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A value of 3.7x10% yr (+10%) for the half-life of Mn®® was determined by a direct method in-
volving measurement of both the specific activity [(dis/min Mn®%)/(ug Mn)] and the isotope ra-
tio (Mn%3/Mn®®). The Mn®? specific activities were determined by neutron activation, and the
Mn®5/Mn>? isotopic ratios by mass spectrometry. A surface-ionization method was applied
using a rhenium single filament with the sample mounted in a silica-gel layer. This technique
gave a stable and enhanced ion beam of Mn*. One source of Mn®® was an electroplated Cr tar-
get bombarded by 15-MeV a particles in a cyclotron. The other source of Mn®® was the Mn
fractions extracted from iron meteorites by carrier-free processes. Activities of 10 dis/min
Mn®% and 2000 dis/min Mn®* were obtained with about 2 pg of Mn®® from the Cr target. The
isotopic ratio Mn®>/Mn® was 750. Activities of about 1 (dis/min Mn®3)/(ug Mn) and isotopic
ratios Mn®"/Mn® of 3000-4000 were obtained from the iron-meteorite extracts.

1. INTRODUCTION

The half-life of the long-lived nuclide Mn®® has
recently been studied by several methods. The
published values for the half-life, however, are
still scattered in a wide range between 108 to 107
yr with high uncertainties. A reliable figure for
the half-life of Mn®® will provide one of the most
important items of basic data in the studies of cur-
rent cosmochemical problems involving the fossil
records of natural nuclear interactions found in
extraterrestrial materials over time scales of the
order of the long-lived nuclides Be' (T,,,=2.7x10°
yr), Al%® (7.4x10° yr), and other nuclides.’

In general, the most reliable result for this
class of long-lived activities is obtained by a di-
rect method that includes an absolute disintegra-
tion measurement by radiation counting, and an
isotopic-ratio measurement of the radioactive iso-
tope relative to some stable isotope by mass spec-
trometry. Some serious difficulties, however,
arise with this method for Mn%. The preparation
of suitable samples to be tested, the determina-
tion of a very low content of Mn*® relative to Mn®5,
and a very low specific activity of Mn®? relative to
Mn®* (T,,, =303 days), an interfering by-product
in artificial samples, all offer serious problems.

The indirect methods have given some indica-
tions of the half-life. From the considerations of
the nuclear spin and nuclear-reaction yield data,

a value for the half-life was estimated by Sheline
and Hooper? to be 2x10°% yr. Although this value
seems to be the correct order of magnitude, it
has been used widely for a long time for lack of
other strong empirical estimates.

Some stone meteorites which have been irradi-
ated by galactic cosmic rays for not more than
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107 yr contain Mn®® activity as high as other me-
teorites of much longer exposure. This indicates
that secular equilibrium with the decay rate or
activity equal to the production rate has already
practically been obtained and hence that the half-
life of Mn® is short compared with 10" yr. On
the other hand some iron meteorites which have
sufficiently long terrestrial ages so that much of
the C1®® has decayed, still contain high Mn®® ac-
tivities. This indicates that the half-life of Mn%®
is long compared with 3 x10° yr, probably longer
than 10° yr. From such cosmochemical evidence,
Kaye and Cressy® estimated (1.9+0.5)x10° yr as
the best estimate for the half-life of Mn%, based
on radiochemical data of particular meteorites.
The reliability naturally depends upon the radio-
chemical determinations of Mn%, Be!°, and other
isotopes in the meteorites, and these determina-
tions may not always be accurate enough to ex-
tend this argument.

Matsuda, Umemoto, and Honda* recently report-
ed on another indirect method. Since the activi-
ties of Mn* and Mn®* are almost nearly equal at
the time of fall for meteorites of long cosmic-
ray ages, the production ratio of Mn%/Mn* from
high-energy spallation on Fe is nearly unity. As-
suming that the production ratio is the same for
artificial bombardment by 730-MeV protons, the
activity ratio of Mn®/Mn® in the target will be
the inverse ratio of the half-lives of Mn®® and Mn®*.
Using a neutron-activation technique®® to deter-
mine the Mn® and Mn> activities in a 9-yr-old
iron target which had been bombarded by 730-
MeV protons, Matsuda, Umemoto, and Honda*
calculated a value for the half-life of Mn>® of
(2.9+£1.2)x10° yr. It should be noticed that these
two estimates are both based upon the assumption
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of constant cosmic-ray flux.

