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Neutron Activation Analysis of a
Particle Returned from Asteroid Itokawa

M. Ebihara,™ §. Sekimoto,” N. Shirai® ¥. Hamajima,” M. Yamamoto,” K. Kumagai,* ¥. Oura,*
T. R Ireland,® F. Kitajima,® K. Nagao,® T. Nakamura,” H. Naracka,® T. Noguchi,® R. Okazaki,®
A. Tsuchiyama,* M. Uesugi,*® H. Yurimoto,** M. E. Zolensky,** M. Abe,*® A Fujimura,*®

T. Mukai, ™ ¥, Yada*®

A single grain (-3 micrograms) retumed by the Hayabusa spacecraft was analyzd by neutron
activation analysis. This grain is mainly composed of olivine with minor amounts of plagioclase,
trolite, and metal. Owr results establish that the Hokawa sample has similar chemi@l characteristics
(iron/scandivm and nickelicobalt ratios) to chondrites, confinming that this grain is estraterrestrial
in origin and has primitive chemical mm positions. Estimated iridium/midel and irdium/cobalt
raties for metal in the livkawa samples are about five times lower than I carbonaceows chondrite
valves, A similar depletion of iridium was observed in chondrule metals of ordinary chondrites.
These metals must have condensed from the nebular where refractory siderophile elements already

condensed and were segregated.

9 May 2003 and reached asterid 25143

Iokawa in Sepiember 2008 (7). After ac-
complishing numerous scientific observations
{2, 1), the spacecraft miod o collect surface ma-
terial from Holawa by ouching down o the as
teroid in Movember 2005 (). The spacecra ft then
navigaied back to Earth, Despiic encounicring
several difficulties, Hayabusa finally retumed to
Earth on |2 June 2000, and its entry capsule was
sucosssfilly rocovered. Although the sample col
loction was mot nominally performed, it was hopod
thet seme extraterrestrial material was stored in
the capsule. Afler carefil and exiensive exami-
neation, mone than | 56 particles were recognized
by microsoopes, most of which wene eventally
judged i be extratemestrial, probably onginating
from olawa (5.

TTH: Hayahwsa spacecraft was launched on

l[:-e;n.!|'|m=r| of (hemitry, Totp bt mopolitan Uiversity,
Hackiog, Tolyn 19240797, lapan. “iyde Uniesity Resarch
Reactor |nfite, Kumetor, Ok, Japan, MLow Lewsl Radio-
actrity Lab, Kanazawa Unieenity, Tatsunokadhi, Japan. ‘R
sech School of Eath Somos, The Awstraion Wafional
University, Canberm, Austmbia. “Department of Eath and
Planetary Scences, Kyurshu University, Fuloda, Jagen,
chcrrnc.l Reseuch Ceavier, The Uniresssity of Taky, Takyn, Japan.
"Depaament ol Easth and Panctary Materid Séence, Tohdiu
Univessiy, Sendyi, lpan. “oliege of Scence, Tk Usi-
wersity, Mito, Japan. *Depustment of Eath and Space Science,
Osalka Uniiversity, Toponaks, Japan. “insttnte of Space and
fetronanticd Scence Jipmn Asropace Epboagtion Agency.
Sagamihaa, Kaugews, Japan Uiasard History Sicences,
Hokksido Unewity, Sappom, Japan. “HASK Johreon Space
Center, Howston, TX THO58, LS
*To whom conespondence should be addwased. E-mail:
ehihao-mitungtmaeacjp

W analyzed one of the largest grains retumed
by Hayabusa (RA-QDI2-0049) throwgh instn-
menital meutton activation analysis (INAA ) We
wsod a scanning ¢lectron microprobe ( SEM) to
perfom the initial chamcerizaton of tis grain
at the receiving mom at nstitte of Space and
Astronautical Science, Japan Aerogace Explo-
ration Agency. The SEM mesults indicate that
the particle i alarge crystal of olivine (Fig 1A),
and small inclusions of troilite are contained in
this olivine (Fig 1B). In addifion, small pisces of
silicairs are attached on the surface of olivine
{Fig. 1B). Before assaying to INAA the sample
was rineod with ethanol fior e inepoction of or-
ganic materials at Kywshu University, Fulanka,
Japan, where the rinsed sample was also anabtyzed
by a Raman spectromeier for the characieriza-
tion of cabonaceous compounds. The ample
was then carefully placed inte & quarte sample
holder for newtron imadiation at Kyushu and
brought to the Kyoto University Ressanch Re-
actor Indtitue (KURRI), Kumatori, Osalea, Tapan,
Along with reference standards, the holawa
samle was imadisied with newtons at a themal
weutren fliz of 82 « 10°? emi5™! for 19 hours.
After imadiation, the quartz holder was replaced
with a new {neomi rradiaied) one to medoce the back-
ground radioact vity diring ganma-ray counting.
Dring this poocodure, the sanple was split into
five snuall grains, the lagest of which was named
B A D2-0049- 1. The renaining four smaller
grains were placed together ini one sample
helder and named BA-C) IN2-M49-2. Together
with reference standands, both samples were

measured for their mdicactivity at KURRI for
the first three weeks and then at the Low Level
Radicactivity Laboratory of K anazawa Univer-
sity, Tasunokuchi, Kanazawa, Japan, The de-
tailed procedure for INAA is described in the
supporting online maierial {SOM).

Both samples have similar chemical compo-
sitions, suggesting that the grain i fairly homo-
geneols in its chemical compostion ( Table 1),
Accordng to te surface observation by SEM,
grain BLA-QDOI2-D049 is composed mainly of
olivine, with plagioclase and troilite as trace
components. A slightly high MNa content for
BLA-QDO-0049-1 sugoest that it & somewhat
plagioclase-rich relative to RA-QDN2 (d0-2.

