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Enhanced Emission of Iron Nuclei in Solar Flares
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Etched tracks in an Apollo-12 spacecraft window and a Surveyor-3 camera-lens filter
give the interplanetary Fe energy spectra from 1 to 90 MeV/nucleon during 1967-
1969. The strongly energy-dependent Fe/He ratio suggests that heavy nuclei are pre-
ferentially emitted from accelerating regions because of their low ionization state and
high magnetic rigidity. The Fe fluxes give rise to extremely high track densities that
we have observed in lunar soil.

From an analysis of tracks in a window of the
Apollo-12 spacecraft and in a glass filter from
the Surveyor-3 camera brought back from the
moon, we have determined the spectrum of Fe
nuclei from -1 to -30 MeV/nucleon in interplane-
tary space during the interval 24 April 1967 to
24 November 1969 and in the last 10 days of this
interval. The intensity and spectral slope were
higher than we expected on the basis of studies
of n pa.rticles by other investigators" during
that period and the assumption of an Fe/He ratio
equal to that in the solar photosphere. ' ' In ad-
dition to their relevance for solar physics, our
results may have important consequences for
galactic cosmic-ray processes. They also con-
tribute importantly to the extremely high track
densities we have observed in the lunar soil' and
allow us to estimate the rate of erosion of lunar
rocks.

The silica glass windows on the Apollo-12 com-
mand module mere exposed to space with an ef-
fective recording solid angle of -1 sr from 14 to
24 November 1969. A neutral-density flint glass
filter over the lens system on the Surveyor-3
camera had an -0.7-sr effective view of space
during a 2.5-yr period while it resided on the lu-
nar surface.

We received one Apollo-12 window and a small
piece of the Surveyor camera filter for study.
In both types of glass, tracks of heavily ionizing
particles can be revealed by chemical etching. "
The visibility of etched tracks depends on ioniza-
tion rate and increases rapidly with atomic num-
ber. From bombardments of glasses with heavy
ions we conclude that ions with Z~16 record with
very lom efficiency and leave tracks which etch
into pits with a very low visibility when viewed in
an optical microscope. For this reason, and
since the solar abundance of ions with &16 is
strongly peaked at Fe, glass detectors discrimi-
nate strongly in favor of Fe. Ions of Fe with en-
ergy below -6 MeV/nucleon, i.e., a range less
than -40 p, m, have a sufficiently high ionization

rate that they mill leave tracks that can be etched
into easily recognizable conical pits. Ions of Fe
of higher energy have too lom an ionization rate
to leave etchable tracks at the surface, but the
lower energy portions of their trajectories can
be exposed by grinding or chemically etching
away some of the glass, and these portions can
then be detected by additional etching. The depth
in the glass at which an Fe track is recorded is
thus a measure of its energy.

By means of a, sequence of etching (with dilute
HF) and grinding operations, densities of etch
pits were measured throughout the entire 3-mm
Surveyor glass thickness, corresponding to Fe
energies from -1 to -100 MeV/nucleon, and at
the top surface of the Apollo-12 window. Figure
1 summarizes the measurements. In the same
figure is shown the etch-pit distribution we would
expect if Fe and He were emitted from the sun
in the ratio of their photospheric abundances.
That distribution was calculated using the a-par-
ticle energy spectrum measured during the same
2.5-yr period by solid state detectors on IMP 4
and 5 by Lanzerotti' and by Hsieh and Simpson. '
Seven major solar flares contributed most of the
flux. The a-particle spectrum scaled down by
the recently redetermined' ' solar ratio (Fe/
He)8=2x10 ' was used as the input for the cal-
culation.

The large difference between the observed and
predicted track densities was completely unex-
pected. After converting the observed track den-
sity distribution to a rigidity (or energy) distribu-
tion, we obtain the important result that at lom

rigidity (or energy) the solar-particle Fe/He ra-
tio is much higher than the photospheric abun-
dance ratio but decreases with increasing rigid-
ity until it approaches the photospheric value at
a rigidity of -500 MV (-25 MeV/nucleon for Fe).
In the only previous observations of solar parti-
cles with Z&20„Bertsch, Fichtel, and Keames'
found 23 tracks of Fe-group nuclei in nuclea, r
emulsions exposed in a 5-min rocket flight dur-
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ing the flare of 2 September 1966. They found
Fe/He = 2 x 10 ' at E & 24.5 MeV/nucleon, which
is not inconsistent with our results. Homever,
one should keep in mind the possibility that over
a 2.5-yr period there may be a significant contri-
bution by galactic cosmic rays with a much high-
er Fe/He ratio at energies beyond -25 MeV/nu-
cleon.

