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analysis of (6b) shows that for o. &0, a continuous
displacive transition will occur at some X, (n)
with A.,(o) an increasing function of o.. An inter-
esting feature of this instability-driven transition
is that the transition becomes increasingly sharp
as n -0. Thus, if this were used to model a real
physical system, a case could occur in which it
would be impossible experimentally to determine
that the transition was not first order. The re-
sults for (6b) are as shown in Table I.

In conclusion, a clearer picture of the transi-
tion found in Ref. 4 is now available. In the ab-
sence of a symmetry-breaking term there should
be no transition. In the presence of one (which
could be implicitly introduced through the MFA),
there should be a second-order transition. These
results are for an idealized model. In a real,
physical system, there should be at least a weak
symmetry-breaking term. Then, since the tran-
sition is of the instability-driven type (with the
instability of the Coulomb lattice providing an ef-
fective "hump" for the TO mode} there would be
a sharp second-order transition with almost a
first-order character. If this were accompanied
by, for example, a lattice distortion, the transi-
tion could be a real, first-order transition.

Thus, the first-order character of either the
MFA or SPA treatment of the instability-driven
transition should not be considered spurious, but
rather a strong indication of the inherent instabil-
ity of the system.

We are especially appreciative of a critical ex-
amination of our results by W. J. Camp.
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The half-life of Be has been measured to be (1.5+0.9)X 106 yr, a value in significant
disagreement with the previously accepted value of (2.7+ 0.4) &&10 yr We disc. uss sev-
eral implications of the revised half-life,

Cosrnogenic radionuclides having very long
half-lives can be useful dating tools in a number
of astrophysical, geophysical, and cosmochern-
ical problems. One of the most prominent of
such species is the nuclide "Be, which has sig-
nificant applications in studying the history of
cosmic rays, ' meteorites, ' lunar samples, '
marine sediments, ' and polar deposits. '

The generally accepted' half-life of 'cBe is (2.7
+ 0.4) &&10' yr, a value based on two separate ex-
periments carried out more than 20 years ago."
We have become interested in the question of the
accuracy of this number because of its impor-
tance in trying to "date" cosmic-ray ages. ' Al-
though we had no reason to suspect a large error

in the accepted value, we felt its widespread
use warranted an attempt to reduce the error
limits. While we have not yet succeeded in that
goal, we have found a value which is in strong
disagreement with the older number, and which
should have important implications in a number
of fields of study.

The two essential quantities in the determina-
tion of any half-life which is too long to be fol-
lowed directly are the decay rate and the number
of atoms of the decaying species. Usually the
former can be measured directly, while the latter
is obtained by a mass-spectrometric comparison
of the radioactive nuclide and a stable isotope.
The main problem with the second step is the
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difficulty in having a sufficiently small stable
radioactive ratio for a good spectrometric deter-
mination, while sti11 having enough stable species
for an accurate analytical analysis.

In the present work we have taken a somewhat
different approach, avoiding the stable isotope.
Essentially, our method consists of measuring,
by two separate techniques, the relative nuclear
cross sections for production of the two radioac-
tive species 'Be and "Be. One of these techniques
is directly dependent on the half-life of ' Be,
while the other is independent of this factor.
Thus, by comparing the two determinations, we
are able to extract the correct half-life.

The system we have chosen for this study is
the high-energy proton spallation of '~C. The de-
tails of the two experimental techniques have
been described elsewhere, and we only brieQy
summarize them here. A high-purity graphite
target was irradiated in the internal beam of the
Orsay (150 MeV) or CERN (600 MeV) synchro-
cyclotron for -30 h. The carbon was then burned
in air, with the resulting spallation products
being deposited on a gold disk (with -90% efficien-
cy in the case of Be). After heating under vacu-
um to remove Li, the cross-section ratio o("Be)/
a('Be) can be determined directly from this de-
posit with our sputtering mass spectrometer. '
Thus one has

oPoBe) P(ioBe)
c('Be) e('Be)

where H is the directly measured peak height,
y is the discrimination factor of the mass spec-
trometer, A. is the decay constant for Be, and
t is the time since irradiation.

