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Materials and Methods
Method
The data were selected as follows. Cosmic-ray events were analyzed if they stopped
in ranges E4 through E8 (see Figure 1A). This allowed us to make between three and
seven measurements of dE/dx and the residual energy (ERes), depending upon the range in
which they stopped. Most particles that interact within the instrument are rejected
because one of the products of the interaction gives a signal in the penetration counter
(E9) or one of the guard counters. For the small fraction of interacted particles remaining,
we require that estimates of charge from these multiple measurements, which are closely
related to the mass estimate, agree. Specifically we require that the root-mean-square
deviation from the mean of these charge estimates (zrms, see Figure S1) be <0.1 e. In
Figure S1 we show the dependence of the 60Fe/Fe ratio as a function of zrms. As the zrms
cut is reduced from 0.30, the ratio declines slightly, leveling off at zrms <0.15. We have
chosen the cut value of 0.10 since it shows slightly better separation between the 58Fe tail
and the 60Fe events, while retaining good statistics. Particles were selected for their
trajectory angle < 30º, measured from the normal to the surfaces of the silicon detectors.
The silicon detector wafers have dead layers with typical thicknesses ~55-70 μm on one
surface (5). Because the shapes of the measured ΔE versus residual energy tracks for
particles that stop close to the dead layers are significantly altered from those expected
with no dead layers, we restrict the analysis to particles that stop at depths in the residualenergy detector that are at least 500 μm from the detector surface exhibiting the dead
layers, as calculated from the measured energy deposit and the angle of incidence using a
range-energy relation.
There are quality requirements on the trajectory as determined by the hodoscope,
and the trajectory must traverse the silicon and fiber-trigger detectors > 1mm inside the
active regions. Events collected over the time interval extending from 4 December 1997
to 27 September 2014 were analyzed. A total of 5800 days were analyzed and 342 days
were eliminated because of elevated solar energetic particle activity.
Supplementary Text
Results: Tests of 60Fe Events
We have performed a number of tests on the 60Fe events to verify that they are not
anomalous in any way relative to other Fe events.
We find that the distributions in particle trajectory angle with respect to the
instrument normal for 60Fe and Fe are similar (Fig. S2A & B). The six 60Fe particles in
the “clump” centered at 22-23º do not appear to be special in any way. We believe it is
just a result of statistics of small numbers.
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We have also compared the distributions in time of detection for Fe (Fig. S3A) and
Fe (Fig. S3B), for the days covered by this analysis. In that figure, “Day of Year
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(DOY96)” begins on 1 January 1996. The data set presented here begins on DOY96 704
and ends on DOY96 6845, corresponding to 4 December 1997 and 27 September 2014
respectively. We find these distributions are also similar.
The number of events stopping in each of the detectors E4 through E8 is shown for
Fe and 60Fe in Fig. S4A and S4B respectively. Again, the distributions are very similar.
The “margin” of the silicon detectors is defined as the distance from the penetration
point of the particle to the sensitive area edge of the detector. Figs. S5A, B, and C give
the distribution in this quantity for 56Fe for three silicon detectors E1, E2, and E-next (Enext is the detector following the detector in which the particle stops, and the distance
from the projected penetration point of that detector to its edge is shown). Figs. S5D, E,
and F give the distributions for 60Fe. Clearly the 56Fe and 60Fe distributions are similar.
There are three similar “margins” defined for the trigger fiber plane, which is square,
not circular as the silicon detectors are. The “x-fiber margin” is defined as the
perpendicular distance between the point of particle penetration to the nearest edge of the
trigger fiber x-plane. The “y-fiber margin” is defined similarly. The “trigger fiber
margin” is defined as the lesser of the x-fiber margin and y-fiber margin to the nearest
edge of the square trigger fiber active area. These quantities are plotted in Figs. S6A, B,
and C for 56Fe, and in Figs S6D, E, and F for 60Fe. Again we see that the distributions are
very similar.
