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AN AUTOMATED MULT IUETE.CTOR SYSTEM FOR INSTRUMENTAL NEUTRON 

ACTIVATION ANM.YSlS OF GEOLOGICAL AND ENVIRONMENTAL MATERIALS 

ABSTRACT 

Sammy R. Garcia, Walter K. Hensley, Michael M. Minor 
Michael M. Denton, and Mary A. Fuka 
l.os Alamos National Laboratory 
P.O. Box 1663, M.S. 776 
l~s Alamos, N.H. ~7545 

An automated multidetector system for instrumental neutron activation analysis (INAA) of geological and environmental materials was constructed. '!'he system was evaluated using NBS SRM's I632a Coal and 1633a Coal Fly Ash. Data are presented to show the precision, accuracy, and stability of the system over a )-month period. As a result of the evaluation, elemental <:oncentrations for lly, La, Eu, Tb, Yb, Lu, and Ta, which have not betm reported in the literature, were determined. 

INTRODUCTION 

Several investigators have reported trace element concentrations in NBS SRM's 1632a Coal and 1633a Coal Fly Ash,l-~ Because of the continuing need for standards that are reliable, indcpendtmt data from other laboratories are of value to the scientific community. 

The automated system was designed to process sediment samples from the National Uranium Resource Evaluation (NURE) program using the facilities at the Los Alamos National Laboratory Omega West Reactor (Ol-IR),6 Because of the nature of the NURE pro&ram, a large inventory of samples was the result. The system had to b~ capable of processing more than 60.000 samples annually. 

System Description 

There are two identical automated systems, each of which have a neutron detector and four Ge(Li) detectors. Standard AllS's. 
amplifiers and preamplifiers are used with the system and are 
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temperature controlled to ensure long term stability. Figur~ 1 

illustrates schematically one of the automated systems. Sampl.- ... 

placed in cthylene-butylene co-polymer irradiation vials 1.2 ~ •• 

diameter and 6.0 em long and are weighed on a top-loading elect~ 

balance which is intedaced to a PDP-11/34 computer. 7 The sampl• .· 

are loaded into clips which r.an hold 50 horizontally stacked ., ... 

These clips are uniquely numbered and encoded with a wired soc'k•t • 

that the code can be read into the computer when a matching plua .. 

the loader (see Figure 1) is attached to the clip. Each automatt• 

loader was designed to hold four clips, corresponding to a maxi~ 

throughput of 400 snmples per day for the two systems • All data acquisition and sample movements are controlled by • 

PDP-11/34 computer utilizing standard CAMAC interface electronic•. 

The gamma-ray spectra are automatically dumped to 9-tract magnetS« 

tape for subsequent data reduction on a PDP-11/60 computer. Sxstem Operation 

It is necessary to run 40Q samples daily during the 8 houTI •f 

irradiation time available. There are two reactor ports available 

allowing 126 seconds for each sample to be irradiated and moved t• 

and from the reactor. To optimize the sensitivity for a maximum 

number of elements, the short :~nd long Irradiation times were 

adjusted accordingly. The following activation scheme was develor-1 • Flux 

• Irradiation Time 

• Dec3y Time 

20 ser (short-lived activities) 20 + q~ s~c (long-lived activities) 
1274 sec (Rhort-llved actiVities) 14 dnys (long-lived activities) 1nitially, detector energy calibration, resolution, and Ant 

linearity were measured with a NBS 4216 mixed gamma-ray source eoe

taining l O'lcd • 57 eo' D9ce' 20 3Hg, 11 3sn, assr • 137cs • 88y and 'Ita. 
The resolution and characteristic peak shape as a function of en•,., 

were determined for each detector, and the resolution was found to 

be less t~an 2 keV ~~IM at the 1332 keV line of 60co for all elthf 

Ge(Li) detectors. 