Using similar deposits, we than applied a tech-
nique which we have recently developed for mea-
suring 'oBe from B targets. The Be isotopes
were dissolved off the gold disks in a dilute HCI

solution containing several milligrams of Be
carrier. The Be was then precipitated with

NH, (OH), converted to the oxide and introduced
into the isotope separator SIDONIE. " The two iso-
topes 'Be and "Bewere collected simultaneously
as BeCl' ions and their disintegration rates de-
termined by y-ray and low level P-particle count-

ing, respectively. Kith this procedure one de-
termines the same ratio as

o ("Be) (CN/dt)xo„~t, ("Be)
o('Be) (dN/dt)vs, f ~,('Be) (2)

where dN/dt and t, /2 are the disintegration rates
and half-lives, respectively, for the different
species. Combining Eqs. (1) and (2) one thus has
immediately that

(dN/df)7. . e("Be),
'& ("")=(dN/df), .",."+"")e( B.) ". (3)

The results of our two experiments are sum-
marized in Table I, where the various quantities
entering into Eq. (3), and their estimated errors,
are given.

Values for the ratio o("Be)/o('Be) from carbon
targets have previously been published. ' They
were remeasured here using the same targets
as utilized in the separator experiment in order
to avoid any systematic errors which might arise
from different irradiations. The values of P(' Be)/
H('Be) listed in Table I, when corrected for y',
are (within experimental error) in agreement
with the published values. In all previous Be
work the value for y has been interpolated ~ be-
cause Be has only a single stable isotope. Re-
cently we have undertaken to make a direct mea-
sure of this factor, and the value given in Table
I is a, preliminary result of that work. Unfortu-
nately such a direct determination poses several
difficulties, and the uncertainty in this factor
remains the largest source of error in the present

TABLE I. Measured parameters for the determination of Be half-life as given in Eq. (3).

Run No.
Count rate

("Be)
(d iv/td)g Os

(10 ~ dis/see)
(dN/dt)7s~ ~

(10 dis/sec)
B(toBe)d

&( Be)
($0Be)

(10 yr)

1 (150 MeV)
2 (600 MeV)

0.15+ 0.01
0.52 + 0.03

8.6 + 0.8
29+ 3

1.02+ 0.05
1.06 + 0,05

0.070+ 0.007
0.21 + 0.02

1.3+ 0.2
1.3+ 0.2

1.6 + 0.3
1.5 + 0.3

~Net count rate per minute; background subtracted as indicated in text.
Calculated disintegration rate per second with efficiency of P counter of 0.30 +0.02 (Ref. 10),
Disintegration rate per second corrected to time of irradiation using branching ratio of 10.3fo and half -life of

53.5 days,
Corrected to time of irradiation.
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half -life measurement.
The agreement in the half-life determined by

the two experiments is very good, despite the
significant difference in the "Be/'Be ratio at the
two energies, This can be taken as indirect evi-
dence against systematic contamination by some
other long-lived species. For the present we
adopt a half-life value of (1.5+ 0.3) && 10' yr. Using
samples with a higher specific activity along with
an improved measure of y we hope to be able to
increase the precision of this number in the
future.

Accepting the half-life for ' Be given here,
there are a number of interesting implications,
a few of which we discuss briefly below,

First it is obvious that any cross section which
has been based on "Be activity measurements
will be reduced by almost a factor of 2. This in-
cludes, of course, . our own recent measurements
for the production of "Be from a "Btarget. "
The corrected cross section for "B(p,2p)"Be
will thus be 11+4 and 14+ 5 mb at 150 and 600
MeV, respectively. While these values are sig-
nificantly lower than have been estimated, ' they
are still within the range expected on the basis
of other (p, 2p) cross sections. "

The modification of cross sections may help
clear up a long-standing discrepancy between
fragmentation cross sections for "Be production
from "0 targets as measured by mass spectrom-
etry, ~ compared with those inferred by radio-
chemical measurements. " As we have pointed
out elsewhere, "cosmic-ray workers have gen-
erally adopted the directly measured mass-spec-
trometer values' while those doing meteorite"
and lunar sample" studies 1 ave p."~'.erred the
larger radiochemical values. The present change
in "Be half-life will tend to bring the radiochem-
ical values more in line with the mass-spectrom-
etric results.