For the direct empirical method, the Mn ex-
tracts from iron meteorites provide useful sam-
ples. The Mn extracts from the Canyon Diablo
iron meteorites were examined by Hohlfelder” us-
ing mass spectroscopy. The mass spectrometer
has a high-abundance sensitivity employing a dou-
ble-focusing system. This result, (10.7+4.5)x10°
yr, was the longest half-life yet given for this nu-
clide. The high value is hardly understood from
the above-mentioned cosmochemical considera-
tions. If the difficulty is experimental, it could
be mentioned that the sample employed was of a
very low specific activity in Mn®%; ca. 0.06 (dis/
min Mn%%)/(ug Mn).

In view of the earlier studies and their discrep-
ancies, it became clear that a sample of a higher
specific activity should be prepared for mass
spectrometry and, at the same time, the Mn® in
the sample must be low enough to allow a neutron-
activation measurement of Mn*3.

As was suggested in our previous paper,® we ex-
tracted such Mn samples from two sources. One
was an artificial, a-ray-bombarded chromium
target. The target by-product, Mn®*, was fairly
low, only about 102 times the Mn® activity. The
presence of such a level of Mn%* causes no dif-
ficulty in the Mn5® activity measurement. By us-
ing the Mn®%(n, y) reaction, about 10° times the
activation of Mn® into Mn* is routinely access-
ible using a reactor with about 3 x10® »n/cm? to-
tal dose. Contamination of Mn in the chemical
extractions was limited to the order of 107¢ g.
The final extracts were about 4 times superior

to any of the meteorite extracts, the other source
of Mn*3, which is described below.

From iron meteorites about 0.3 to 0.4 (dis/min
of Mn%%)/(g meteorite) were extracted along with
0.2 to 0.3 ppm Mn®® as was reported in the previ-
ous paper.® This contamination of Mn has been
found to be unavoidable and fairly constant among
meteorites. The level of spallation products
which have accumulated in space during the ex-
posure age of several hundred million years must
be at least ~0.1 ppm. About 1 (dis/min Mn%®)/

(1g Mn) are therefore available almost indepen-
dent of the meteorite sample.

The limitation to the specific activity is obvious
for the meteorite samples, but a much higher
specific activity is available from artificial bom-
bardment. Both sources seem to be useful for the
determinations, and the Mn®®/Mn® ratios have
been estimated in the range from 0.7 x10° to 4 x10°.
Ratios in that range can be determined by ordinary
settings of a conventional single-focusing mass
spectrometer with a reasonable accuracy when any
impurity such as Cr®® does not seriously interfere
with the mass spectra.

II. EXPERIMENTAL

A. Preparation of the High-Specific-Activity Samples

1. The artificial Mn*® sample. As was already
reported in our previous paper® a chromium tar-
get was bombarded by 15.2-MeV « particles.
Mn?*® was produced by the Cr%°(a, n) and Cr*%(a, p)
reactions. The target was a thick copper plate
with a thin, 70-mg/cm?, electroplate of natural

TABLE 1. Determination of Mn® activity by neutron activation in a-bombarded Cr target. Sample: aliquots of Mn
extract from 15.2-MeV a-bombarded Cr target (No. 2), a total about 2 ug Mn was found in the extract; irradiation:
JRK 3 VG, 273.5 h (Japan Atomic Energy Research Institute, Tokai-mura, Japan); total flux: 1.3x10!%%/cm? All
Mn® activities were corrected for decay to the date of neutron irradiation. Errors indicate 1 standard deviation. Mn%
y-ray counting was performed with a 13-in.~diamx 13-in. (1.3-cm-diamx 2.0-cm well) NaI(T1) detector, counting effi-
ciency (835-keV photo peak): 8.8%, background: ~1 counts/min.

Mn® before Irradiated Total Mn%4 Mn®¢ produced Mn®!(dis/min)
irradiation Mn Fe after irradiation  from Mn%(x, y) Mn®% Mn®3(dis /min)
Sample (dis/min) (ug) ug) (dis/min) (dis/min) (dis/min) in sample
Aliquot 1 88.4+3.0 oo 1.0 367+12 279+12 0.567 156+92
(5% of total)
Aliquot 2 48.5+2.1 RN 1.2 201+7 1527 0.309 157102
(3% of total)
Mn% standard 29.3b 4.4 2.0 204 £8 175+8 (0.356)
(0.356 dis/min)
Fe reference s vee 4600 82+5
Mn reference see 4400 14 6.1+2.3

216 +9 on the date of & bombardment. Total 11.0 dis/min Mn®? and 2370 dis/min Mn% were found to be produced

after the @ bombardment.
b Mn% added as tracer.