We also note that most physical processes produce distribution tails on the low side
of peaks rather than the high side, as can be seen in the 54Fe and 57Co tails in Figs. 2A
&B. These very low level tails (nearly two orders of magnitude below the peak) are likely
the result of various physical effects (e.g., neutron stripping or channeling in the silicon
detectors) that are not efficiently removed by the data cuts. By contrast, the cutoffs on the
high sides of 58Fe and 59Co are sharp. Over the full charge range measured by CRIS, one
consistently observes more significant tails on the low side of an isotope distribution than
on the high side.
Because the dE/dx versus total-E technique identifies particles using a quantity that
is a combination of nuclear charge and mass, there can be an ambiguity between a highmass isotope of atomic number Z and a low-mass isotope of atomic number Z+1. For
cosmic rays in the charge range considered here this is not a serious problem because the
isotopes in the overlap region have very short halflives and could only be produced
locally in the instrument. The mass histograms shown in Figure 2 correspond to a
nominal boundary between Fe and Co. Moving this boundary to slightly higher charge
would move two events from the end of the low-mass Co tail to around mass 61.5 in the
Fe histogram, still well separated from the 15 events that we identify as 60Fe. Thus we
think that only the identification of the one Fe event near mass 60.8 is uncertain as to
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whether it is 60Fe or background. This event does not contribute to the contamination
estimation of ±1 event.
We conclude that the 15 events we have identified as 60Fe are not a tail on a
distribution of the more abundant Fe isotopes. They are nearly all surviving primary
cosmic-ray nuclei.
Results: Minor Corrections to Abundance Ratio near Earth
A correction factor to the measured 60Fe/56Fe ratio for the differing interaction
probabilities of 56Fe and 60Fe in the instrument was calculated. For this correction, we
assume that all particles stopping in a given detector stop halfway through the detector.
The cumulative areal density in g/cm2 (silicon equivalent) that particles penetrate before
stopping in a given detector was calculated, including a sec(θ) correction for the mean
trajectory angle (θ) of 20º. Interaction lengths for 56Fe and 60Fe (23) were used to
calculate the interaction correction factors to the top of the instrument for each detector
and isotope. The ratio of the sums of the corrected numbers of events for 60Fe and 56Fe
then gives the overall interaction correction factor of 1.009.
A correction factor is also required for the differing energy ranges of stopping 56Fe
and 60Fe nuclei. The maximum and minimum energies for 56Fe and 60Fe in each detector
were calculated using range-energy tables. A polynomial fit to the 56Fe spectrum (15)
ln(I) = a + b[ln(E)-ln(160)] + c[ln(E)-ln(160)]2
where a=-16.965, b=0.5204, c=-0.3989, E is energy (MeV/nucleon), and I is intensity
(particles/cm2⋅sr⋅s⋅MeV/nucleon), was integrated from the minimum to maximum
energies for each detector and isotope.
The ratios of integrals for 56Fe and 60Fe were then weighted by the number of
stopping events in each detector, giving a weighted mean of 1.042. This is the correction
factor for the differing energy bands for 56Fe and 60Fe. Thus the overall correction factor
to the 60Fe/56Fe abundance ratio near Earth is 1.051.
Results: Derivation of Ratio at the Accelerator Source
Observations by CRIS of the beta-decay secondary cosmic rays 10Be, 26Al, 36Cl, and
54
Mn have been well explained using a simple “leaky-box model” of cosmic-ray
propagation in the interstellar medium, characterized by a mean escape time from the
Galaxy of τesc = 15.0 ± 1.6 Myr and an average number density for the interstellar
medium in which cosmic rays propagate (assumed to be 90% H and 10% He by number )
of nH+He=0.38 ± 0.04 H+He atoms cm-3 (18).
