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The cadmium ratios of 52 short-lived nuclides have been measured. Epithermal neutron irradi- 
ation reduces the activities of 2~ 27Mg, 2SAl, 3sCl, 49Ca, 46msc, s ~Ti, S~Mn and ~6Cu by 
factors of 20-30. The calculated improvements in detection limits for Ga, Br, Rb, Y, Mo, Rh, Pd, 
Ag, In, Sn, Sb, 1, Ba, Nd, Sin, Gd, Dy, Er, Yb, Hf, W, Re, Pt, Au, Th and U are in the range 1-6. 
Hafnium was measured in USGS rocks : AGV- ! (4.9 tag g -i ), G-2 (7.5 tag g 4 ) and GSP- I ( 14.7 
tag g 4 ) and IAEA standards: SOIL-5 (6.3 tag g -1 ) and SL- 1 (4.6 tag g -i ). CCRMP reference 
concentrates PTC and PTM were analysed for rhodium (1.1 and 0.75 tag g -I, respectively) and 
silver (69 and 5.8 tag g -i, respectively). 

Introduct ion 

Epithermal neutron activation has become an established technique 

for the trace element analysis of geological samples I. Thermal neutron 

filters of cadmium 1'2 boron 3 and cadmium plus boron 4 have been used to 

reduce the interfering activity from long-lived nuclides such as 24Na, 

46Sc, 51Cr, 60Co and 6~Cu. The ga~na ray spectra of geological samples 

after a i min irradiation in a thermal neutron flux are dominated by 28AI, 

~6msc, 51Ti, 52V, 56Mn, 60mco and 66Cu. Although thermal neutron filters 

have been used to enhance the activation of some short-lived nuclides 5, 

the technique is seldom applied to nuclides with half-lives of less than 

a few minutes due to the problems associated with reactivity effects during 

transfer of the sample into and out of the reactor core. 
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A fast pneumatic transfer system has been installed in the 

University of London reactor with irradiation sites for both thermal 

neutron activation and epithermal neutron irradiations under cadmium. 

This facility was used to study the feasibility of applying epithermal 

neutron activation to short-llved nuclides in the analysis of geological 

samples. Cadmium ratios were measured for nuclides of elements of interest 

with chemical standards. The gar~aa-ray spectra of different rock types 

were analysed qualitatively after irradiation for I min in both thermal and 

epithermal neutron fluxes. Finally the technique was applied to the 

quantitative analysis of reference rock standards for hafnium, rhodium and 

silver. 

Experimenmi 

Irradiation 

All the irradiations were made in the fast pneumatic transfer 

system shown in Fig. I. The samples, packed in polythene capsules 

(30 x I0 mm, I ml capacity) were introduced sequentially into the reactor 

control / ~| 

I GelLi) II 
J ~ t ; . -  r- II 

Fig. 1. Schematic diagram of the irradiation facility 
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core from the sampler and out to the counting position, propelled by 

pressurlsed nitrogen gas, under timer control. There were two irradiation 

sites : the 'thermal' neutron tube (~th = 1.3 x i012~ cm-2s -I, ~epi = 

6.1 x 1010n cm-2s -I, RCdAu ~ 2.3) and the 'epithermal' neutron tube with a 

I nan thick cadmium lining ($th = 4.9 x lOl0n cm-2s -I, Sepl = 4.1 x 1010n 

c m - 2 s - 1 )  . 

Gamma-rayspectrometry 

The s a m p l e s  w e r e  m e a s u r e d  a t  a p o s i t i o n  12 mm f r o m  t h e  e n d  cap  

o f  a l i t h i u m - d r i f t e d  g e r m a n i u m  d e t e c t o r  ( P r i n c e t o n  Gamma-Tech,  FWHM : 1 . 6 9  

a t  1 . 3 3  MeV, P e a k / C o m p t o n  r a t i o  : 2 7 . 7  a t  1 . 3 3  MeV, e f f i c i e n c y  : 4 . 9 % ) ,  

close to the irradiation site and enclosed in lead shielding. The garrana- 

ray spectra were measured with a Laben 8000, 4096 channel analyser and 

evaluated by the total peak area method with dead-time and random summing 

corrections. 