Each sample is counted three times: first for delayed-neut~ 

assay in a high efficiency neutron dcter.tor and subsequently for 

short-lived and long-lived activit.ies. 7 The samples are fit'st hT .. 

diated [ot· 20 sec followed by a 10. sec delay, then a 20 sec neutr.e 

count to determine uranium, and.after a 1274 sec decay period, t~., 

are counted for 496 sec in a fixed geometry for the short-lived 

gamma-ray activities. The electronic dend-time for a normal sed~ 

sample is generally under 15%. Following the "shorts" count, t~• 
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temperature controlled to ensure long term stability. Figure 1 illustrates schematically one of the automated systems. Samples are placed in ethylene-butylene co-polymer irradiation vials 1.2 em in diameter and 6.0 em long and are weighed on a top-loading electronic balance which is interfaced to a PDP-ll/34 computer. 7 The samples are loaded into clips which can nold 50 horizontally stacked samples. These clips are uniquely numbered and encoded with a wired s~cket so that the code can be read into the computer when a matching plug at the loader {see Figure 1) is attached to the clip. Each automatic loader was designed to hold four clips, corresponding to a maximum throughput of 400 samples per day for the two systems. 

All datn acquisition and sample movements are controlle.d by a PDP-11/34 computer utilizing standard CAMAC interface electronics. The gamma-ray spectra are automatically dumped to 9-tract magnetic tape for subsequent data reduction on a POP-11/60 computer. 

System Operation 

It is necessary to run 400 samples daily during the 8 :-tours of irradiation time available. There arc two reactor ports available allowing 126 seconds for Nlch sample to be irradiated and moved to and from the reactor. T<' optimize th(' SC'nsitivlty for n m<ndmur.l number of clements, th(• gfwrt and long irradiation tim(''' wf'rr• adjusted accordingly. Tlw following actiVHlion scheme w;Js d('Vt'loped. 
• Flux 

• Irradiation Time 

• Decay Time 

20 sec (short-lived activities) 
20 + 96 sec (long-lived activities) 

1274 sec (short-lived activities) 
14 days (long-lived activities) 

Initially, detector energy calibration, resolution, and Anc linearity were measured with a NRS 4216 mixed gamma-ray source containing IO'Jcd, S7eo, tJ'lce, 203Hg, llJsn, sssr, l37cs, aay and GOr,0 , The resolution and characteristic peak shape as a function of energy were determined for each detector, and the resolution was found to be less than 2 keV ~~{M at the 1332 keV line of 6°co for all eight Ge{Li) detectors. 

Each sample is counted three times: first for delayed-neutron assay in a high efficiency neutron detector and subsequently for short-lived and long-lived activities. 7 The samples are first irradiated for 20 5CC followed hy n 10 sr.c df'lny, then a 20 sec neutron count to determine u ran lum, and after n 12 74 sec decay period, they are counted for 496 sec in a fi~ed geometry for the short-lived gamma-ray activities. The electronic rlcnrl-time for 11 normal sedf.ment sample is generally under 15%. Fo llowf ng the "shorts" count, the. 

,. 
f.·~ 

! 
..... ~ 

J .,., 

·:: 

·' 

' ' . 
;,._..._~ 

) 
i 

.~ 
, . .\!o 

7 
;. 

! 



Figure 1 
Samples are 
1.2 em in 
electronic 
samples 

~18'~c:ketd samples. 
socket so 

~~,~cru'ns plus at 
automatic 

t-.> 
61:1t1es) ,,_. 

tMes) 
i:') 
~~: 
f,i~ and ADC 
~- •ource con
;~;.~&y ancl 60eo. 
~en of energy 
-found to 
~all eight 

NEUTRON ACTIVATION ANALYSIS OF GEOLOGICAL MATERIALS 

l 
I 

a: 
~ 
.q: 
0 
.j 

~ _, 
~ 

a: 
!~ o:u ... "' ::> ... 
w~ 

J 

135 
.:-~ 
;-c .... 