In the context of a simple leaky-box steady-state galactic propagation model
(ignoring interstellar energy loss, which is very similar for all the Fe isotopes), if Q
represents the abundance at the acceleration source, N represents the primary abundance
near Earth, and τdecay60, τint, and τesc, are lifetimes for radioactive decay, mass-changing
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interaction in interstellar space, and escape from the Galaxy (we assume the same τesc for
56
Fe and 60Fe), then
(1)
Q60/Q56 = (N60/N56) x (τ56/τ60)
where 1/τ56 = 1/τesc + 1/τint56
and 1/τ60 = 1/τesc + 1/τint60 + 1/τdecay60
The mean lifetime for loss of a cosmic-ray species by nuclear interaction with the
interstellar medium is τint=λ/(nH+HemH+Hev), where mH+He is the mean atomic mass of
interstellar material (2.17 x 10-24g/atom), and v is the velocity of the cosmic-ray nuclei.
From mass-changing cross-sections (23), the interaction mean free paths in interstellar
gas (90% H and 10% He by number) are λ60 = 2.56 g/cm2 and λ56 = 2.70 g/cm2.
The mean energy at the top of the CRIS instrument for the 56Fe in this data set is 340
MeV/nucleon. The 60Fe in this data set have the same range in the detector system as the
56
Fe, so they have a slightly lower mean energy/nucleon at the top of the instrument, 327
MeV/nucleon. These energies observed near 1AU are lower than those in the interstellar
medium due to adiabatic deceleration in the expanding solar wind. We estimate this
energy loss using a spherically symmetric model of cosmic-ray modulation inside the
Solar System (24). The change in energy-per-nucleon is given by ∆(E/M) = (Z/A)φ (25),
Z and A are the charge and mass numbers and φ is a modulation parameter, which we
derived from the measured shape of the Fe energy spectrum for each 27-day Bartels solar
rotation throughout the 17-year period. During this time, the value of φ varied between
~250 MV and ~1000 MV. The average φ over this period, weighted by the number of
observed Fe events in each 27-day period was 453 MV, corresponding to an energy loss
of 210 MeV/nucleon for 56Fe and 196 MeV/nucleon for 60Fe. Thus the mean energies in
interstellar space were 550 MeV/nucleon for 56Fe and 523 MeV/nucleon for 60Fe,
corresponding to velocities 0.778c and 0.768c. Thus we have τint56 = 4.45 ± 0.47 Myr,
giving τ56 = 3.43 ± 0.29 Myr, and τint60 = 4.27 ± 0.45 Myr.
The mean lifetime for radioactive decay of 60Fe at rest is 3.78 ± 0.06 Myr (2.62 ±
0.04 Myr /ln2). In the interstellar medium, where the mean energy is 523 MeV/nucleon,
the Lorentz factor γ = 1.56 so τdecay60 = 5.90 ± 0.09 Myr, giving τ60 = 2.13 ± 0.11 Myr.
From equation (1) above, the observed 60Fe/56Fe ratio near Earth, (4.6 ± 1.7) × 10-5,
implies a 60Fe/56Fe ratio at the cosmic-ray acceleration source of RA = Q60/Q56 = (7.5 ±
2.9) × 10-5.
With the same method, using charge-changing instead of mass-changing crosssections, we have also estimated the 60Fe/Fe ratio at the cosmic-ray acceleration source,
using λFe = 2.94 g/cm2, and find it to be Q60/QFe = (6.2 ± 2.4) × 10-5. We note that the
uncertainty in the 56Fe abundance is much smaller than the statistical uncertainty of 60Fe
and does not significantly contribute to that of the 60Fe/56Fe ratio.
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Estimates of time between nucleosynthesis and acceleration
In deriving the curves shown in Fig. 3, stellar masses were distributed according to
the Salpeter Initial-Mass Function (26). Since the isotope yields were not calculated for
all initial stellar masses between 12 M⊙ to 120 M⊙ (3,4) a linear interpolation between
the calculated masses was used. The stellar lifetime before core-collapse was taken from
(16). The decay of 60Fe was accounted for as follows. The first supernova in the OB
association occurred ~3 Myr after association birth and ejected its material into the
superbubble. Following that, using time increments of 0.25Myr, new material was
injected into the superbubble. The 60Fe that had been previously injected was decayed
according to its exponential decay time of 3.78 Myr (halflife 2.62 Myr), and added to the
newly injected 60Fe. After each time increment, the 60Fe already in the supperbubble was
decayed and added to the newly injected material, and the 60Fe/56Fe ratio was calculated.
