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ABSTRACT 

Neutron a c t i v a t i o n  a n a l y s i s  i s  a  r e l i a b l e  and e f f i c i e n t  technique f o r  de t e r -  
mining uranium and a s soc i a t ed  elements  i n  t h e  thousands of sediment and water  
samples a r i s i n g  from a hydrogeochemical reconnaissance survey.  The samples 
ob ta ined  by t h e  Savannah River Laboratory a s  p a r t  of t h e  Nat iona l  Uranium Re- 
source  Evalua t ion  program a r e  a c t i v a t e d  i n  t h e  i n t e n s e  neut ron  f l u x  from a 
Savannah River P l a n t  product ion r e a c t o r .  A p i l o t - s c a l e  f a c i l i t y  was i n s t a l l e d  
a t  t h e  r e a c t o r  s i t e  t o  provide ana lyses  of samples through t h e  i n i t i a l  phase 
of t h e  program and t o  develop des ign  d a t a  f o r  a  f u l l - s c a l e  f a c i l i t y .  

When a  sample is  exposed t o  a  neut ron  source ,  many elements  absorb neut rons  
and a r e  transformed ( a c t i v a t e d )  t o  r a d i o a c t i v e  i s o t o p e s ,  each of which has  
c h a r a c t e r i s t i c  decay ene rg i e s  and h a l f - l i f e .  The q u a n t i t y  of r a d i o a c t i v i t y  
induced i n  t h e  element is  p ropor t i ona l  t o  t h e  amount of element p re sen t  i n  
t h e  sample, r e g a r d l e s s  of t h e  e lement ' s  chemical form. Sediments a r e  analyzed 
by d i r e c t  a c t i v a t i o n  of 0.5-g samples. However, t o  ana lyze  ground o r  s u r f a c e  
water  samples,  minera l  e lements  from 1 - l i t e r  samples a r e  concent ra ted  on ion  
exchange r e s i n  and then  %5-g samples of r e s i n  a r e  a c t i v a t e d .  Uranium concen- 
t r a t i o n  i s  determined by count ing neut rons  emi t ted  from s p e c i f i c  sho r t - l i ved  
products  of f i s s i o n  induced i n  2 3 5 ~  by t h e  primary neut ron  flux: R e p e t i t i v e  - 
s h o r t  cyc l e s  of i r r a d i a t i o n  and count ing permit d e t e c t i o n  and de te rmina t ion  of  
<0 .1  pg of uranium. Elements a s s o c i a t e d  w i t h  uranium a r e  determined by spec- 
t r a l  a n a l y s i s  of t h e  gamma ray  a c t i v i t i e s  induced by t h e  c y c l i c  and subsequent 
longer  i r r a d i a t i o n s .  

The p i l o t  f a c i l i t y  c o n s i s t s  of f o u r  i r r a d i a t i o n  p o s i t i o n s  ( p l u s  2  s p a r e  posi-  
t i o n s ) ,  a  sample l oade r  and unloader ,  and count ing s t a t i o n s  w i t h  neut ron  and 
gamma r a y  d e t e c t o r s ,  a l l  in te rconnec ted  w i th  a  pneumatic sample t r a n s p o r t  
system. A computer c o n t r o l s  bo th  t h e  t r a n s p o r t  system and t h e  d a t a  acquis i -  
t i o n  devices .  Gamma r a y , c o u n t i n g  d a t a  a r e  s t o r e d  on magnetic t a p e  f o r  f u r t h e r  
p rocess ing  by a  l a r g e  c e n t r a l  computer. F a c i l i t y  hardware and sof tware  a r e  
desc r ibed .  The f a c i l i t y  has  processed approximately 5,000 samples.  

R e p e t i t i v e  ana lyses  of s t anda rds  have shown an accuracy w i t h i n  '10% f o r  uranium 
va lues  and wi th in  '25% f o r  a s soc i a t ed  elements .  A q u a l i t y  assurance  program 
h a s  been developed t o  main ta in  t h e s e  l e v e l s  of r e l i a b i l i t y .  

-- 

* The information contained i n  t h i s  a r t i c l e  was developed dur ing  t h e  course  of 
work under Contract  No. AT(07-2)-1 w i th  t h e  U.S. Energy Research and Develop- 
uleat Adminis t ra t  ion .  