0 "" .... 
'~ ... .-. u £. Ql 

c c 
0 b~ u 

.I 

3. g 
u 1 
u '7 ...... 
$!: tJ .. 
~ • ~-
cu 

b u 
0 ... 
0 

.c:: 

""' • 
""' 

" ... 
Ill ,... 
Ill 

c:: 
0 ..... ... 
~ .... ... 
u 

"' c:: e ... ; 
c:: 
'tl 
cu ... 
~ ... 
::s 
"' cu 

.c:: ... 



·~· 

t 
.\ 

I 

136 S.A. GARCIA ET AL. 

samples are returned to the reactor for an additional 96 sec irradia
tion to build up long-lived activities. The sarnples are then auto
matically unloaded and stored in pipes located underground for a 
14-day decay period before being counted the third time. With each 
sample irradiation, a flux monitor reading is taken from a fission 
ion-chamber adjacent to the irradiation site and used for flux 
normalization. 

EXPERIMENTAL 

Pure element standards with a quoted metallic purity of qq. 997. 
were used to prepare the trace element standards. The matrix uM•cl 

f()'['_t:_he preparation of th(' pure element standards was sil1cnn dioxide 
with a quoted metallic purity of 99.9% with a particle size less {han 
325 mesh. A Spex Industries 8000 Mixer/Mill was used for all mixing 
procedures. Polystyrene vials with methacrylate mortars ~o~ere 11Red 
for mixing the pure element standards. 

A selected quantity of the stock pure element standard was 
pipetted onto 25 grams of silicon dioxide and evaporated to dryness 
under an infrared heat lamp. The standard was then mixed for 1 hour 
using the Spex Industries ~lixer/Mill and triplicate splits taken to 
test for homogeneity. The standard deviation for the triplicate 
analysis was generally less than 21. for each standard prepared. 
Standards used for the "majors" were USGS standard rocks and NRS 
SRM's. Specifically the st;u:dards used were USGS QL0-1, ~1"'1- I, 
RGM-1, SCo-1, and NBS SRM's 1632a Coal and 1633a Coal Fly Ash. 

The pure element and reference materials were irradiated fnllow
ing the activation scheme mentioned earlier in the text. The gamma
ray spectra are analyzed using an overlayed version of the computer 
code RAYGUN.B,9 RAYr.UN mak~s usc of a lihrary containin~ d~ta 0n 
radionuclides of lnt«>re-.t: hnlf-llf~, <'ros,.-sectfon. l"ntoplr· nhlln
dance, prindpal gnmmn-rnvs, nnrl ll.:tmmn-rny hr;mchlng rat lr:-c;. RAY(;m~ 

provides both rpmlltntlv<· anrl rru:mtllnllve nn:tlysl!i nf hl~h t'(''l•>l••

tion gamma-ray spectra. The corle first determines a smontb l•"clc

ground under a peak or p~ak-~rouplngs then calculates whcthl•r thl' 
peak is too wide to be a singlet. If so, it attempts to split the 
peak according to the particular detector's character 1st ic twak shape 
at that energy, RAYGUN then calculates under each peak, or simply 
sums the area minus background for singlets or unsplittahle groupings. 
Correction for known interferences is accomplished by extrapolating 
the intensity of the interfering line(s) from the intensities of 
the major lines of the interfering activity. The decay rate for 
each isotope is calculated from a weighted averagl! of the varfous 
decay rates deduced !rom each of the gamma rays of the isotop~. 
Elemental concentrations are then calculated from known cross sec
tions, isotopic abundances, ntomic weights, decay constants, neutron 
flux, and sample weight. There are 32 elements assayed from the 
automated analysis: 13 from the "shorts" analysis and 19 from the 
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"longs" analy:.il>. Tht!y lm:luJ~· !\a,~~~. AI, Cl, K, C:a, 'J'i, V, ~1:;, 
Sr, Dy and U (DNA) for the "shorts" ;mJ Sc, cr, Fe, r.o, Zn, Rb, :>!>, 
Cs, La, Ce, Sm, Eu, Tb, Yb, l.u, llf, Ta, Au nud Th for the "longs". 
If one were to nlter the counting schcnll!, additional radionuclid~:s 
could be assayed at tlw c.:xp~·ns•· of losing thl• hi).;h throughput 
achieved from the activation scheme described earlier. Other ele
ments possible are Ga, As, W, Cd, Br, Au and Se. 

