experimental 

932 value. A similar calculation of the sensitivity for 'l'h using 

data from Table I11 for the yield and half-life of delayed-neutron 

group 2 of n?32 and a cross-section of 59 millibarns for the fission 
c) rr 

of ~h'~" by a fission neutron flux 5 gives 1.2 x 10 delayed neu- 
., ,- 

trans emitted per milligram of T'h2". Multiplying this value by 

3 2 32 0.05 gives 6.0 x 10 delayed neutrons counted per milligram of Th 

which is irradiated and counted under the conditions specified. This 

value is slightly lower than the value measured experimentally. 



Comparison of Uranium Standard: Most comparator samples used 

in the analyses were taken from one of four solutions containing 

235 known amounts of U . Three standard uranium solutions were pre- 

pared from U 0 in which the uranium was 93.1% Designated 
3 8 

as standards A, B, and C, standard A was prepared by dissolving 

12.69 mg of the U 0 enriched in L?35 in nitric acid and diluting 
3 8 

to 100 ml to give a solution containing 100.0 pg of .f35 per m l .  

Standards B and C were prepared by making 10 to 1 and 100 to 1 dilu- 

tions of aliquots of standard A to give solutions "containing 10.00 

and 1.00 pg of u~~~ per m l ,  respectively. A standard uranium solu- 

tion (standard D) was prepared from National Bureau of Standards 
.' 

U 0 in .which the uranium was presumed to be of natural composition 
3 8 

by dissolving 148.5. rng of the U 0 in nitric acid and diluting to 
3 8 

100 ml to give a solution containing 1.00 .mg of natural uranium per 

ml. Standards A, B, and D were intercompared by delayed-neutron 

counting, The,results of these comparisons are shown in Table'VII' 

and expressed in terms of the net delayed-neutron count per pg of- 

5 1-F3 (hereifter designated the sensitivity). It is seen that ' 
s.l;iiridarr.l gave a sensitivity about 3.7 per cent higher than the 

average sensitivity of. u~~~ for standards A and B. It has been 

shown that for natural uranium the fission of If?38 in this irradiation 

facility contributes about 1.2 per cent to the count obtained.. Thus, 

if the counts obtained for standard D is lo1:rered by this amount to 

compensate for the d?38 fission, the difference between the averaged 
sensitivities for standards A and B and Standard D becomes less than 

- 3 per cerrl;. 



CObE'ARIEON OF SENSITIVITY 0E.TAINED WITH THREE URANHiJM CO-ARATOR STANDARDS" 

Volume of Wt. of U-235 Net De layed- Average Values 
standardb Aliquot, p1  in Aliquot, pg Neutron Count Sensitivity of Sensitivity 

A 10 .O 1.OC 2.30 x 10 5 2.30 x 10 5 
2.29 x 10 5 2.29 x 10 5 

9.8 0.093 2.26 x lo4 2.31 x 10 
4 5 

2.27 x 10 2.32 x 10 For B 2.31 x 10 5 

20.0 0.143 2.39 x 10 5 5 
5 

2.39 x lo5 
2.38 x 10 2.38 x 10 For D 2.39 x 10 5 

a 
All samples were irradsated 60 seconds and camted 60 seconds after a 20-second delay time. 

b 
The solution designatec as standard -9 was pre2ared to contain 100.0 pg U-235 per ml; standard 
B to contain 10 pg U-235 per m l ,  and standard D to contain 1.00 mg of total uranlum (natural 
composition) per a. 



Neutron Flux Stability and.Precision of Measurements: After 

finding that a rather -1arge'neutron f1ux"gradient exists across the 
. . . . 

length of a rabbit in the KN-3 irradiation facility, an experiment 

vas made to test the stability . .  . .  of . the neutron flux over a period of 

a few hours. A piece of uranium metal foil weighing 0.398 mg 

(0.164% u ~ ~ ~ )  was sealed tightly in a small piece of polyethylene 

tubing so that it could not move.inside the tubing. The sample was 

then placed in a rabbit and polyethylene film was packed tightly on 

top of the smple to prevent it .from shifting position within the 

rabbit. .The lid, of the rabbit was screwed into place and the rabbit 

was irradiated and the delayed-neutron activity was assayed at 30- 
L 

minute intervals to obtain $ total of nine measurer&nts ove,r a 
. . . . 

period of 4 1/2 hours. The results are shown in Table VIII. The 

average of the counts obtained is 125,430. The relative standard 

deviation and mean deviation are 0.45 and 0.41 per cent, respectively. 