INTRODUCTION 

Background 

The Nat iona l  Uranium Resource Evalua t ion  (NURE) Hydrogeochemical Stream Sedi- 
ment Reconnaissance (HSSR) survey p r e s e n t s  a  formidable  a n a l y t i c a l  problem. 
Severa l  hundred thousand samples a r e  t o  be  analyzed p r imar i l y  f o r  uranium a t  
concen t r a t i ons  i n  t h e  ppm range i n  sediments  and down t o  t e n s  of p p t r  i n  
ground and s u r f a c e  water  samples. I n  a d d i t i o n ,  many of t h e s e  same samples 
r e q u i r e  ana lyses  f o r  o t h e r  elements a s s o c i a t e d  wi th  uranium, such a s  thorium, 
vanadium, hafnium o r  zirconium, e t c .  Each of fou r  l a b o r a t o r i e s  has  surveyed 
i t s  a n a l y t i c a l  c a p a b i l i t y  t o  perform t h e s e  ana lyses .  The technique  of Neutron 
Ac t iva t ion  Analysis  (NAA) i s  used by each of t h e  f o u r  l a b o r a t o r i e s  f o r  uranium 
i n  sediment samples and a t  l e a s t  two of t h e  l a b o r a t o r i e s  a r e  us ing  NAA f o r  t h e  
elements  a s soc i a t ed  w i th  uranium. 

P r i n c i ~ l r  of Neutron Ac t iva t ion  

NAA i nvo lves  i r r a d i a t i n g  a  sample i n  a  f l u x  of thermal  neut rons .  Nuclei  of 
e lements  i n  t h e  sample ( t a r g e t  n u c l e i )  have a  c h a r a c t e r i s t i c  p r o b a b i l i t y  
( c r o s s  s e c t i o n )  of absorbing a  neut ron  and becoming r a d i o a c t i v e .  Each radio-  
a c t i v e  product then  decays by r a d i a t i n g  energy of a  type  ( p a r t i c l e  o r  ray)  
and i n t e n s i t y  ( i n  energy u n i t s )  and w i t h  a  h a l f - l i f e  t h a t  a r e  a l l  c h a r a c t e r i s t i c  
of t h e  decaying rad ionucl ide .  A measurement of t h e  t ype  and i n t e n s i t y  of t h e  
r a d i a t e d  energy serves t o  i d e n t i f y  t h e  r ad ionuc l ide .  The r a t e  a t  which decay 
energy i s  emi t ted  i s  p ropor t i ona l  t o  t h e  number and h a l f - l i f e  of r a d i o a c t i v e  
n u c l e i  p r e sen t .  The number of r a d i o a c t i v e  n u c l e i ,  when combined w l t h  neut ron  
f l u x  and c r o s s  s e c t i o n ,  a l low de te rmina t ion  of t h e  number of t a r g e t  n u c l e i  i n  
t h e  sample. For performing NAA, r equ i r ed  equipment p r i n c i p a l l y  i nc ludes  a  
neut ron  source  of adequate  f l u x  ( u s u a l l y  a nuc l ea r  r e a c t o r )  f o r  a c t i v a t i n g  t h e  
sample and in s t rumen ta t i on  f o r  d e t e c t i n g  and measuring ("counting") induced 
r a d i o a c t i v i t y .  Because t h e  neu t ron - i r r ad i a t ed  samples become r a d i o a c t i v e ,  a  
sample handl ing system i s  a l s o  r equ i r ed .  This  i s  u s u a l l y  a  pneumatic t r ans -  
p o r t  system t h a t  moves encapsulated samples i n t o  t h e  neut ron  f l u x  and i n t o  t h e  
count ing ins t ruments .  With high-throughput f a c i l i t i e s ,  t h e  t r a n s p o r t  systems 
a r e  u s u a l l y  under t h e  c o n t r o l  of a  computer. Because of d i f f e r e n c e s  i n  t h e  
c o n s t r u c t i o n  and ope ra t i ng  power l e v e l s  of r e a c t o r s ,  t h e  neut ron  f l u x  l e v e l  
and neut ron  energy d i s t r i b u t i o n s  d i f f e r .  These d i f f e r e n c e s  a r e  r e f l e c t e d  i n  
t h e  des igns  of t h e  sample t r a n s p o r t  systems and i n  t h e  s p e c i f i c  a n a l y t i c a l  
regimes used by t h e  v a r i o u s  l a b o r a t o r i e s .  To ach ieve  t h e  b e s t  a n a l y t i c a l  
r e s u l t s  from each f a c i l i t y ,  system des ign  and a n a l y t i c a l  regime should be  
t a i l o r e d  t o  t h e  neutron-source f a c i l i t y  and a n a l y t i c a l  exper ience .  