Similar comments will, of course, apply to
other measured "Be cross sections, such as
those in iron and nitrogen, "which are the most
important sources for production in iron meteo-
rites and the atmosphere, respectively. It is
interesting to note that even the previously ac-
cepted uncertainty in the "Be half-life has sel-
dom been included when giving radiochemical
cross-section errors,

The "Be activity in meteorites is generally as-
sumed to be in secular equilibrium, and thus the

decay rate is equal to the production rate, inde-
pendent of the half-life. There have been a few

attempts to calculate such production rates,

starting from basic nuclear cross-section data. "'"
Although the calculations necessarily rely on a
number of simplifying approximations, the agree-
ment with observed activities in the case of ' Be
is relatively satisfactory. It would therefore ap-
pear that use of significantly smaller cross sec-
tions would alter that agreement. However, as
has been emphasized elsewhere, "such a con-
clusion is dependent on the assumption that the
effects of secondary reactions have been correct-
ly taken into account. For high energies the
cross sections for neutron-induced reactions are
generally taken as equal to those for protons is.i9

While often a quite satisfactory assumption, we
would like to point out that a more critical exam-
ination of the nuclear physics involved in the
case of an 0 target suggests that the major source
of "Bewill arise from secondary high-energy
neutrons via ' O(n, 4p3n)'"Be, which is statistical-
ly more favorable than the corresponding reac-
tion "O(p, 5p2n) "Be. Such an explanation would
also be consistant with the otherwise puzzling
observation that stone meteorites generally have
a "Be specific activity an order of magnitude
greater than irons, despite the fact that for the
primary proton spectrum the production in iron
is probably larger than in oxygen. "

Another consequence arises in those cases in
which "Be has been used, in conjunction with an-
other cosmogenic product, to infer exposure or
terrestrial ages. In cases of short radiation
ages, or very long terre. trial ages, the revised
half-life will have a direct bearing on the calcu-
lated result. Similar remarks will apply to lunar
samples, where material can be turned over in
times comparable to the. "Be half-life.

Observed "Be activity in ocean sediments has
also been used to calculate sedimentation rates
over extended periods of time. " The chronology
is again, of course, directly dependent on the
"Be half-life, as well as the assumed nitrogen
production cross section mentioned earlier (the
neutron-induced reaction probably being the dom-
inant process in this case also).

Because it was the first, and is still one Of the
few reliably identified unique, second-forbidden
P transitions, the decay rate of "Be is also in-
teresting from a theoretical point of view. War-
burton, Garvey, and Townerm~ have made transi-
tion-matrix calculations for several such nu-

clides, using both shell and collective models.
Although the uncertainties are fairly large, their
tentative evidence for the necessity of allowing
for collective suppression effects would seem to
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be now removed in the case of ' Be.
Finally we return to the subject which original-

ly interested us in this work. We have recently
emphasized that we believe it will be absolutely
essential to have separation of individual isotopes
in cosmic-ray measurements before "Be can be
reliably used as a cosmic-ray "clock."" The
present work would seem, if anything, to strength-
en that view. Firstly, the reduction in several
' Be cross sections, especially that from "8as
noted earlier, will mean that the production ratio
' Be/Be(total) in cosmic rays will be even smaller
than presently estimated. A revised estimate
corresponding to Table II of Ref. 10, for example,
leads us to predict "Be/Be(total) without decay
will be 0.15+ 0.03.

Also, if one accepts nuclear fragmentation re-
actions in the interstellar medium as the source
of the light elements Li, Be, and 8 in cosmic
rays, the lower limit on their age can be esti-
mated as roughly 3X 10' yr. Thus with the shorter
half-life given here it seems probable that at
least a portion of the ' Be will have decayed even
in the case of confinement of the cosmic rays to
the galactic disk.

Allowing for the uncertainty involved in both
cross-section data and cosmic-ray observations,
it would seem that the possibility of distinguish-
ing between "young" cosmic rays and those in
which all the "Be has decayed will remain in-
accessible by such indirect techniques as mea-
suring Be/B ratios. a'
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