The standard deviation expected from counting statistics alone. is 

0.28 per cent. Even though the precision in these measurements is 

high, they still do not show unambimouslg the short time variations 

of neutron flux for there is the possibility that the sample did move 

within the rabbit from one irradiation to another (a movement of about 

0.3 rnm would account for the variation observed) or that the rabbit 

does not return each time to exactly the same position near the 

reactor core. The measurements do show, however, that when a sample 

position can be fixed very accurately within a rabbit, rather highly 

precise measurements can be made. 



TABLE V I I I  

DELAYED ltlW'TRON COUNTS FOR A SAMPLE lJITH THE POSITION 
OF THE SAIWLE FIXED ACCURATELY WITHIN THE RABBI? 

Delayed Neutron Count 

Mean = 125,430; Mean Deviation = 428 o r  0.34$; Standard 
De.via.l;lun = 500 ur' 0.46~; 
?t 

The sample, a piece of uranium f o i l ,  was sealed i n  a 
polyethylene tube, packed i n  a rabb i t  with polyethylene 
film, i r r ad i a t ed  f o r  1 minute and counted f o r  1 minute 
with a 30-second delay. Ivieasurements were made every 
half-hour. 



Another series of measurements"bere made with liquid samples 

containing different amounts of $35 to s,howV what variations are 
: . . . .  

obtained for samples which might be typical of samples in which 

uranium,is to be determined. The samples were sealed in polyethylene 

tubes, placed in rabbits, irradiated for two minutes and counted for 

three minutes .after a 10-second delay. Five consecutive measurements 

were taken on each sample. The results are shown in Ta%le I X  along 

with the calculated standard deviation of the counts obtained. These 

measurements were made in the early phases of this study, i.e., before 

the large effect of the neutron f l u  gradient along the rabbit was 

fully realized. Some paper absorbent tissue was used to pack the-- 

samples in the rabbits, but no special effort was made to insure that 

the samples did not move slightly within .the rabbits. Also, there 

was enough empty space in the polyethylene tubes so that it was possi- 

ble for the liquid to move 3 - 5 rnm within the tubes. The rather 

large variations obtained for the measurements are 'believed to reflect 

the instability of sample position within the rabbit. 

Csl.J.bration Measurements: Samples have been analyzed for uranium 

using a number of time combinations of tb, td, and tc. For this reason, 

it was felt that it would not be of much use to prepare calibration 

curves with uranium standards in. order to allow the analysis of a 

group of samples for uranium by comparing the counts obtained to 

values on the calibration curves. For such a technique, a calibration 
. . 

curve would need to be prepared for each set of timing conditions. 

Any modification which changed the efficiency of the counter would 

change the curves and they might need to be prepared again. Instead, 



TABLE I X  

PRECISION MEASURElyIENTS ON LIQUID SMPUS 
CONTAINING VARIOUS QUAPIPTITIES OF U-235 

- 
Weight of Net Delayed Standard Deviation 
u-235, llg Neutron Count (pe r  cen t )  



it is believed to be more desirable to irradiate and count suitable 

standards at the time a group of samples are being analyzed. Never- 

theless, some calibration measurements have 'been made, and it is 

instructive to look at the results. The calibration'measurements 

Irere taken over a wide weight range,of $35 for three different 

values of delay time using an irradiation time: and a count time of 

, . 
l.'minute each. The delay times chosen were 70 seconds, 20 seconds, 

and 2 seconds, i .e., the time which i$' required for the rabbit to 
. . 

' 4  

travel from the reactor core to the detector and moderator assembly. 

In the latter measurements, the counter was turned on when the 

rabbit left the reactor core and before it arrived at the detector 

and moderator assembly. The results of these measurements are shown 

in Table X in terms of net delayed neutron count obtained for each 

sample of u ~ ~ ~ .  In addition, the net delayed neutron count obtained 

for each sample was aivided by the weight of u~~~ contained in the 

sample in order to obtain the sensitivity and thus show any varia- 

tions of the sensitivity with increasing weight of L?35. 

With delay times of 20 and 70 seconds, the sensitivity begins 
. 

td drop rather rapidly when the ,count. obtained exceeds 200,000 in a 

1-minute counting period. With a delay time of 2 seconds the sensi- 

tivity begins to become lower with recorded counts of much less than 

200,000. Most of this decrease in sensitivity with increased count- 

rate is undoubtedly due to coincidence loss in the  detector and 

counting system. The loss is more pronounced with a delay time of 

only 2 seconds due to the fact that the shorter-lived delayed neutron 

groups are still present when the counter is turned on and the initial 



3elayed Neutrm Count Versus Sam~le  Weight 

t.. a = 2 sec. t.d = 20 sec. td = 70 sec. 
W t .  Sensi-- W t .  Sensi- W t .  Sensi- 

-235, Net t i v i ? ~ "  U-235, LJe t t i - r i  tzk" u-235, I\Je t t i v i  t{b 
- 2 l L  Count x 10-5 pg Count x 10-1 A Count x 10' 