NAA E x ~ e r i e n c e  a t  Savannah River  Laboratorv (SRL) 

SRL neut ron  a c t i v a t i o n  experience stems p r i m a r i l y  from ope ra t i on  of t h e  2 9 2 ~ f  
a c t i v a t i o n  f a c i l i t y .  I n  t h a t  f a c i l i t y  we developed a  r e c y c l e  a c t i v a t i o n  
technique t o  take  advantage of sho r t - l i ved  a c t i v a t i o n  products ,  and t o  improve 
count ing s t a t i s t i c s  by a l t e r n a t e l y  i r r a d i a t i n g  and count ing t h e  sample f o r  
s h o r t  t i m e  pe r iods .  ' This  r e c y c l i n g  technique was coupled wi th  delayed- 
neut ron  countix.ig t o  achieve very  h igh  s e n s i t i v i t i e s  f o r  t h e  assay  of f i s s i l e  
m a t e r i a l .  Unfor tuna te ly ,  t h e  neut ron  f l u x  i n  t h e  2 9 2 ~ f  f a c i l i t y  is too  low 
f o r  process ing  NURE samples a t  t h e  r equ i r ed  throughput and s e n s i t i v i t y .  A 
p i l o t - s c a l e  a c t i v a t i o n  f a c i l i t y ?  was t h e r e f o r e  i n s t a l l e d  a t  one of t h e  Savannah 



River Plant production reactors to demonstrate the applicability of the tech- 
nique to HSSR samples. Samples that were processed initially were obtained 
from orientation studies. Operation of the facility also provided design 
criteria for a larger facility capable of processing samples at the required 
throughput for the reconnaissance phase of the HSSR program. 

DISCUSSION 

Description of Samples and Analysis Regimes 

Ttjo types of orientation-study samples were collected for processing by the 
pilot activation facility: 1) 0.5 g of stream sediment sieved to finer than 
100 mesh, and 2) 5 g of mixed cation and anion exchange resin on which dis- 
solved minerals from 1-liter samples of ground or surface water were concen- 
trated.3 These samples are packaged in polyethylene capsules (Figure 1). 
Samples which do not fill the capsule are firmly packed at the bottom because 
the neutron flux is highest .at this end of the capsule in the irradiation 
position. 

General-purpose analysis regimes (summarized in Table 1) were devised for 
these sediment and resin samples to detect and determine uranium and as many 
other elements as practical. A test analysis determines whether or not a sample 
can proceed through the complete activation process without becoming excessively 
radioactive. The recycle regime d,s designed for analyzing elements with short- 
lived activation products, especially uranium via delayed-neutron counting and 
for analyzing other elements via simultaneous gamma ray spectrometry. A 15 to 
30 minute irradiation followed by a series of gamma ray.counts delayed by appro- 
priate decay intervals is designed for the detection and determination of 
longer-lived activation products, especially those of thorium. 

Sample Transport System 

The pneumatic transport system installed to implement the analysis regimes 
is shown in Figure 2. There are six irradiation positions; four of which 
are connected to the transport system by a 4-way diverter unit. Another 
4-way diverter unit allows selection of one of four possible transport paths. 
Encapsulated samples enter the transport system through an automated loader 
and exit through an automated unloader. Counting station Dl contains an array 
of BF3 detectors for delayed-neutron counting and a lithium-drifted germanium 
(GeLi) detector for simultaneous gamma ray spectrometry. Counting station D2 
has only a GeLi detector. During a typical activation run, one sample is being 
recycled between an irradiation position and detector station Dl, three samples 
are receiving their 15 to 30 minute irradiation, and another sample is being 
counted. A separate delayed counting routine processes two samples at a time, 
one for each GeLi detector. 

NAA Pilot Facility 

An elevation view of the pilot facility is shown in Figure 3. The six irradia- 
tion positions are housed in an assembly which penetrates the reactor biological, 
shield and rests next to the reactor tank wall. Radiation-generated heat is 
removed from this assembly by a closed-loop cooling water system. Each of the 



I I 
FIGURE 1. Sample Capsule 

TABLE 1 

~ t e p  NO. of Cycles ~g Td - L - 7r 
Test 1 2 s 1.3s 2 s  1.1 s 
Recycl e ~ ~ ( 4 0 ) "  6 s 1.3s 6 s  1.1 s 