A

Fig. 1. Badc-scattered electron image of a whole
view (A) and a partial view (B of bokawa particle
RA-QDO2-0045. (A) The particle s almost exduwsive-
ty made of olivine with minor amounts of what are
probably plagioclase and opague inclusions mostly
of troilite. (B} Enlarged view of the boxed areain (A)
where some troilite (Ir) indusions are cbsened
Many small pieces of silicates deposit on the surface.

www.sCiencemag.org  SCIENCE  WVOL 333 26 AUGUST 2011

Downloaded from www.sciencemag.org on August 20, 2011
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Impurities in a 22Si-Enriched Single Crystal Produced for the
Realization of the Redefined Kilogram

Marco Di Luzio,-:-':t Attila Stopic,§ Giancarlo D'Agosti.no,*‘-;-
and Massimo Oddone*

§ . ¥
John W. Bennett,” Giovanni Mana,

Istituto Nazionale di Ricerca Metrologica (INRIM), Strada delle Cacce 91, 10135 Torino, Italy
*Department of Chemistry, University of Pavia, via Taramelli 12, 27100 Pavia, Italy

*Australian Nuclear Science and Technology Organisation (ANSTO), New Illawarra Road, Lucas Heights, New South Wales 2234,
Australia

Anal. Chem., 89, 6214-6317, 2017.
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ABSTRACT: The practical realization of the unit of mass is

H < & He
possible by manufacturing a perfect one-kilogram sphere froma & duntifieaion e v
2Gi-enriched single crystal. The mass of the sphere can be L1 Be) gy dotestion thok BICINIO|(F INe
determined in terms of a fixed value of the Planck constant by N“ W EILIE C' Ar

counting the number of silicon atoms in the core of the single
crystal. To reach the target 2.0 X 107 relative standard
uncertainty, the mass of the surface layer and the mass deficit
due to point defects such as impurities and vacancies must be
investigated and corrected for. A sample of a *Si-enriched single
crystal produced to test the possibility of obtaining material at a
scale useful to the dissemination of mass standards was
measured by instrumental neutron activation analysis to check
the purity with respect to a large number of possible
contaminant elements. The results collected in a neutron activation experiment performed with the high thermal neutron

KCeSt'l’lVCerFeOuNICuZnGoC.A:Se&Kr

.......................

Ro S ¥ 26 No Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
Cs Ba La Hf Ta W Re Os Ir Pt AuHg T Pb Bi Po At Rn
Fr Ra Ac Rf Db Sg Bh Hs Mt Ds Rg Cn Nh FI Mc Lv Ts Og

...............

('APrNdeSmEquTbWHoE‘TmeLu
ThPoUNpDuAmCmBhC' BFdeNoLl

flux available at the 20 MW OPAL research reactor are described. The data collected in this study showed that the produced
material has a purity level never achieved with silicon used to manufacture previous one-kilogram spheres.

ANSTO, OPAL research reactor(6 X 1033em™2s71)C300 s. 116.7 hBEBG12 v #BIEUE

[ REETS SR TRy T _

Cr 27.7d

1925.3 d

12.7h
14.1 h
26.2 h

35.3h
1.68d
23.7h

(1.40 + 0.14) x 10712
(7.6 + 1.5) x 10~ 14

(6.9 + 1.2) x 10710
(3.1 +1.0) x 10713
(1.28 + 0.47) x 10~12

(1.80 + 0.30) x 10713
(7.14 +£0.71) x 10714
(6.87 + 0.42) x 10712

Zr, Sn,

Cu
Ga

Cl, K, Ca, Ti, V, Fe, Ni, Ge, Rb, Sr, Y,

a, Er

l, B

L BR{E (kg kg)
< 4.5x 10716

Na, Ar, SC, Mn, Zn, Se, Mo, Ru, Pd,
Ag, Cd, In, Sb, Te, Cs, Ce, Pr, Nd,
Sm, Eu, Gd, Tb, Dy, Ho, Tm, Yb, Lu,
Hf, Ta, Re, Os, Ir, Pt, Hg, Th, U

<1x10"1

<1x1077 ~
10—11
<3.0x1077

<23x107°
<7.0x1073

<1x
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WK [YK/K=1.167x10]

3R (88.8%)
A p=4.962X10"%

4Ca

EFHEEE01.2%)
A.=0.581X10"%y

40AT A=A +4 '3=5.543 x 10'10/)?
£/ A )=1218 5 THF
K-Ark 40Ar/®ArE
S K—E ) | o
40,
ArER (RESHED) ime
; —— $K — &_’ wAr
Kzl (LAmR) P
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(WK/YK=1.289x10) FIf k47 (HEAHTED
BATRIRT b T & e Jw«o%g B A2 Rl ORI K & HOATRIBA 1 ¢ FEC I - B
1
T HnGE T-FisAE )
“0Ar=F40Ar-205,5%Ar »
“OK=Kx1.167x10 J = 5 2 A(E)oE)IE

sAr: T L WK B L A-39Ar
A PETERERH
(E): I FNF—ETOPETIER
cr(E) I % MAF—ETOPEFHRENER

1 K-Ar, PAr/®Ar SEA0RE B O R

FHE=. BIFA. K-Ar, 40Ar/39ArEIC &5 FE =N ILEDOERBIE DR IKEFT K., BREMHEES Vol 64, 63-70, 1999

FEFEEF EI0.8 mmAOCAETERPEFZRV\TEET S,
KUR:1 MW GERRM4EF1.9%X1012n/cm2s, 10 h) 5MW GEF$F5.95%X1012n/cm2s, 2 h)
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