0.0134 8,990 6.71 0.013+ 4,068 3.03 0.264 15,877 6.02 

a 
A l l  szmples were i r r zd i a t ed  1 min. znd counted for  1 min. 

b ~ e n s i t i v i t y  equals the  net count disided by the  sample weieht i n  micrograms 



count rate is wry high even :though the %oh1 recorded count is 

.relatively low. The countsof 200,000 which were obtained during 

one .minute of count tirfie do not represent :a constant. count rate; 

ho~~rever, if one. assumes that they ,do as a first approximation, -it 

is seen that at .a. count rate of .about 3,000 cou.nts per.aecond1 the 

counter begins to loose counts; If this number is divld'ed .by. 0;05 

(the approximate efficienc.~ of. the. counter) ,. a value of' 60,000 neu- 

trons per second is obtalned forthe rate. of neutron emission of 

the sample at which coincidence .l.os.s becomes. significant: It can 

be shown from the curves in Figure 1, that if 0.06 pg of- 335 is 
irradiated 1 minute in a neutron flux of 6 x 1013, the sample will 

4 
have a neutron emission rate of about 6 x 10 n/sec at the timc o f  

discharge from the reactor. Thus, it is advisable to make td larger 

than 2 seconds for samples which cantain 6.06 pg or more of $35 in 

order to minimize counting losses. 

Some Typical Uranium Analyses: Uranium determinations have 

been made on a number of different .types of sample materials including 

n r e s ,  granite, sea sediments, graphite,, biological tissue, and zir- 

conium-uranium alloys. Determinations have also been made of the 

uranium isotopic composition of uranium oxides and uranium metal. 

Table XI shows the results of some of these analyses. For those 

analyses in which the total uranium determined, the isotopic 

composition was knorm or a comparator sample was used which had the 

same isotopic composition as the uranium in the test s.mples. In 

most of the isotopic composition determinations the uranium assayed 

'3 3 

had a I ~ J ~  content which was high enough so that the neutron counts 



due to fission could be neglected. One sample which was 

uranium metal foil containing 0.164 per cent $35 according to mass 

spectrometric measurements was determined to be 0.168 per cent $35 

before counts due to fission were taken into account. After 

subtracting the contribution due to $38 from the measured count, a 

value of 0.164 per cent u~~~ was obtained. Most of the analyses 

.given in Table XI were made before the large effect of the neutron 

f l u  gradient was realized. Consequently, the precision indication 

given Yor some of the determinations is considerably larger than can 

now be obtained with the method by an accurate stable placement of 

the sample within the rabbit. 



TAB-3 XI 

SOlE nPICAL URANIUM DETERMINATIONS BY DELAYED NEWRON COUNTING 

Sam~le 
Material 

U Ore 

Sample Analyzed 
Height, mg For 

99 - 10oc Total U 
(Natxral) 

Time 
Portions Measurementsa ccbb ccb forb 
Anslyzed for Sample Standard Standard 

3 31 140 200 3.82 0.818mgu Ez-2 
Error, 

4 
2.8 

Other Methods 
T n e  Results Results, $ 

3-05 y-ray - 2.84% 
spectrometry 

U Ore 75 - 103 Total. U 
(Nat lral) 

$ counting 0.098% 

63 - 147 Total U 
(Natlral) 

U Ore y-ray 0.15% 
spectrometry 

977.2 Total U 
(~atdral) 

107.4 Total U 
(Nakral) 

Sea 
2-2inent 

Neutron 
activatim 
analysis Ul 

Y-ray 
spectrometry 

P U Cre 0.025 - 0.103 Totd. U 2 
( Natural) 

% u-235 1 U V.e;al 0.157 
Foil 

 as s 0.164 
spectrometry 

Graphite 112.3 19 w U foil Calculated 16.1 

Grq:lite 90.5 

Grap3ite 49.2 

Grap3ite 49.5 

Zr-U Alloy 13 - 56 
U308 . 2.42 x 10- 4 

19 mg U foil 

1.00 pg U-235 

1.00 pg U-235 

0.178 pg U-235 

1.00 pg U-235 

None 

None 

None 

None 

Mass 30:o 
spectrometry 

a ~ i ~  Measurements: 4, = irradiation time; td = delay time; tc = count tine. 

bccb means count corrected for background or t l ank  count. 

'A nnge cf weight indicates the weight range for a number of replicate samples. 



4.0. Discussion 

4.1. Precision 

No rigorous statistical evaluation of this method for uranium 

determination with the HN-3 irradiation facility has been made. It 

has been observed that when duplicate or triplicate samples of the 

same sample material are'analyzed the results usually show a range 

1 - 5 per cent variation irrespective of the magnitude of the count 
obtained (see Table IX). Of course, if a very low count is obtained, 

then statistical variations due to the random nature of radioactive 

decay can make the error larger than 5 per cent. Some of the factors 

which govern the precision.of these measurements have been evaluated. 