1184 M. HONDA AND M. IMAMURA 4

chromium, 2 cm by 6 cm. The o beam hit an el-
liptical area of 0.5 cm by 3 cm. The bombard-
ment was carried out using a cyclotron at the In-
stitute of Physical and Chemical Research,
Saitama, Japan. The beam current was about 20
LA and the total dose was 1.9 C or 6x10'® a parti-
cles during the continuous 25-h run. From this
run, we expected a production of about 10 dis/min
Mn®, assuming T, =~4x10% yr, 400 mb for the
effective mean cross section and 22 mg/cm? Cr
for the available thickness of the target. The pro-
duction of Mn®* as a by-product, by Cr%(a, d)Mn®*
reactions where @ =-10.6 MeV, was extremely
low, with an effective cross section far lower than
1 mb in this energy region.

After bombardment the target was dissolved in
HCI and a carrier-free extraction of Mn was per-
formed. A two-stage anion-exchange separation
of Mn from Cr was performed in concentrated
HCI solution. The activity of Mn%* was useful as
a tracer in the extraction steps.

According to neutron-activation analysis 11 dis/
min of Mn* were produced and most of it was re-
covered in the extracts along with 2000 dis/min of
Mn®* and about 2 pg of Mn (Table I).

Because the presence of Cr® interferes directly
with the determination of Mn*® in the mass spec-
trometry, a thorough removal of chromium from
the Mn fraction was necessary. For this purpose
the last steps of the purification were carried out
as follows. The pH of the solution was adjusted
to about 9 by an acetate and tartrate mixture after
addition of ascorbic acid. The alcoholic solution
of TTA was added and the Mn-TTA complex was
axtracted into ethylacetate. The complex was
back-extracted with dilute HNO,. The nitric acid
solution was evaporated and the ammonium salts
were decomposed with aqua vegia. The Mn frac-
tion was dissolved in a few drops of 5 M HCL +40%
isopropyl alcohol solution and was adsorbed on a
2-ml column of anion-exchange resin. The col-
umn was washed with 4 ml of the 5 M HC1 +40%
isopropyl alcohol solution and Mn was eluted with
2 ml of 6 M HC1.

Finally the Mn fraction was evaporated in a
small (1- to 2-ml capacity)silica crucible and 60%
HC1O, was added dropwise. After each drop of
HC1O, was added the crucible was heated to elim-
inate HCIO, and to decompose the Mn salt to the
form of a stain of brown oxide. In this final step,
which was repeated three times, the last trace of
Cr could be removed from the sample. Using a
Cr®! tracer, the effectiveness of the removal was
monitored. After the removal of the trace of chro-
mium by HCIO, treatment the residue in the silica
crucible was converted to a soluble salt form by
a gentle heating with HC10,. Flame spectropho-

tometry was applied for the Mn analysis in the ex-
tract. The over-all recovery of purified Mn from
the target was about 55%.

2. The natural Mn*® sample. Several iron-me-
teorite specimens were used as a source for the
natural Mn®®. The activity of Mn®® has already
been determined in several meteorites, and thus
suitable specimens could be chosen. The mete-
orites Thunda, Treysa, Grant, and Carbo were
used.® A carrier-free recovery was performed
similar to that performed on the artificial target
sample described above. A carrier-free Mn® trac-
er (200-500 dis/min) was used to determine the
chemical yield. The 5-10-g meteorite specimens
were dissolved in aqua vegia. Isopropyl ether was
used to extract iron, and anion exchange in HCl1
solution was performed to separate Mn from Co,
Ni, and other metals. Further purification by cat-
ion exchange with elution in 1 M HCI1 was followed
by anion exchange in the isopropyl alcohol system,
etc., described previously. The chemical yields
ranged from 70 to 90%. The content of Mn® in the
final extracts was directly determined by neutron
activation. Atomic absorption was also applied
for the Mn analysis. The specific activties of the
extracts were estimated both from chemical-re-
covery data and from direct-activation analyses.