RESULTS AND DISCUSSION 

To evaluate the stability, accuracy and precision of the alsto
mated multidetector system, !'>liS SR.'I's 1632a Coal and 1633a Coal l'ly 
Ash standards were used as the system cvaluat ion materials. In-ho\JS•· 
and uses roC:k standards were used to maintain a quality assurance 
program throughout the 3-month period this study was made. Lon~ term 
stability was monitored using Na as a "shorts" reference element aml 
Co as the "longs" reference element. These clements were chosen 
because there are no interfering peaks in their spectral analysis. 

The results from the automated analysis of the NBS SRM's lill~a 
Coal and 1633a Coal Fly Ash are presented in Tables 1 and 2, respe~
t i vely. The agreement of our l'lerncnta I <:oncent rat ion w1 th thos,~ ,,f 
NBS and other values found in the 1 itcraturt.• is very good. !'rom ',O 
data points accumulated over a period of 3 months, we find a standard 
deviation of 2.8% for the Na concentration and a 3.8% standard 
deviation for the Co concentration in 1633a Coal Fly Ash. It is 
important to recognize that thea(• data points were collected froo1 
eight Ge(Li) gamma-ray detector,; ovt•r the thn•t• month period. 

In addition, we obtained valut•s for several elements not pn•
viously assayed in NBS SHM 1633a Coal Fly Ash, including Dy, La, Fn, 
Tb, Yb, Lu, and Ta. \.Je concludt.• that our syst£:ms have e'Xcellcnt 
long-term stability which is rll'l"C:;sary for thl• production of high 
quality data. 
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Table 1. Multielement concentrations In NBS SRH 1632a Coa18 • Fehruary 8 and 26, 19ft0 Activations 

Ele•ent Data Points Averageh 
ppm 

Std Dev 
% 

NBSh 
PP• 

Literature" 
PP• 

Na 
Hg 
Al(%) 
Cl 
!{(%) 
Ca(%) 
Ti 
v 
P4n 
Ba 

~t 
Sc 
Cr 
Fe(%) 
Co 
Cs 
La 
Ce 
s. 
F.u 
Lu 
Rf 
Th 

24 
1 

24 
24 
111 

3 
24 
24 
24 

A 

2'l 
24 
24 
24 
24 
21 

3 
14 
24 
24 
19 

R 
11 
24 

RA4. 
1400 
3.07 
1197. 
0.43 
0.27 
1720 
4~.Q 

33.7 
1 51'1 
2.56 
1.21l 
~.'if. 

36 
1.12 
6.F. 
2.4 
15 
11.1 
2.5 
0.51 
0.111 
l.R 
4.11 

3.6 
16 
4.1 
2.6 
15 
6.5 
Q,R 

'i.4 
3.6 
17 
10 
'i,Q 

J.~ 

17 
fl.2 
11 
1~ 

17 
11 
14 
16 
37 
111 
12 

(3.07) 

(17'in) 
44 :!: 3 
2R ! 2 

1.211 ! 0,02 
(6. 3) 
34.3 :!: 1.5 
1.11 ! 0.02 
(6.A) 
(,,4) 

(30) 

(0.54) 