The precision obtained for a series of measurements of u~~~ is 

believed to be determined by the following factors: (1) the precision 

with which samples can be grepared, (3) *he precision with whiah 

samples can be placed in a fixed reproducible position in the rabbits, 

, (3) the stability of the neutron flux to which the samples are exposed, 

(4) the precision with which the times of irradiation, delay before 

counting, and counting can he cnnt.rn1.1~d. or measured, (5) ooincidcnt 

cvuntlng losses due to counting rates which are too high, and (6) 

statistical variations due to the random nature of radioactive decay. 

The precision with which samples can be prepared for analysis by 

this method is the same as that which can be obtained for other methods 

of analysis. All samples taken for delayed-neutron measurements in 

this study were either weighed on an analytical balance or measured 

with a micropipet. It is to be expected that errors introduced in 



measuring weights or volumes in this manner would atmost be only 

a few tenths of one per cent. 

The effects. on the precision of the instability of the'.neutron 

flu and the:instability of sample position within a rabbit are 

'rather difficult to separate and evaluate. However, it has been 

been shown (see Table VIII) that any variation of neutron flux over 

a period of a few hours is less than 1 per cent. The neutron flux 

may change more than that amount over a period of a few days as the 

fuel in the reactor is being "burned up" or from one fuel loading 

to another. However, these effects are not of much interest in con- 

nection with the use of this method since standard comparator samples :.:; . , i t  , . 

are always measured at the td5.me uranium determinations are made. The \ I 

largest contributing factor to variations in results of azalyses is .;.,: . . 

believed to be the neutron flux gradient along a rabbit. The magni- i d  

tude of this effect has been shown to be 1.5 to 2.0 per cent per : .:\ 

millimeter. However, it has been shown that by fixing the position i 'I., 

of a sample in a rabbit so that little if any movement of the sample 

within the rabbit I s  perluiLted, mcacurements cam be made which approach 

the precision dlct;tl,ed by counting statis\;-i.cs. Many of the determina- 

tions reported in Table XI1 were made before the effec-L of the ncutron 

flux gradient was fully realized. It is, therefore, thought that for 

those ana.l.yses reported in Table XI for which an estimate of the pre- 

cision is given most of the estimated error is due to instability of 

sample position within the rabbits or the inability to reproducibly 

place replicate samples exactly in the same 2osition in the rabbits. 

It is relatively easy to place t ~ ~ o  samples of thc came size 



successively in one of the rabbits so that their centers of mass 

coincide within 1 - 2 millimeters. The positioning of the samples 

becomes slightly more difficult if the two samples are slightly 

different in size. The rabbits travel through the pneumatic tube 

at a fairly high speed (70 feet in 2 seconds) and receive a sizable 

jolt when they reach the end of the pneumatic tube. It would appear 

that this 901t would be enough to dlslrlace by  a, few mill:i.metrrs ca 

sample within the rabbit unless the sample is very tightly packed 

in the rabbi't;. In the initial phases of this study, liquid samples 

were sealed in polyethylene tubes with a v~id in t h e   tube^ in oome 

cases as large as the sample volume itself (25 - 100 yl). The tubes 

were placed in the rabbits nearly parallel to the axis of the rabbit 

m d  absorbent paper tissue was packed in around the sample. In some 

caseF: ri.t was poooible fur the saMple tube to move about 3 to 5 milli- 

meters when the rabbit hit the end nf the prleumdtic tube. For su.ch 

measurements one might expect variations of 4 - 9 per cent in the 

recorded count which is approximately the variations which were 

obtai n ~ d .  

The electric clocks and timers used with the KN-3 irradiation. 

facility permit the time interval of irradiation of a sample, 5,' 
the delayed time before co11nt.inp: is initinted, 

t c ~  an8 the interval 

of time that counts are collected, t to be controlled o r  measured 
C' 

to within - + 0.1 second or better. By the use of equations 1 and 2, 

using the decay parameters of delayed neutron decay given by Keepin, 

et a1, one can estimate the error to be expected from variations 

of the times tb, td, and tc. In all but two measurements reported 



in Table XII, irradiation times of 20 seconds or longer vere used. 

A variation in the t5ming of an irrad-iation interval would have the 

largest effect on the saturation of the delayed neutron groups having 

the larger half-lives. Assuming a value of 20 seconds for t and a b 

vari.ation or uncertainty in t of 0.2 seconds, it can be shown that b 

the variations of the saturation of the delayed neutron grouss with 

half-lives 55.72 seconds ail2 22.72 seconds is about 1 per cent and. 