It was assumed that all stellar outflow and ejecta were injected into the superbubble and
were available for acceleration, rather than being drawn into a black hole forming after
core-collapse. The blue dotted curve is the ratio derived from the isotope yields for nonrotating stars (3), and the red dashed and black curves are derived for non-rotating and
rotating stars respectively (4). As can be seen, there are substantial differences in the
predicted ratios of these modeling calculations resulting from uncertainties in the 60Feproducing reaction rates and model parameters used in the calculations as discussed by
(27–29). The GCR acceleration source ratio (black horizontal dashed line) inferred from
our measured ratio is compared with the modeling calculations in Fig. 3 (the shaded area
indicates the uncertainty).
There is strong evidence from the enhanced abundance of 22Ne relative to 20Ne in
cosmic rays compared with its Solar System abundance (16, 30) and from the cosmic-ray
element abundances from 30Zn to 40Zr (31, 32) that the cosmic-ray source is a mixture of
~20% outflow plus ejecta from massive stars and ~80% old material with Solar-System
composition. Since the old material would have no 60Fe, we would expect the 60Fe/56Fe
ratio in the massive star material (outflow plus ejecta) to be RMS = RA/0.2 = (3.75 ± 1.5) ×
10-4, where RA is the ratio of mixed material that is accelerated, assuming the mix was
exactly 20% to 80%. In Fig. 3 RMS is the horizontal red dashed line, with the shaded area
indicating the measurement plus modeling uncertainties added in quadrature.
In addition to the uncertainties described above, the 20% mix of massive star
outflow plus ejecta with old ISM material is approximate. Best chi-squared fits to the
element abundances (30, 31) indicate that mix percentages from roughly 10-25% would
be consistent with those data, while the 22Ne/20Ne ratio has been interpreted by (23) as
RA=RMS × (0.18±0.05).
We can now calculate an upper limit for the time between nucleosynthesis and
cosmic-ray acceleration. The modeling curves in Fig. 3 show that the largest 60Fe/56Fe
ratio at any time in the life of an OB association is RMS= 2.8 × 10-3 for the non-rotating
C&L model (4), and this occurs at a time corresponding to the core-collapse of ~80M⊙
stars. This corresponds to a ratio at acceleration of RA=0.2RMS=5.6 × 10-4. We then
assume no additional material is injected into the superbubble and let the 60Fe decay to
the bottom of the error bar on our measured best value of (7.5 ± 2.9) × 10-5. The time for
6

this decay is then T=(3.78 Myr) × ln [(5.6 × 10-4)/(4.6 × 10-5)] = 9.4 Myr. If instead we
take the peak 60Fe/56Fe ratio from the W&H model (3) (Fig. 3), performing the same
calculation gives an upper limit of T=(3.78 Myr) × ln [(9 × 10-5)/(4.6 × 10-5)]= 2.5 Myr.
This approach leaves out several factors that could increase RMS. First, the assumed
80%/20% mix is approximate, as mentioned above. In fact, Murphy (33) finds a best fit
of 13% +8%-5% for ordering of refractory and volatile element abundances with mass. If we
were to use a 90%/10% mix, RMS would be a factor of two larger. The second is that from
a diffusion standpoint, owing to its radioactive decay, the distance that 60Fe can travel by
diffusion is shorter than for a stable nuclide such as 56Fe. This would further increase
RMS. Both of these factors will shorten the derived time between nucleosynthesis and
acceleration. The time that we presented above is an upper limit. A third factor that is
harder to characterize is related to the choice of parameters in the models, such as the
mass cut, and the question of the mass range for which black holes are formed directly or
by fallback, limiting the ejecta and thus affecting such things as the 60Fe/56Fe ratio.