Long Irradiation 

Delayed Count 1 
Delayed Count 2 

Delayed Count 3 

900 s(1800 s) 2.5 s 300 s(600 s) 
8-16 hr 10 min 
3-5d 10min 
1 5-20 d 20-50 min 

a. 0.5 g of sediment or 5 g of ion exchange resin. 
b. Ta, Tdr Tc, and Tr are durations of activation, decay, counting, and sample 

return, respectively. 

c. Numbers in parentheses apply to resin samples. 
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ixxadiation posi t ions  is connected by polyethylene t ransport  tubing t o  t he  
control  center module. This module houses the  4-way d ive r t e r  un i t s ,  detector  
e ta t ions ,  loader, unloader, and a l l  control  and data acquis i t ion electronics ,  

Figure 4 shows one view of the  control  center module. From l e f t  t o  r i g h t  the  
major components shown are: 1 )  a clean box f o r  loading capsules i n t o  t he  
sample storage ba r r e l  attached t o  the  back wall ,  2) a i r  pressure control  mani- 
fold ,  3) detector s t a t i on  D2, and 4) the  unloader with shielded sample storage 
ba r r e l  on the  f loor .  Figure 5 shows detector  s t a t i o n  D l  (array of BFS detec- 
tors shielded by lead with a GeLi detector  penetrating the shielding).  

Another view of the  control  center module (Figure 6) shows the control  and 
data  acquis i t ion electronics.  Specific u n i t s  include (from the r i g h t ) ;  
1) cooling water system monitor, 2) pulse height analyzer and associated 
electronics ,  3) PDP-9 computer and associated peripherals,  and 4) a micro- 
processor un i t  b u i l t  at SRL t o  control  the pneumatic t ransport  system c o w  
ponmts. 

FIGURE 4. Portion of Sample Transport System i n  Control 
Center Module 



FIGURE 5. Delayed Neutron-Gamma Ray Detection station Dl 

FIGURE 6. Control and Data Acquisition El ectronf es 



~ a t a  Processing 

Gamma ray counting data are recorded on magnetic tapes. The data are reduced 
on an IBM 3601195 computer as outlined in Figure 7. Irradiation and counting 
data are converted to a standardized format and stored on disc under the 
sample identifier by two programs, JCMPI and JCMPII; The gamma ray spectra 
are reduced using program RAGS.' When all spectra have been acquired and 
reduced for a sample, another program, RICHES, transforms these data into 
concentration units for the elements detected. The concentration values are 
then reformatted for inclusion directly into the NURE Data Management System 
(NDMS ) . 
Analytical History and Results 

Table 2 summarizes the production history of the pilot facility. The results 
from analyses of orientation study samples have indicated that the entire 
general purpose analysis regime is not required to provide the necessary in- 
formation for elements associated with uranium. For reconnaissance samples, 
the analysis regime has been shortened (Table 3). The pilot facility capacity 
of 675 samples per week will not be adequate for the reconnaissance phase of 
the program. Accordingly, the activation facility is scheduled for upgrading 
(Figure 8). The necessary increase in sample throughput is achieved by uti- 
lizing six (instead of four) irradiation positions, two (rather than one) 
combined delayed neutron-GeLi detector stations, and at least four (and 
possibly eight) GeLi detectors dedicated to delayed gamma counting. A more 
sophisticated computer has been purchased to control the upgraded pneumatic 
systems and to acquire and reduce (at least partially) the necessary data. 

Off Line + 

FIGURE 7. Neutron A c t i v a t i o n  Data System (NADS) 



TABLE 2 

PILOT FACILITY PRODUCTION HISTORY 

June - J u l y  1975 - I n s t a l l a t i o n .  

August - September 1975 - Program debugg; ng . 
October - December 1975 - ~ 4 5 0  o r i e n t a t i o n  samples. Urani  um 

a n a l y s i s  on l y .  

December 1975 - December 1976 - ~ 3 0 0 0  o r i e n t a t i o n  samples. M u l t i -  
e lement analyses.  

January 1977 - Reconnai ssance sampl es , \500/week. 

TABLE 3 

ANALYSIS REGIMES FOR RECONNAISSANCE S A M P L E S ~  

Step - No. o f  Cycles T, - d - c - 
Test  1 2 s 1 .3  s 2 s 

Recyc 1 e 20(40) 6 s 1.3 s 6 s 

Long I r r a d i a t i o n  1 900 ;  ( 0  s )  1.3 s 300 s (600 s )  

Delayed Count 10-1 7 d 900 s 

(Values)  a r e  used f o r  r e s i n  samples. 