0.5 per cent, respectively. The effect on the shorter-lived delayed 

neutron groups would be much less. Since the absolute group yield 

for group 2 is much larger than for group 1, the expected variation 

~rould be less than 1 per cent. If an irradiation time of 1 minute 

is employed, the effect of z variation of 0.2 seconds in t is very b 

sharply reduced. 

The most critical of all the timing measurements is the delay 

time. The error introduced by a + 0.1 second in the measurement of - 

t can also be estimated. Since the rate of delayed neutron emission 
d .  

is largest when the sample is first discharged from the reactor, the 

largest esrnr due to an error in the measurement of t would occur if d 

the d.el.ay time w s ~  made eq~1a1. to the time taken for the rabbit to be 

discharged to the counter. The time reqiij.red for a rabbit to be dis- 

charged has been measured and found to be 2.0 + 0.1 seconds. 1f an - 
irradiation time of 20 seconds, a delay time ot' 2.0 - + 0.1 seconds, 

and a count time of 60 seconds are assumed, then the expected crror 

in the observed count should be given approximately by 

Adf X (~ime uncertainty) X 100 
-- - .. 

1 = per cent error in observed count 

Nd 



where A ' i s  t h e  r a t e  of delayed neutron emission i n  neutrons per 
d 

second, two seconds a f t e r  a 20-second i r r ad i a t i on .  

N ~ '  i s  t h e  number of neutrons emitted by the  sample over a 

60-second i n t e r v a l  with -$, equal t o  20 seconds and t d 
equal  t o  2 seconds. 

Values f o r  these  quan t i t i e s  can be obtained f o r  a 1-pg sample of 

i235 from Figures 1 and 2.  FromlFigure 1, A i s  seen t o  be approxi- d 

Solving t he  equation above with t he  proper nllrnbers givco a value uf  

1.9 pe r  cent  e r r o r  i n  t he  observe4 count. 

Longer delay times should r e s u l t  i l l  rr111nh smaller crl-ors In the  

observed count. 

Usually a counting time of 1 - 2 minl.ites i s  employed. It can 

be  s i m i l a r l y  shown t h a t  an e r r o r  of + 0 . 1  second i n  a count time of - 
60 seconds should r e s u l t  i n  e r r o r s  i n  the  observed count which a r e  

neg l ig ib le .  Therefore, i n  a l l  measurements thus f a r  made, e r ro r s  i n  

.timing i n t e r v a l s  should have caused var ia t ions  i n  the  observed counts 

of not  more than 2 - 3 per cent  and i n  most cases l e s s  than 1 per cent .  

The e r r o r  introduced i n t o  a uranium determination due t o  coin- 

c ident  counting l o s se s  can be  minjmiz.ed by. two teclmiques: (I) having 

+he cuuritlng r a t e  small enough so t h a t  t he r e  i s  negl ig ib le  l o s s  of 

co i~n ts  and (2 )  Imviag the  couriking r a t e  of the  comparator  ample near ly  

equal t o  t e s t  sample so t h a t  t h e  counting , losses f o r  one a r e  near ly  

compensated by t he  courlting losses  of t he  other .  These two pri i lciyles 

have been adhered t o  i n  t h i s  study. It was found t h a t  f o r  t he  counter 

used i n  t h i s  study counting r a t e s  of 5 - 6 thousand counts per second 

r e su l t ed  i n  counting l o s s  of the  order of 1 - 3 per  cent .  



For an assay of radioactivity taken over a period of time which 

is equal to or longer than the half-life of the radionuclide, 

Friedlander and Keruiecly ( 2 2 )  give for the standard deviation, u, the 

expression 

where N is the number of atoms of the radionuclide which are present 
0 

when the assay is begun, 

h is the decay constant of the radionuclide, 

t is the time interval of the assay, and 

E is the detector efficiency. 

In the case of delayed-neutron measurements made in this study, the 

detector efficiency was about 0.05 so that the last term under the 

radical in equation 4 is near enough to unity it can be neglected. 

Thus, the equation can be modified to give: 

which is the usual expression for the standard deviation which one 

encounters for radioactivity measurements. 

It has been shown that delayed neutron measurements can be made 

in the HN-3 Irradiation Facility with variations which closely approach 

the expected standard deviation as calculated from the statistics of 

radioactive decay if steps are taken to minimize all the non-randum 

effects mentioned above w,llich contribute to variations in the method. 