ElementMstandards 

Standards were made by evaporation of 0. I ml allquots of standard 

solution onto filter paper in polythene irradiation capsules. The solutions 

were prepared from 'Specpure' compounds or standard i0 mg m1-1 solutions 

(Johnson Matthey Chemicals Ltd.) of suitable concentration to give the two 

sets of single element standards listed below: 

(i) i0 mg of Mg, CI, Ca, Ga, Ge, Mo, Sn 

I mg of F, Ti, Br, Rb, Y, Ba, Nd, Sm, Gd, Er, Yb, Th 

iO0 ~g of AI, Ym, Cu, ~d, Sb, I, W, Re, Ir, Pt, Au 

i0 ~g of V, Co, Rh, Ag, Eu, U 

I vg of Sc, Se, In, Dy, Hf 
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(ii) IO0 mg of Mg, CI, Ca 

IO mg of F, T[, Ga, Ge, Me, Sn 

I mg of AI, Mn, Cu, Br, Rb, Y, Be, Nd, Sm, Gd, Er, Yb, Th 

]O0 ug of V, Co, Pd, Sb, I, W, Re, Ir, Pt, Au 

IO ug of Sc, Se, Rh, Ag, Eu, U 

I ug of In, Dy, Hf 

Cadmium ratm determinat~n 

A l l  t h e  s t a n d a r d s  w e r e  i r r a d i a t e d  f o r  1 min  and  c o u n t e d  f o r  1 min 

a f t e r  a l s  d e l a y .  S t a n d a r d s  ( i )  were  i r r a d i a t e d  i n  t h e  t h e r m a l  n e u t r o n  

t u b e  and  s t a n d a r d s  ( i i )  i n  t h e  e p i t h e r m a l  n e u t r o n  t u b e .  The cadmium r a t i o s  

for the nuclides were calculated from the ratio of the specific activity 

induced in standards irradiated in the thermal neutron flux to the activity 

induced in the epithermal neutron flux. Because the cadmium-lined tube 

cannot be removed from the reactor core, no equivalent thermal neutron 

activation could be made in the same position. Therefore the activation by 

thermal neutrons was made in the adjacent tube, with an epithermal neutron 

flux higher by a factor of 1.5. No correction was made to the cadmium 

ratios for this difference. 

Geological samples 

USGS reference andesite, AGV-I, CCRMP noble-metals bearing 

nickel-copper matte, PTM, and a sample of magnetite from the Bushveld 

Complex, S. Africa, were irradiated in powdered form (50-1OO mg) for i min 

in both thermal and epithermal neutron fluxes and counted for i min after 

a Is delay to evaluate the gamma-ray spectra qualitatively. USGS reference 

198 J. Radioanal. Chem. 72 f1982) 



S. J. PARRY: EPITHERMAL NEUTRON ACTIVATION ANALYSIS 

rocks : andesite, AGV-I, granite, G-2 and grandiorite, GSP-I, and IAEA 

standards : soil, SOIL-5, and lake sediment, SL-I, were analysed for 

hafnium with an epithermal neutron irradiation (30s irradiation, Is decay, 

30s count). CCRMP noble-metals bearing sulphide concentrate, PTC, and 

nickel-copper matte, PTM, were analysed for rhodium and silver (I min irrad- 

iation, is decay, I min count). 

Results 

Cadmium ratios 

Table 1 lists the cadmium ratios of the nuclides together with 

the appropriate nuclear data. The cadmium ratios for the interfering 

nuclides 27Mg, 28AI, 38CI, 49Ca, ~6msc, 51Ti, 52V, 56Fm and 66Cu, which 

cause problems in the analysis of short-lived nuclides in geological 

material, are in the range 20-30. The trace elements of interest have 

6 cadmium ratios of 1.4 - 12. Table i also includes the improvement factor 

which is a measure of the expected improvement in detection limit for the 

trace element irradiated in an eplthermal neutron flux. These factors have 

been calculated with 28AI as the interfering nuclide and in most cases there 

is an improvement in  the detection limit of 1-6. The sensitivity values 

listed in Table i have been calculated from measured specific activities 

for elements irradiated for i min in an epithermal neutron flux and counted 

for I min after a Is delay. These values are corrected for detector effic- 

iency to give gammas ~g-ls-i for ease of comparison with calculated values 

compiled in a recent review 13. Detection limits of better than 10-Tg were 

calculated for 46msc, 104Rh, 104mRh, ll0Ag, ll6mln, 165mDy, 179mHf and 239U 

under ideal conditions. Nuclides with detection limits between 10 -5 and 
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lO-6g were : 28AI, 52V, 56Mn, 60mco, 75mGe, 77mse, 79mBr, 80Br, 86mRb, 

89my, 109mpd ' 122mSb ' 12~mSb ' 1281, 137tuBa ' 155Sm i52mEu ' 161Gd , 167mEr, 

183mw, 192mlr, 199pt, 197mAu and 233Th. The remaining nuclides had 

detection limits above IO-5g. 