B. Mass Spectrometry of the Mn Samples

An AEI-MS 5 surface-ionization-source mass
spectrometer, R =30 cm and 90° deviation, was
used with an electron multiplier attached to the
collector, a digital voltmeter with a sensitivity of
1 pV (6 digits), and a printer. Usually the output
of the voltmeter was printed every 0.2 sec to give
peak-height readings. To obtain a stable and en-
hanced ion beam of Mn*, the sample was support-
ed with silica gel placed on a rhenium ribbon (0.75-
mm X0.25-mm) filament.*° By this method with
0.1 pg of Mn a sufficiently stable ion beam of
10~ to 107'® A was available for at least a few
hours. This technique was also found to be useful
in eliminating chromium interference with increas-
ing filament current. The peak heights of Cr5? de-
creased to less than 1073 of the Mn®® peak. Any
organic compound peak at M /e =53 seems to be re-
duced to an insignificant level in the presence of
SiO, gel. A high resolution of about 600 was ob-
tained with a narrow collector slit of 0.2 mm.
Without the silica-gel support, using a triple-
filament setting composed of two Ta filaments for
the side and a Re for the center, any hydrocarbon
contributions appearing at 53, such as the C,
group compound, was separated from the top of
the Mn® +Cr5® peak at 52.95 by a distance of about
1.5 times the width of half maximum of the metal
peak.
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One serious problem in this experiment was the
appearance of a faint unidentified background or
ghost at M/e=53. In the presence of more than
0.1 pg Mn, this background, however, was less
than 10% of the signal of Mn® appearing in mete-
orite sample. The background contribution did
not seem constant throughout the run, which start-
ed with a lower filament current such as 2.0 A
(1000°C as measured by an optical pyrometer)
and ended with 2.5 A (1150°C) or a higher current.
In this work, this background contribution caused
the largest uncertainty in the isotopic measure-
ments. The contribution usually decreased grad-
ually with time. The origin was certainly neither
from any organic materials composed of H, C, N,
and/or O, nor from ClO*, Cd**, Pd**, or ZrO**.

The amounts of Mn in the meteorite samples
mounted were sometimes as low as 0.1 yug. In
such cases a small reduction for the 53 peak
should be made. It was simply assumed that the
background contributions were variable from 2
x10* to 2 x10° in the 55/53 ratios with +100% er-
rors corresponding to from 0.1 to 1 xug Mn mount-
ed. With smaller size samples with 55/53 ratios
much higher than 10, this ambiguity might have
been very serious.

Some examples of the mass-spectroscopic data
are tabulated in Table II, and an example of the

mass spectra is shown in Fig. 1. The data indi-
cate that the peak-height ratios I%%/I° observed
were essentially independent of measuring condi-
tions or stages of the run. The Cr%® contribution
to the Mn%® +Cr® peak was calculated from the ob-
served Cr®2 peak height assuming a fixed ratio for
the Cr.

III. RESULTS

The results obtained in this work are all sum-
marized in Table II." In this table, any systemat-
ic absolute error in the Mn% activity standardiza-
tion and the systematic mass-discrimination effect
were not taken into account. From the chromium
target sample, a value of 3.6 x10° yr was obtained
with a high reproducibility. From meteorite Mn
samples, figures of about 5% higher were obtained.
The errors attached to the meteorite sample val-
ues were also somewhat higher than for the chro-
mium target values. The essential agreement,
however, found in two entirely different sources,
artificial and natural, seems to be excellent.

In addition to the statistical error shown in the
tables, there are two possible sources of system-
atic error in our value of the Mn®® half-life. The
first is associated with the determination of the
specific activity of Mn®® in dis/min pg. The cal-
culation of the specific activity required the

TABLE II. Examples of mass spectrometry of Mn samples.

Filament Peak-height ratios
current No., of I% /1% I55/150 Representative value
(A) peak group 2 (Mn55/Cr5?%) (Cr® subtracted) for 1% /15
Cr target, 0.4 ug Mn
No. 2
2.15 15 60-80 730 £ 60
2.25 10 ~100 746 +40
2.40 15 ~150 757+£32
2.50 9 200-350 743 £30 75030
2.60 8 ~600 730 £46
2.75 4 ~1000 ~770 (unstable)
Thunda, 1 ug Mn
(iron meteorite)
2.20 15 350—600 3700 £300
2.30 21 200-1700 3600 +£250 3700 +200
2.42 10 1600-2000 3770 +200 }
Reagent Mn, 0.5 ug Mn
(chemically processed) ¢
2.05 4 ~200 =104
2.12 8 200—500 2x10% - 10°
2.25 3 500-1000 2x105->3x10° =>10°
2.35 6 5000-8000 10% - >2x 105
2.48 7 ~10* 105-108

 One peak group includes one full return, up and down, magnetic mass scan between 52 and 55.

b Errors indicate 1 standard deviation.,

¢ Passed through cation-exchange and anion-exchange separation steps,
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measurement of a Mn® reference sample of known
activity and an analysis of the content of Mn in the
various sample solutions.