4.2. Optimum Conditions for Analyses 

From the discussion above and from equation 1, a set of optimum 

conditions .for uranium determination can be formulated. If the 

amount of $35 in the sample is very low (near loe9 grams), a rela- 

tively long irradiation time and a short delay time is indicated in 

order to obtain as large a count as possible so that the statistical 

variation i.s minimized. However, due to the f a r t ,  t.hot the absolute 

group yield of delayed-neutron group 2 is much larger than that of 

group 1, not much is gairled in having the irradiation time last 

longer than 1 minute. It is possible to control quite acci~rat.cly 

the delay time for measurements in the HN-3 Irradiation Facility so 

that very short delay times can be employed for samples containing 

small amounts of $35. However, if delay times of 5 seconds or less 
A-r 

are used for samp1.e~ containing m o w  Lhan 0 .U> micrograms of t", 

significant coincident counting losses can he obtabned during the 

first l'ew seconds of counting. These loss~s nro  du.e tu tile rau.1; 

that delayed-neutron groups 3 and 4 are decaying rapidly during these 

first few sec.onds. 

These Losses can be quite large for large amounts of $35, and it 

is difficult, to compensate for these losses by having a compamtos 

containing nearly the same quantity of T-?~~. For s~mplar containing 

a quantity of in the range of 0.05 to 1 pg, an irradiation time 

of 20 seconds is adequate for purposes of sensitivity. The error 

associated with the uncertainty in the irradiation should be less 

than 1 per cent. A delay time of 10 - 20 seconds is indicated to 
minimize the error due to uncertainties in the measurement of the 



delay time and the coincident counting losses. For samples containing 

1 - 20 micrograms of u ~ ~ ~ ,  longer delay times of the order of 60 - 70 
seconds would be needed to minimize counting losses. Samples con- 

taining more than 10 - 20 pg of $35 decome too radioactive to process 

easily with the HN-3 Irradiation Facility. A preliminary short irra- 

235 in diation of a sample will give an indication of the quantity of U 

a sample. It 7:rould appear that a coun-Ling timc of 1 rnin1.1,te is 

adequate for most analyses. 

4.3. Interferences 

There are four possible types of interferences in the delayed- 

neutron counting method to the determination of any nuclide which 

einits delayed neutrons. T'nese types of interferences are : (1) other 

nuclides which fission and thereby result in the formtion of delayed- 

neutron-emitting nuclides, (2) delayed-neutron emitters which are 

formed. by primary or secondary (n,p) or (n,a) reactions, (3) neutron 

emission of 2 sarnple which emits high-energy ga;?um radiation capable 

of proclucing neutrons by (y,n) reaction, and (4) self-shadowing effect 

of a sample containiilg a~~clides with high capture truss-sectionc 

which shadow the interior of a samnple from the thesnal ncu-trons in 

a reactor during the irradiation of the san11;le. 

Examples of nuclides which give the first type of interference 

232 1 . ~ ~ 3 ~ ~  $33, and ~u~~~ are 115, P38, ~ j . ~ ~ ~ ,  and Th . are f J  

fissioneft by thermal neutrons and would present serious interference 

to the determination of one of these nuclides if the others are pre- 

cent tn any appreciable extent. ~h~~~ and $38 are fissioned by f a t  



neutrons and would present an interference to the determination of 

small amounts of u~~~ if they were present in large amounts. These 

effects could be reduced very greatly by making irradiations in an 

irradiation facility which has a high ratio of thermal to fast 

neutrons. 

These are only a few known examples of nuclides which present 

an interference of the second type. Nitrogen-17 decays by negatron 

emission to an excited state of oxygen-17 ~~l~ich is a delayed neutron 

e ~ ~ d t t e r .  Nitrogen-17 has a half-life of 4.14 seconds. Nitrogen-17 

18 can be produced by the reactions 017(n,p)d7, 0 (t,fl)d7, and 

~"(b,p)$". The first reaction can result from the reaction of 

the fast neutrons in a reactor with any oxygen in a sample. Tritons 

can be formed from the thermal neutrons in 'a reactor by the reaction 

6 9 
Li (n,,a)t. The roantoinn Be ( n , p ) b 9  can Yesulk from the reaction. of 

9 fast neutrons on beryllium. The Li has a h~.lf-life of 0.17 secOnds 

and ic a prtc.ursor of a delayed-nent;rsn emit.ter. I~ltey&rcnc$s from 

these short-lived radionuclides can be eliminated by having a delay 

time before counting which is long enough to al1.n~ t h e m  to d e c q  . 
12 4 Radionuclldes, such as 15-h IYaz4 and 60-d Sb , which emit high 

energy radiation could possibly result in an interference by the 

reaction ~'(y,n)~ and ~ e (  y,2a)n. Interf ereaoe n f  this ~ort should 

be very low in most cases especially since any sodium or antimony 

will not become intense y-ray sources during a short irradiation for 

delayed-meutron measurements . Amiel "'I made experimental tests to 
determine if the gamma, radiation emitted by the fission products of 



uranium would produce an interference in samples containing beryllium, 

and found no interference. 