(1.6) 
4.5 ± 0.1 

760c, 850! 46e 
~00-1300c, 1300 ± 30d 
2.97 ± o.o4c, 2.9 ± 0.3d, 3.01 ± 0.13e 
75A ± 50c,AOO t 10d, 7A4 ± 17e 
n.41 ± o.o1c, 0.42 ± n.o2d, 0.42 ± o.o2e 
0.24 ± o.o2c,o.24 ± o.o2d, 0.24 ± o.o2e 
1650 t 130c~1630 ± 70~, 1620 ± 130e 
44c, 44 ± 3" 
31 ± 2c,32 ± 3~, 2Q ~ ~e 
}Jnc, 122 ! nd 
2.2c,2.2 ! n,3fl 
1.2 ± 0.1", 1.?.1 ~ n,t<' 
~.~c. 6,A ! o.nd 
15c, 34 ± 2d 
1.13 ± o.o3c, 1d16 ± o.o3d, 1.11 ± n.o6~ 
7, OC 

1 
(, o 5 !" (\ • 2 

2.0c, 2.0 ! n.3~ 
lt.c, 1R ! 2d 
2Qc, 32 ! 4d 
2.3 ± 0.3c, 2.R! n.,~. 2.10 ± o.o7d 
o.ssc, o.ss ± o.n3d 
n.2c, O.lR ± o.03d 
1.6c, 1.55 t o.oRd 
4.5c,4.8! 0.2d 

8 Data fro• two automated systems which represents eight Ge-(Li) gamma-ray detectors. hvalues 

are in ppm unless otherwise specified. The values in parenthesis are not certified by the NBS. 

cRef. 5. dRef. 4. eRef. 5. fRef. 7. 
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Tahle 2. Multielement concentrations fn ~IRS SPH Jf>11n C:oa1 Fly Ash8 Fehruary ~.1~,26 and ~ay lfi, )QRO Activations 

F.lement nata AveraReh Std Oev Literature" 
ppm 

Points ppm % 

Na 

Hg 
Al(%) 
K(%) 

Ca(%) 

Tf 

v 
Hn 

Sr 
Ba 
D~ 
u 
Sc 
Cr 
Fe(%) 

Co 
7.n 
Rh 
s ... 
Ca 
La 
Ce 
Sm 
F.u 
Th 
Yh 
I.u 
Hf 
Ta 
Th 

so 

so 
so 
50 

50 

50 

so 
sn 
50 
50 
50 
50 
50 
50 
50 

'iO 
14 
47 
40 
50 
50 
so 
50 
50 
19 
50 
50 
r;n 
24 
'iO 

1720 

4500 
14.2 
1.~4 

I .12 

301. 
(Q1, 

RIQ, 
1500 
16.6 
10.2 
40.6 
197. 
9.50 

46.2 
no 
no 
7 .R 
)0,1\ 
100 
lR:\, 
20 
2.9R 
?.3 
10 
O.CI1 
7.7R 
2.0 
24.R 

•nata from two automated 
gamma-ray detectors. 
specified. dThe values in cRef. 3. Ref 4. 8 P.ef. 

II 
2.19 
7.:\7 

4.'iR 

2.5R 
2.25 

fl.ll3 
5.95 
7,69 
2.12 
3.1fi 
fi.44 
3.21 

1.R2 
23 
20 
20 
10.4 
23 
10,11 
22 
11.2 
29 
1R 
10.3 
10,9 
?3 
fi.5 

1700 100 

4'i'\O ')1'\0 
(14) 
l.R~ ' O,Of> 

1.11 o.o1 

(ROOO) 

(300) 
(190) 

R30 ! 30 
(1500) 

10.2 ~ o. 1 
(40) 
1 Clfi .~ fi 
Q,40 ~ 0.10 

(41\) 
220 ]0 
1J1 ~ ., 
(7) 
01) 

(1M) 

(7 .fl) 

24.7 ' o. 3 

2](10 :!: f,OOc 
2100(f 

14.0 .~ 0.2c 
t.CI7 ± o.o4c 
l.CI7d 
1.29 !: n.nc 
I. 2Citl 
R400 ~ tone 
P4ont1 
'3h0 ~ 40c 
IQO ! ~~c 
31 ~ .. 2 

systems which represent e1Rht Ge(Li) "Values Rre in ppm unless otherwise parenthesfs are not certified hy the NBS. 7. 
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