During the period 14 to 24 November 1969, in
which the Apollo-12 windows mere exposed, a
small interplanetary enhancement occurred, con-
tributing a flux of n particles only -10 ' times
the total contribution over the previous 2.5-yr
period (Lanzerotti"). The track counts corre-
sponding to very low-energy Fe nuclei in the
Apollo-12 window indicate that the low-energy
Fe flux during those 10 days mas -7 ~10 ' times
the total over 2.5 yrs, in good agreement mith
the relative n-particle contribution. This result
supports the assertion that the lorn-energy Fe
tracks are of solar origin and are not simply an
accumulated background of lorn- energy galactic
Fe nuclei.

our results represent the first evidence that
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FIG. 1. Observed densities of Fe tracks penetrating
to a given depth of Surveyor-3 glass and Apollo-12
glass compared with densities predicted assuming
Fe/He solar particle ratio is the same as the photo-
spheric ratio. The tracks are made visible by chem-
ical etching if their residual range at a glass surface
is less than -40 pm.

heavy nuclei can be preferentially emitted from
a source of energetic particles. Previously
Fichtel and co-workers"'" had found such a
striking similarity between the abundances of en-
ergetic solar particles and of the photosphere
that the earlier suggestion by Korchak and Syrov-
atskii" that heavy nuclei may be preferentially
accelerated has largely been forgotten, Admit-
tedly their mechanism, which applies when the
acceleration rate is small, does not account for
the strong enhancement of Fe observed by us be-
cause acceleration of particles in solar flares
takes place so rapidly that the energy loss suf-
fered through ionization by the ions during the
acceleration phase is negligible. Instead, me at-
tribute the enhancement to preferential leakage
of incompletely ionized heavy nuclei from the ac-
celerating region.

The effective charge of an ion depends on its
velocity as Z*=Z[1-exp(-125' /Z"')I. From
this it can be seen that H and He are completely
stripped of their electrons even at an energy of
-1 MeV/nucleon, whereas Fe ions have an effec-
tive charge of only -13 at 1 MeV/nucleon, in-
creasing to -24 at 15 MeV/nucleon and becoming
very nearly equal to the nuclear charge, 26, only
at energies above -40 MeV/nucleon. Thus, heavy
ions have rigidities higher by a factor -Z*/Z
than that of an n particle at the same energy per
nucleon.

Now, if the probability of escape of the accel-
erated particles is a strong function of their rig-
idity, one can understand the enhanced Fe fluxes.
It appears reasonable that heavy ions, mhich
have a higher rigidity because of their smaller
effective charge, should leak out preferentially
from the flare regions relative to n particles and
protons of the same energy per nucleon. This
preferential escape, which is a consequence of
retention of some electrons around a heavy nu-
cleus, should vanish at those high energies at
which all the nuclei of interest are completely
ionized. All previous observations""'" of solar-
particle composition have been made at suffi-
ciently high energies that no enhancement would
be expected. It is interesting to speculate on the
possibility, as previously suggested by Davis, '~

that this process of enhancement of heavy nuclei
may operate as the injection mechanism for the
galactic cosmic rays which are later accelerated
to high energies. Thus the overabundance of
heavy nuclei in the cosmic rays may not be en-
tirely indicative of source composition but may
be partly a consequence of preferential leakage
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from the source.
It should also be interesting to solar-particle

physicists to mention that the solar n-particle
and proton intensities summed over the 2.5-yr
period, when plotted as differential rigidity spec-
tra, have the form -A; exp(-R/Ro), with the
same value of R, for protons and n particles.
Their relative intensities, A.;, scale by a factor
-2, consistent with model calculations of their
photospheric abundance ratio. This agreement
is consistent with our model of the enhanced Fe
emission because both H and He should be com-
pletely stripped at energies above -1 MeV/nu-
cleon.

Turning now to some quite different implica-
tions of our results, we can use the track-densi-
ty measurements in Fig. 1 to draw interesting
conclusions about events in the distant past, as-
summing that the average level of solar activity
has remained roughly constant over geologic
time:

(1) Rocks exposed undisturbed on the lunar sur-
face for 10' years would accumulate about 6@10"
tracks/cm in the top 10 p, m of their thickness.
Accelerator bombardments of certain minerals
with neon and argon ions" show that extensive
strains and fractures occur at track densities
-10"/cm2. Summing the contributions of all so-
lar particles with Z ~ 10, we conclude that the
rate of radiation-induced erosion by fracturing
of surface grains is likely to be -10 ' cm/yr. In
current unpublished electron microscope studies
of Fe track densities as a function of depth in
rocks exposed on the lunar surface for -10' yr,
we find a maximum track density of -10"/cm' at
the very surface. The difference between the ob-
served gradient of track density and the gradient
to be expected from Fig. 1 is attributed to vari-
ous erosion processes including atomic sputter-
ing by solar wind ions, cratering by micrometeo-
rite bombardment, and flaking of radiation-dam-
aged grains. We conclude that the total erosion
rate of rocks that survive for -10' yr on the lu-
nar surface is -3x10 ' cm/yr. This limit agrees
very well with the present estimated erosion rate
by micrometeorites, (1-2)x10 ' cm/yr, "and

allows us further to conclude that the present
micrometeorite flux measured now on satellite
detectors is nearly the same as the long-term
average value.

(2) The lunar soil should contain heavily irradi-
ated small grains, some with track densities of
-10"/cm' that have flaked off of radiation-dam-
aged rock surfaces and some that were irradiat-

ed while residing at the top of the soil layer.
Given a soil of depth -5 m that has accumulated
over -3.5@10' yr and has been frequently stirred
by meteoritic impacts, we expect an average
track density of -10'o/cm' in grains of diameter
less than about 10 ' cm. Because of the steep-
ness of the solar Fe energy spectrum, larger
grains should show visible gradients. We have
previously reported all of these features, ' but
were unable to account satisfactorily for the ex-
tremely high track densities without knowing the
solar-flare Fe spectrum. The steep track densi-
ty gradient in Fig. 1 now provides a reasonable,
quantitative explanation for the bulk of the ob-
servationss.
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