10 6 113 
There is the possibility of nuclides, such as B , Li , Cd , 

and ~ d ~ ~ ~ ,  which have high capture cross-sections for thermal neutrons, 

shadowing the interior of a sample from thermal neutrons during an 

irradiation to produce a negative bias interference. Making the 

sample smaller would reduce or eliminate this source of interference. 

A~niel'~) made tests of this effect on the determination of uranium 

by measurements on 10-ml volume samples containing various amounts 

of boron and lithium and found an interference of about 40% per 100 mg 

of B and about 16% per 100 mg of lithium. 

One additional soiirce of interference is possible from the fact 

that BF detectors are slightly sensitive to very high fields of 
3 

gamma-radiation. Most, if nul; all, of this rinterference can be 

eliminated by proper electronic discrimination of the y-ray pulses 

from the a pulses produced in the RF detectors. If this source of 
3 

interference cannot be eliminated completel-y by electronic means, the 

tubes can be shielded from the y-radiation by placiizg lead ar0un.d 
d 

the sarr~ple. In the presently used neutron detector and. rioderator 

assembly, provision is nude for the use of three inches of lead shield 

around the sample position. The effect of the lead on the neu-trons'is 

to reduce the neutron count by about 3 per ceiit. For most- samples the 

lead is unnecessary. By removing the lead, thc detectors could be 

moved closer to the sample, increasing the solid angle between neutron 

sou-rce and detectors, arid thereby increasing the neutron detection 

et'f'iclrr~cy of the sys,lr.r.m t o  putisilly nc much a.s 15 per cent or more. 



In any case, it is believed that 1 - . 2  inches of lead would suffice 

for any type of sample. 

To the knowledge of the authors, in all of the measurements 

made in this study, the only nuclide present in the sample fissioned 

by thermal neutrons was I?35 and, thus, no interfering elements were 
present. It was shown that nitrogen-17 ( a precursor of oxygen-17, 

a delayed-neutron emitter) did not represent a significant inter- 

ference even for the samples contained. in water. For a mixture of 

fi~~ionable nuclides, it might be of use for certain purposes to 

obtain analysis data in terms of an equivalent amount of T ? ~ ~ .  In 

the case OJ? the determination of uranium in low-level ores, soils, 

or granite, the presence of thorium might present an interference 

in the uranium assay. 'It can be shown from the data in Tab1.e VI 

that if the quantities nf uranl~un alld ' L h O Y i u u  in an ore are equal, 

the contribution of the delayed neutron count due to thorium is uf 

the 9rd.r Of about 1 par cent. ~rniel'~) f m d  + gwilur value for 

the contribution of thorium. Enclosing the sample in cadmium decreases 

the count due to I?35 by a f ac to r  of about 42 and allows an eotimstlu~l 

of the *horium conte~rl; of the sample. This technique was used. by 

Amiel for thorium analyses. (7) 

4. L. - Furthea: U s ~ c  am' Me Ll~od 

 mie el'^) has shown how the method of delayed-neutron counting can 
be appljed to the determination of thorium and uranium in Utures of 

these elements by making irradiations of a sample with and without a 

cadmium shield. He also suggested a similar procedure for the 



determination of the isotopic composition of uranium. From the 

results in Table VI, it appears that by making cadmium ratio measure- 

ments it should be possible to determine the isotopic composition of 

4 
uranium between the limits of 1 to about 10 pg of $35 per gram of 

uranium without a kno~~lerlge of the total amount of uranium in the 

4 
sample. W r  samples containing more than 10 pg of' $35 per gram 

of uranium, a knowledge of the total amourlt of uranium i.s necessary 

since the fission of u~~~ is predominznt even in the cadmium-shielded 

samples. 

The sensitivity of the method for thorium determinations could 

be improved by the use of reactor facilities having a fast neutron 

flux higher than the one used in this study. The sensitivity for 

4 
thorium in the present irradiation facility is about 10 counts per 

milligram of thorium. This value could be improved by making longer 

irradiations and increasing the efficiency of the counter. It should 

be possible to obtain irradiation facilities in the ORR which have a 

fast neutron flux of at least an order of magnitude greater than that 

of the presei~t facility, Thus, it is believed that the sensitivity 

6 Yor thor*ium could be made as large. as 10 counts per rng of thorium. 

Under these conditions, a gram of granite containing 50 pg of thorium 

4 
~rould give a count possibly as large as 5 x 10 . 

~rniel'~) has also suggested the use of this methurl lor the deter- 

mination of $33 and Pu2j9 produced in reactor brrerling experiments. 