Geological samples 

The gamma-ray spectra of geological samples activated in both 

thermal and epithermal neutron fluxes are shown in Figs. 2-4. The 28AI 

peaks that dominate the spectrum of AGV-I in Fig. 2 are mainly produced 

by the 27AI(n,y)28AI reaction. The activity is sufficiently reduced by 

epithermal neutron irradiation to enhance the gamma-ray line of 179mHf 

at 217 keV. In Fig. 3 the interfering activities of 28AI, 46msc, 51Ti, 

52V and 56Mn are prominent in the spectrum produced by thermal neutron 

activation and 179mHf is enhanced by the epithermal neutron irradiation. 

The spectrum of PTM in Fig. 4 is dominated by 60mco, 66Cu and 77mse, all 

of which are reduced by epithermal neutron activation, enhancing both ll0Ag 

IN)O 11)00 1200 I&oO 160o 

Energy, keY 

Fig. 2. Gamma-ray spectra of AGV-I,  irradiated in thermal and epithermal neutron fluxes (1 rain irradia- 
tion, ls decay, i rain count) 

J. Rach'oanal. Chem. 72 (1982) 203 



S. J. PARRY: EPITHERMAL NEUTRON ACTIVATION ANALYSIS 

l 

�9 ~ 8oo 

~ IdlO - 

0 - 1 
" I -  

) 200 1,00 600 000 1000 1200 1400 1600 10(30 
Energy, key 

Fig. 3. Gamma-ray spectra of magnetite, irradiated in thermal and epithermal neutron fluxes (1 min irradia- 
tion, ls decay, l rain count) 
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Fig. 4. Gamma-ray spectra of PTM, irradiated in thermal and epithermal neutron fluxes (1 min irradiation, 
I s decay, 1 rain count) 

which is seen clearly in Fig. 4, and 104Rh, a small peak at 556 keY close 

to the detection limit in this sample. 

The analyses of reference rock standards for hafnium are given 

in Table 2. The results are in good agreement with the reference values. 
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Table 2 
Determination of hafnium in reference material 

Hafnium (~g g-l) 
Sample 

This work Reference value 14-16 

AGV- 1 

G-2 

GSP-I 

SL-I 

SOIL-5 

4.9• 

7.5• 

14.7• 

4.2• 

6.2• 

5.2 

7.5 

13 

4.5• 

6.3• 

Table 3 
Determination of  rhodium and silver in reference material 

Sample Rhodium (~g g-l) Silver (~g g-l) 

PTM 

PTC 

This work 0.75 • 0.28 

Reference value 17 0.62 • 0.07 

This work I.I • 0.3 

Reference value 18 0.9 • 0.3 

5 . 8 •  

5 . 8 •  

69 • 5 

66 • 7 

The detection limit for hafnium in silicate rocks is estimated to be lO-8g 

or O.i ~g g-l. The analyses of CCRMP reference concentrates for rhodium 

and silver are listed in Table 3. Although the results agree with the 

reference values, there is a wide variation due to sample heterogeneity. 
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The detection limits for both rhodium and silver in copper-rich samples 

were estimated to be 5 x IO-Sg or 0.5 ~g g-!. 

Discussion 

Epithermal neutron activation under cadmium will theoretically 

improve the detection of many short-llved nuclides in different rock types. 

The method has been applied successfully to the determination of hafnium, 

silver and rhodium, and although applications are limited several elements 

such as Sc, Co and Se may be determined simultaneously. The method could 

be extended to the determination of other trace elements, for example, Ge, 

Br, Rb, Y, Pd, In, Sb, I, Ba, Sm, Gd, Dy, Er, W, It, Pt, Au, Th and U which 

all have detection limits of better than io-bg under ideal conditions. 

In addition to reducing the interfering matrix activity an 

advantage of the method is that larger sample sizes may be irradiated to 

further improve detection limits. The use of a boron or boron plus cadmium 

filter would probably also enhance detection of the trace element, as already 

demonstrated for long-lived nuclides in geological material. 
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