So we see that the calculated upper limit depends strongly on the assumed
nucleosynthesis model. However, since the first upper limit calculated from the nonrotating C&L model is rather extreme, it is likely that the time between nucleosynthesis
and acceleration does not exceed a few million years.
Another approach is to look at the cross-over points for the three model curves with
the lower error bar for RMS =2.25 × 10-4 in Fig. 3. On the low side, the W&H model
curve crosses at a time of ~9 Myr, although it is not much below the lower limit for
several more Myr. The cross-over point corresponds to a time of ~6 Myr after the first
core-collapse. On the high side, the C&L rotating model curve crosses RMS at about 11.1
Myr, ~8 Myr after the first core-collapse. Again we see that the time between
nucleosynthesis and acceleration is likely of order a few million years.
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Fig. S1.
60
Fe/Fe ratio as a function of a charge estimate consistency selection. We make
multiple estimates of the charge for each particle using different combinations of
detectors for dE/dx and residual energy (see text). Using these multiple estimates, we
calculate the root-mean-square deviation from the mean (zrms) for each event and select
events with zrms less than a given value. We see in this plot that the 60Fe/Fe ratio is
essentially unchanged for zrms<0.15. We have used a cut of 0.10 for the data presented in
this paper. Note that the value of the ratio plotted in the figure for zrms = 0.10, (4.2±1.1) ×
10-5, differs from the “abundance ratio at Earth” presented in the main text since here we
use all 15 events instead of the 13 used for the corrected abundance determination.
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Fig. S2
Trajectory angle distributions for Fe and 60Fe nuclei. The distributions of trajectory
angle relative to the normal to the detectors is plotted for A) all Fe nuclei and B) 60Fe
nuclei. We have applied a Kolmogorov-Smirnov (K-S) statistical test to these
distributions and obtain an asymptotic probability (p) of 0.56. Therefore the Fe and 60Fe
angle distributions are not statistically different.
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Fig. S3
Distributions in time of detection. The distributions of the time (day of year means
number of days from the start of 1996) of detection is plotted for A) Fe nuclei, and B)
60
Fe nuclei. The data set presented here begins on DOY96 704 and ends on DOY96 6845,
corresponding to 4 December 1997 and 28 September 2014 respectively. The temporal
variation of the number of counts is due to a combination of the solar-cycle variation of
cosmic-ray modulation and to differences in the number of measurement days included in
the various 200-day time bins. We have applied a Kolmogorov-Smirnov (K-S) statistical
test to these distributions and obtain an asymptotic probability (p) of 0.13. Therefore the
Fe and 60Fe time distributions are not statistically different.
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Fig. S4
Distributions in range. The number of events stopping in each of the detectors E4
through E8 is shown for A) Fe, and B) 60Fe. The number of detectors used in the analysis
is too small for a K-S statistical test to be valid. However, by inspection we see that the
distributions are similar.
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Fig. S5
Margin distributions in silicon detectors. The silicon detector margin distributions E1,
E2, and Enext (see text) are shown in A, B, and C respectively for Fe and in D, E, and F
respectively for 60Fe. We have applied a Kolmogorov-Smirnov (K-S) statistical test to
these distributions and obtain asymptotic probabilities (p) of 0.86, 0.87, and 0.24
respectively. Therefore the Fe and 60Fe silicon margin distributions are not statistically
different.
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Fig. S6
Margin distributions in fiber hodoscope. The trigger fiber detector margin distributions
“Trigger fiber margin”, “x-fiber margin”, and “y-fiber margin” (see text) are shown in A,
B, and C respectively for Fe and in D, E, and F respectively for 60Fe. We have applied a
Kolmogorov-Smirnov (K-S) statistical test to these distributions and obtain asymptotic
probabilities (p) of 0.33, 1.0, and 0.49 respectively. Therefore the Fe and 60Fe fiber
margin distributions are not statistically different.
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