In connection with this type of study, it should be possible to deter- 

238 235 Th232-Th233 ,335' mine both nuclides in such systems as U -U ,- J 

(or natural U) - T11232 ) T J ~ ~ ~ - R ~ ~ ~ ,  e t c .  A gcncrel technique could 



easily be worked out for determining each nuclide in such system 

pairs. To make such analyses, the sensitivities for each individual 

nuclide would be determined. Cadmium ratio values would then be 

determined as s function of the ratio of the nu.clides and a plot of 

ca&~lium ratio versus nuclide ratio made. By determining the cadmium 

ratio of a test sample, the nuclide ratio of the sample could then 

be read from the graph. 0n.e would then assume a value.for the 

quantity of one of the nuclides and thus calculate a "test valuel1 

for the quantity of the other nuclide. These two derived values,.for 

the quantities of the two nuclides could be tested Por va.l.i,dity by 

calcuiating what the total count for the sample ohoulcl have been by 

using the sensitivities determined for the two nuclides. If the 

calculated count and the c~pe~ilnental count (the count obtained with- 

out cadmium cover) do not nErce closely, a more nearly correct va1,ue 

could bc assurned for the quantity of one of the n1.1clideo and Li~ese 

calcul#lj nns  made agaiil . Additional successj.ve crpproxi~r~~tiu~ls would 

yield values for each nuclide as accurate and precise as the dete- 

mined sensitivities. Of C O I I ~ S P ~  thio pl-irceilure would nnt .  work far 

the det.ermination or both nuclides in systems in which the ni~clide 

ratio is so large (or small) that the fission rate of one nuclide is 

extremely large compared to the fi~sion rate n f  the ntl~cr. In tllis 

case, only one of the nuclides could be determined. 

In addition to the studies suggested above, the authors plan to 

extoend the presclil; applications of the method by obtairiing reactor 

irradiation facilities having values of neutron f l u  lower than the 

presently used facility so that samples which contain uranium in the 



range of 10 micrograms to a few milligrams can be assayed. Also, 

the authors plan to study the use of a neutron generator having a 

2 
Sast neutron flux of about lo1' n/cm /set for uranium and thorium 

determinations. 

The authors plan to attempt to apply this method to the determi- 

nation of some of the transplutonium elements which are currently 

being produced in relatively large amounts . ~mericium-242 has 
interesting possibilities as a candidate for analysis by this method. 

The thermal neutron fission cross-section of 152-y ~m~~~ has an 

approximate value of 6400 barns which' is larger than that for $35 

by at least a factor of 10!14) The sensitivity of Amzh2 should, there- 

- 11 
fore, be large enough so that as little as 10 grams of Am242 could 

be detected. 



5.0 : Summary and Conclusions 

The methodofdelayed-neutron counting has been shown to be an 

excellent one for the determination of uranium, Uranium has been 

determined in a wide variety of sample matrix materials. Quantit5.e~ 

of $35 slightly lower than lo-' grams can be determined by the 

method. A liulit of measurement for natural uranium is about 7 x 10 - 7 

grams. 

The precision of rueasurements can be made to closely approach 

that which is prescribed by radioactivity counting statistics. The 

factors which control the precision of the method and the possible 

sources of interference in the method are discussed. 

The sensitivities for the determination of $38 and have 

4 
been determined to be about 10 counts per milligram of each nuclide 

for an irradiation time of 20 seconds aild a 60-second count time 

following a delay time of 20 seconds. Longer irradiations wuuld 

exlend ?.he60 ocnsitiv L'ties aJ.most by a fa ctcrr c?f 10. Ir~~ailfations 

made in a facility with a higher fast neutron flux would also extend 

these sensitivities. 

It should be posslble to extend the method to the determination 

of thorium in many types of materials even if the materials contain 

considerable amounts of uranium. Indeed, it would aeem that a gerleral 

approach to the determination of both nuclides in systems containing 

one nuclide which is ficsioned by thermal neutrons, e.g., 3 3 5 ,  =239 

~ . n d  one nuelfile which is fissioned by fast neutrons. Such systems 

-xould be represented by the combinations u~~~ - fi239 and Th 232 - $33 

in a reactor breeder experiment. Thedelayed-neutron counting method 



might have some especially useful ~pplications in the analysis of 

products obtained in the production of the transplutonium elements, 

viz. Am, Ckn, Br, Cf, E, F'm, Mv, and No. Many isotopes of these - 

elements have been shown to have relatively large (and some very 

large) thermal neutron fission cross-sections. 

As the delayed-neutron-counting method is presently used, a 

sample can be analyzed for uranium in 10 to 15 minutes I.ncluding 

the time necessary to prepare the sample, make the irradiation, 

take the count, and make the required calculation. For what appears 

to be otherwise a relatively complex and time-consuming procedure, 

a uranium determination by delayed-neutron counting is sir;?ple and 

especially free oP all but a very few interferences. The special 

simplicity of the method makes. it possible to train a technician 

easily and rapidly in its use. 
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