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Abstract

The applicability of neutron activation analysis (NAA) to geological samples in

space is discussed by referring to future space mission programs, by which the extraterrestrial

samples are to be delivered to the earth for scientific inspections. It is concluded that both

destructive and non-destructive NAA are highly effective in analyzing these samples.

1. Introduction

In this century, our activities in science technology will be greatly expanding.

Following Apollo mission of NASA, USA, not a few space missions aiming to collecting and

returning samples from space have been planned and will be planned continuously not only in

US but also in Japan and other countries. Once the sample is returned from the space, a very

serious limitation is placed for analyzing elemental composition, especially if the amount of

the sample is small. First of all, non-destructive analysis is desirable; the same specimen once

used for chemical analysis can be reused for other purposes including detailed chemical

analysis by destructive methods. Secondly, the chemical analysis method must have high

analytical sensitivity for as many elements as possible. Thirdly, analytical data thus obtained

need to be highly accurate. Considering these requirements, we can undoubtedly conclude

that activation analysis is the most suitable method.

It is well acknowledged that activation analysis has high sensitivity in determining

chemical composition of solid samples. Recently, inductively coupled plasma mass

spectrometry (ICP-MS) has been increasingly used for chemical analysis, mainly because it

has high sensitivity for many elements and does not involve chemical procedures for assaying.

Thus, ICP-MS can compete with activation analysis or is believe by someone to overcome it

in analytical sensitivity and, especially, cost performance, the latter of which must be admitted

by anyone. One of the advantages of activation analysis over ICP-MS is that activation

analysis can analyze solid samples without destruction. This means that the same specimen

can be used for duplicate analyses using the same or different analytical methods and even for

-13 -



JAERI -Conf 2003-004

other observations such as physical and petrological analyses. This advantage becomes very

significant when the sample size usable for analysis has a serious limitation, just for a case of

returned samples from space.

In this paper, the applicability of activation analysis (mainly neutron activation

analysis) is discussed. Our discussion is focused on the returned sample by space mission

program in future. However, the applicability described here must be extended to a

small-sized solid samples such as geological and cosmochemnical samples.

2. Analytical method

We used two types of activation analyses, neutron activation analysis (NAA) and

photon activation analysis (PAA). In NAA, instrumental NAA (INAA) is commonly used. In

this study, we also used neutron-induced prompt gamma-ray analysis (hereafter, PGA). PGA

is relatively new methodology in NAA. In Japan, when the former JRR-3 reactor was

remodeled about a decade ago, several beam cours es were constructed in the building where a

remodeled reactor named JRR-3M was installed. Using these courses, both cold and thermal

neutron beams are guided out of the reactor and can be used for PGA. Because these neutron

guide courses are to be shared with other groups having different research targets, we cannot

perform PGA throughout the running schedule of the JRR-3M. Nevertheless, PGA using cold

and thermal neutron beams can be conducted constantly. PGA has several merits as a

non-destructive analytical tool; PGA can be applied to large-sized samples such as pottery and

meteorites (Nakahara et al., 2000), most major elements constituting geological and

cosmochemnical samples can be non-destructively determined (Latif et al., 1999), residual

radioactivities are as low as those in natural background (Ebihara and Oura, 2001) and so on.

The level of induced radioactivities are calculated for a case of 1g of chondritic meteorite and

summarized in Table 1. As shown in this table, no significant radioactivities remain after one

week cooling.

Instrumental PAA (IPAA) can be performned by using a linear electron accelerator.

IPAA is as effective as INAA in analyzing solid samples and can work somewhat as a

complementary analytical tool to INAA (Ebihara et al., 1999). Besides these non-destructive

activation analyses, destructive methods, namely radiochemical NAA (RNAA) and

radiochemical PAA (RPAA), also can be applied.

3. Characterization of the returned sample from spaced by using non-destructive

nuclear analytical methods

In 2002, a space mission named Muses-C will be put into practice in Japan. By this

mission, the extraterrestrial material is planned to be returned from an asteroid named
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1989ML. The spacecraft will be launched in November (or December) 2002 and arrive at the

destination in September 2005. During the stay at the asteroid for 3months, some amount of

sample (mostly surface material) will be collected and further delivered to the earth in 2008.