Capaci ty  

A c t i v a t e  225 sampl es/day 3 dayslweek 

Del ayed count  675 samples d u r i n g  remain ing 4 days/week. 

a. See f oo tno tes  t o  Tab le  1. 

To demonstrate t h e  q u a l i t y  of t h e  a n a l y t i c a l  d a t a  obta ined  from t h e  f a c i l i t y ,  
d a t a  f o r  t h e  element of primary i n t e r e s t ,  uranium, a r e  presented i n  Table 4 .  
I n  gene ra l ,  t h e  uranium analyses  agree  wi th  c e r t i f i e d  va lues  t o  w i t h i n  '10%. 
For elements a s soc i a t ed  wi th  uranium, t h e  va lues  from neutron a c t i v a t i o n  
ag ree  wi th  c e r t i f i e d  va lues  t o  w i t h i n  '25% wherever counting s t a t i s t i c s  
warran t .  
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TABLE 4 

ANALYSES OF URANIUM STANDARDS 

Oak Ridge Sediment, ppm U 

Sample No. : M S - l E  

. . Theore t i ca l  5 .  10 ? 5 

SRL Average 5.3 11.2 97 

Standard D e v i a t i o n  0 .4 .  0.6 3 

USGS Rock Standards, ppm U 

Samp.1 e No. : - - -  AGV-1 6-2 BCR-1 G- 

Theore t i ca l  2.0 2.0 1.8 2.56 

SRL Average 2.1 2..3 1.8 2.61 

I n t e r s i  t e  Crosscheck, ppm ua 
Sample No. : - SRL-1 LASL-2 LASL-3 OR-2 LLL-1 LLL-2 

SRL 1.45 5.1 3.5 1.48 2.4 6.5 8.2 

LASL 1.7 4.9 3.5 2.0 2.6 6.7 7.3 

LLL 1.2 5.2 2.6 1.2 2.1 7 8.3 

ORGDP - 5.0 - - 2.5 - 6.8 

Water Standards, ppb U 

Sample No. : - A- 1 BJ C d  

Theore t i ca l  0.82 7.77 100.2 

SRL Average 0.82 7.6 9 4 

Standard D e v i a t i o n ( +  o r )  0.04 - - 

a. S i t e s  inc luded,  i n  o rde r  1 i s t e d ,  Savannah R i v e r  Laboratory,  Los A1 amos S c i e n t i f i c  
Laboratory,  Lawrence Livermore Laboratory,  and Oak Ridge Gaseous D i f f u s i o n  P lan t .  



Quality Assurance 
I 

To,assure a continuation of the quality of analytical results,a quality assur- 
. ance plan (summarized in Table 5) has been implemented. If the results for 
successive standards agree within prescribed limits of established values, 
values for samples processed between those standards. are assumed to be accept- 
able. If a standard does not meet specified criteria, data from associated 
samples are individually scrutinized before acceptance into the NURE data 
base. A series of standards and blanks are processed monthly eo assure that 
all facility hardware and software are operating properly. 

TABLE 5 

QUALITY ASSURANCE PLAN FOR RECONNAISSANCE SAMPLES 

Sediments - 1 b lank and 1 standard f o r  each group o f  23 samples. 

Water - 1 b lank  and 1 standard f o r  each group o f  123 samples. 

C a l i b r a t i o n s  - 25-50 c a l i b r a t i o n  standards and 'b lanks  monthly.  

REFERENCES 

1. K. W. MacMurdo aqd W. W. Bowman. "Assay of Fissile Materials by a Cyclic 
Method of Neutron Activation and Delayed-Neutron Counting." To be pub- 
lished in NucZ. Instrum. Methods. 

. Savannah River Laboratory Quarterly Report No. DPST-75-138-2 (April- 
June 1975). HydrogeochemicaZ and Stream Sediment Reconnaissance - 
Eastern united States,  NationaZ Uranium Resource EvaZuation Program. 
Available from USERDA as open file report GJB-X-6(76), United States 
Energy Research and Development Administration, Grand Junction Office, 
Grand Junction, CO. 

3. E. I. Baucom, R. B. Ferguson, and R. M. Wallace. "Collection and Prepa- 
ration of Water Samples for Hydrogeochemical Reconnaissance." To be 
presented at the ERDA-GJO Symposium on Hydrogeochemical and Stream Sedi- 
ment Reconnaissance in Grand Junction, Colorado, March 16-17, 1977. 

4. W. W. Bowman. "Rapid Analysis of Germanium Spectra." NucZ. Instrwn. 
Methods 96, 135 (1971). 