Our Mn®? reference was extracted from the
Grant iron meteorite!? and was calibrated by di-
rect x-ray counting using a Mn* source supplied
by the Laboratoire Métrologie de la Radioactivité,
France. The source was guaranteed to be accu-
rate to +1.5%. Our calibration error was estimat-
ed as 5%. For the chemical analysis of Mn, we
assumed an error of 2% which includes all possi-
ble systematic errors.

The second source of systematic error is asso-
ciated with the mass-spectrometric measure-
ments. An error of 2% is related to the mass-
discrimination effect of the instrument, conven-
tionally expressed as (55/53)'/2. In addition, we
have assigned a conservative error of 2% to the
peak-height-ratio determinations. We use this
error simply because of uncertainties in measur-
ing the narrow peaks of the higher abundance ratio.
Both errors must be increased because of an addi-
tional factor arising from subtraction of the Cr®?
contribution to the M/e =53 peak. Usually the Cr®
contribution was of the same order or less than
that of Mn®. This means that the estimated error
for mass discrimination and peak height should be
about 4% each.

Based on the above considerations, we estimate
+8% as the systematic error in this experiment.
Combining this systematic error with the statisti-
cal error of 6% shown in Table III, we may ex-
press the half-life of Mn® as

T,,,(Mn®) = (3.7+£0.4) x10° yr .

IV. DISCUSSION

In this work a value of 3.7x10°% yr was obtained
for the half-life of Mn®® by direct measurements.
This figure does not agree with any of the previous
estimates, except the one of 2.9+ 1.2 x10° yr which

I Ino"‘n I 1
5x10'4A JL 5x107*A L
ss 54 53 52 5 51 52 53 s4 55

Mn Mn Cr Cr Mn Mn
Cr — Cr

1 Min

FIG. 1. Example of mass spectra of Mn®®, Sample: Cr
target No. 2; amount of Mn mounted: ca. 0.4 ug; specific
activity of the extract: ca, 6 (dis/min Mn%)/(ug Mn);
filament: rhenium ribbon, 2.7 A; electron-multiplier
gain: 4x10% peak at M/e=53: ca. 90% Mn® +ca. 10%
cr®®; Mn®°/Mn®? observed: 750+ 30. For actual peak top
readings a slower scan speed was employed, and discon-
tinuous scannings were performed.

was estimated by the authors based on an indirect
method.* A new figure obtained in this work may
be applied directly in several current investiga-
tions in the fields of nuclear- and cosmo-chemis-
try. The following may be mentioned as directly
relating to the topics in the latter field

A. Fossil Records of Nuclear Interactions
in Extraterrestrial Materials

Mn®? will inform us of a history up to about 5
x10°® yr, the mean life, in any extraterrestrial
sample. The history is then the oldest among the
records of the long-lived nuclides such as Be'’,
Al%%, and others. In this respect, the compari-
sons of Mn*® content with the solar cosmic-ray
track observations found in the surface of lunar
rocks may be interesting.®*1%

53
B. Mass Spectrometry of Mn

Routine Mn*® measurements in iron meteorites
will be possible with 1-g samples. For this pur-
pose, however, a more extensive purification of
silica gel for mass spectrometry might be useful.
This method is more sensitive than direct low-
background x-ray counting, though less sensitive
than the neutron-activation method.

On the other hand, for the samples which con-
tain a high Mn%* activity, such as artificial sam-
ples extracted from bombarded targets where the
activity ratio of Mn®3/Mn®* may be in the vicinity
of 107, the determination of the Mn®® is best done
by mass spectrometry when the Mn®® contamina-
tion is small.

C. Cross-Section Determinations

For the reaction Mn%(n, y)Mn®!, a figure of 350
+ 50 has already been obtained for the “activation
factor,”® a practical term, expressed in (dis/min
Mn®%)/(dis/min Mn%®) per 10'® n,/cm?®.*®* From the
T,,, of Mn*®, o(n, y) is directly calculated to be
80+ 10 b. When we take 360+ 30 for the “activa-
tion factor” from the more accurate data obtained
in our current experiment, we obtain ¢=82+7b.

In our previous report,* relative spallation
yields for Mn®® and Mn®* were measured in an iron
target bombarded with 730-MeV protons. Using
the new T,,, for Mn®, we obtain ¢(Mn*®) =371+ 15
mb in contrast to ¢(Mn®*)=30 mb."” Though a rel-
atively high uncertainty exists, spallation cross
sections were found to be essentially the same for
Mn** and Mn®, as assumed in our previous report.

For the calculation of Mn®® production by spalla-
tion and by lower-energy reactions with protons,
direct cross-section measurements with acceler-
ators will be informative. For this the half-life
is used directly in providing the absolute cross-
section data.
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