In order to characterize the returned sample, we submitted a proposal for the first analysis of

the sample. After approval of the proposal, we received two unknown test samples, which

were eventually analyzed based upon the analytical scheme proposed by us. In our proposal,

non-destructive analytical nuclear methods (PGA, INAA and IPAA) are combined.

Two samples were firstly analyzed by PGA. For this analysis, we used cold neutron

beam to enhance the analytical sensitivity, because the sample amount usable for PGA was

about 50mg for each sample. We could determine a to tal of 16 elements by using comparison

method, in which several reference standards were adopted. The remaining samples were

divided into two portions, which were subsequently subjected to INAA and IPAA. In INAA,-

samples were successively irradiated three times with different irradiation times (0s, 1min

and 20min) using two reactors. As a result, a total of 26 elements were determined. In PAA,

samples were activated with using 3MeV photons of end-point energy. In determining

elemental concentrations, we adopted comparison method using chemical reagents and

geological and cosmochemnical reference samples. The samples were irradiated successively

twice for 30mmn and 6h. Experimental conditions of PGA, INAA and IPAA are summarized in

Table 2.

Based on the data obtained by three non-destructive nuclear analytical methods, we

could characterize them cosmochemicaly. To characterize the extraterrestrial material in terms

of chemical composition, several groups of elements play an important role. Volatile elements

are highly sensitive to the thermal activity the sample experienced. By PGA, H and S can be

non-destructively analyzed as shown in Table 2. Refractory lithophile elements also are an

important group of elements. For instance, Ca/Si and Mg/Si ratios are known to be

characteristic to individual groups of meteoite samples. Refractory siderophile elements are

another group of elements which is recognized to be as informative as refractory lithophiles.

In characterizing two test samples sent to us, we used PGA data for one sample and INAA

data for another sample and succeeded to identify two unknown samples as individually

specified groups of meteorites. We submitted a report of analytical results with some

implications including specification of samples. With our report being reviewing, our

proposal for initial analysis of the returned sample by Muses-C was finally accepted. As

written above, our proposal consists of three nuclear analytical methods, two of which use

neutrons for activating nuclides. This clearly shows that non-destructive activation analyses

using reactor neutrons are highly effective for characterizing the extraterrestrial sample

recovered from space by space mission. After the initial analysis using non-destructive
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activation analyses, we plan to analyze the sample by using destructive analytical methods

such as radiochemical activation analyses and ICP-MS for detailed studies if the same
specimen once used for the initial analyses is allowed to use for these studies.

4. Analysis of solar wind collected by a space mission for estimating solar system

abundances of the elements

Solar system abundances of the elements are fundamental values for natural sciences,

especially for planetary sciences and astrophysics. In order to determine solar system

abundances of the elements, we can use two different data sources; the sun and meteorites

(Anders and Ebihara, 1982; Anders and Grevesse, 1989). One can determine elemental

abundances of our solar system by spectroscopic analysis of emission lines and absorption

lines in the photosphere of the sun. This approach seems to be very reasonable because the

sun has an account for more than 99% of the mass of our solar system. Another is chemical

analysis of meteorite samples, especially a specific meteorite group named CI chondrite,

which is characterized by very high concentration of volatile elements. Data sets deduced

from these two analyses ha ve serious shortcomings. Spectroscopic data are obtained directly

from the sun, but are poor in data quality, having large uncertainties for many elements. To

the contrary, data from meteorites have high accuracy for many elements, but are indirect data

separately determined without any relationship to the sun.

Elemental composition of the solar wind is a different data source for estimating the
solar system composition of the elements. In Apollo missions conducted by the US, several

experiments were performed for determining chemical composition of the solar wind.

Because of limitation for collecting duration, only noble gases were determined. Following

these trials, a space mission designated for collecting the solar wind was planned by Don

Burnett, a professor of Caltec. The mission plan nicknamed Genesis was approved by NASA

and was come off this year. The spacecraft was launched in August 2001. After 6 months for

approaching to the designating point, the spacecraft is to collect the solar wind for two years,

which will be eventually returned to the earth in September 2004. There are many scientific

purposes involved in the Genesis mission program, one of which is the determination of

chemical composition of the sola r wind. Radiochemical neutron activation analysis (RNAA)
will play an important role in analyzing the solar wind collected on the surface of silicon

collector.

We performed a preliminary experiment for assessing the feasibility of RNAA of the

solar wind. As the solar wind is to be collected on the Si plate, we analyzed the Si material. In
this experiment, Se and REE are chosen for quantitative analysis, because these elements are
of great interest for considering the abundance systematics confirmed in the abundance data
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currently disseminated. The Si material, which is supposed to be used for collecting the solar

wind attached on the spacecraft, was irradiated in the JRR-3M research reactor at the Japan

Atomic Energy Research Institute (JAERI) with a total neutron flux (fluence) of 3.7 x 1020

cm . After cooling for several days, the surface of the Si material was etched with acid to

remove possible surface contaminants and radiochemical separation was performed for the

purification of Se and REE. Gamma-ray activities of 75 Se and some REE radionuclides (153Gd

12Eu and io7) were measured with Ge detectors at Tokyo Metropolitan University and
Kanazawa University. We could obtain only upper limit values for all elements to be

determined; 7 x 10,'4 for Se, 6 x 10.14 for Gd, 2 x 10.16 for Eu and 7 x 10.15 for Th in g/gSi.

Combining these data with estimated amounts of these elements collected on the Si surface by

the Genesis mission, we came to the conclusion that these elements can be determined by

using a limited portion of the Si panel for RNAA. By designing chemical schemes, fairly

large number of elements can be simultaneously determined with using a single specimen by

RNAA.

5. Conclusion

As overviewed above, the NAA technique will be used widely in related with space

mission programs in coming years. Needless to say, the use of NAA is not limited to the space

sciences but is extended to a large variety of fields, In spite of these demands, the perspective

surrounding nuclear reactor, at least in Japan, seems to be pessimistic. Definitely, we need to

appeal to the public (and also to the govemnment) for the usefulness of research reactors.
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Table 1 Induced radioactivity (in Bg) in g of chondritic meteorite by PGA*
Target Produced Half life Induced activity (Bq/g) Induced activity (Bq/g)
nuclide nuclide at the end of irradiation after week cooling

thermal neu. cold neu. tealnu. cold neu.
23Na 24Na 15 h 95 1250 0.027 0.35

2Al 28Ai 2.3 min 1600 21000 0 0
45 Sc "Sc ~~~84 d 0.050 0.65 0.047 0.61

50Cr 5
1 Cr 27 d 1.1 14 0.92 12

58 Fe 59 Fe 45 d 0.17 2.2 0.15 2.0
59Co 60CO 5.3 y 0.09 1.15 0.09 1.15

1'Eu 1
1

2Eu 13 y 1.4x10' 1.8x10-4 1.4x10-5 1.8x 10-4

191i 192
Ir ~~Ir 74 d 0.0078 0.10 0.0073 0.094

*Under the same conditions as those for Table 1. CI chondrite composition (Anders and

Grevesse, 1989) was used.

Table 2 Experimental conditions for PGA, NAA and IPAA

Facility irrad. time Elements determined Reference samples
PGA JRR-3M, JAERI 2h H, B, Na, Mg, Al, Si, S, C1, K, Ca, Ti, NH14C for H and Cl

Cr, Mn, Fe, Go, Ni Na2SO4 for S
Allende' for Cr, Co,
Ni
JB- I for the rest

INAA JRR-3M, JAERI 10s Mg, Al, Ca, V, Mn JB-1
JR R-3M, JAERI., J mini Ga, Na, K JB-1
.JRR-4, JAERI 20mn KC, Ca, Sc, Cr, Fe, Co, Ni, Zn, As, Se, Allende"

Br, La, Sm, Eu, Lu, Os, Ir, Au, Hg

IPAA* LINAC, Tohoku Univ. 30mmn Si, Ca, Fe, Sr JB-1
LUNAC, Tohoku Univ. 6h Na, Mg, Ca, Ti, Cr, Mn, Fe, Co, Ni, Zn, NaCl for Na

Rb, Y, Zr, Nb, Ce MgO for Mg
Allende* for Cr
JB-1 for the rest

*The Smithsonina Institution reference sample. Data from E. Jarosewich (1987) (Smithson.

Contrib. Earth Sci. No. 27).
**In-.house standard. Data are from G. W. Kallemeyn et al. (1989) (Geochim. Cosmochim.

Acta 53, 2747).
* *Iraiae by bremnsstrahlung with 30Mev of end-point energy.
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