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easurement of the Isotopic Composition of the Iron-Group Elements in
the Galactic Cosmic Radiation
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rxgLdzty was less than 1~ 5 GV durmg the entire
flight for all zenith angles, well below 1.75 GV
which corresponds to the threshold energy of the
Cherenkov radiator for "Fe nuclei. During this
time 1622 events triggered the coincidence logic
S1 ~ 82 ~ A. Qf these, 1505 produced acceptable
tracks in the spark chambers. To date - 600
events have been identified with particle tracks
found in the Lexan. The analysis so far has been
limited to events of high atomic charge (& ~ 24)
using a threshold criterion imposed by the track
etching rate in the plastic detectors. A detailed
discussion of the analysis will be presented else-
where.

The resolution of the IRIS instrument is limited
solely by the photoelectron statistics of the
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FIG. 1. Schematic outline of the IRIS telescope.
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With an average a = . amu we= 0.65 have measured the isotopic composition of Cr, Mn,
Fe and Ni in the galactic cosmic radiation for energies - 800 to - 600 Mev/amu at t e
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The IRIS iron isotope experiment described undergo c arge-c anging
herein employs a novel combination of both pas- creating light, highly penetrating f
sive and active detectors to measure the mass of precise zenith angle, used in corr
iron-group nuc ei a energies1 t ergies E-300 to -600 tector response, is obtained by us

e s ark chamMeV/amu. We have capitalized on the benefits lever arm between the spar c am
of both the high velocity sensitivity of Cherenkov range stac .e stack. For a iven atomic cg
detectors, ' and the Cherenkov-vs-range technique and zenith angle, the mass can be
of isotope analysis pioneere y s erd b Fisher et al.' from the measurement of range us
A cross section of the IBIS telescope appears in energy formulas.
Fi. . 1. A stack consisting of 330 127-p m sheets The experiment was flown a-
f Lexan olycarbonate plastic track detector,

ge ~ 8 C

atmospherere for 25 h from Waterto
labeled R, is used to measure particle range, Dakota, on aon a E.6X10'-ft' balloon.
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Cherenkov detector. because of the high intrinsic
accuracy of the range measurement. In a mock-
up of the IRIS instrument, 600-MeV/amu "Fe
ions from the Lawrence Berkeley Laboratory
Bevalac stopped -3% short of that predicted by
the Bethe formula' and showed a range straggling
of a & 0.2%. This small straggling results from
the huge number of collisions with atomic elec-
trons necessary to bring a heavy ion to rest. Be-
fore etching, the thickness of all Lexan sheets
used in the flight was mapped on a 5-cm grid to
an accuracy of -2 pm to eliminate possible sys-
tematic effects on the range measurement.

Preflight calibrations with "Ne ions from 0 to
550 MeV/amu showed that the Cherenkov signal
consisted of three components': (1) primary
Cherenkov emission characterized by an index of
refraction n =1.518+0.005; (2) Cherenkov emis-
sion by secondary electrons; (3) residual scintil-
lation at S =2.'Po of the Cherenkov signal for P "

=1. A fit to the iron data from the flight yielded
essentially the same values (n=1.513, 8=2.66%)
provided the residual scintillation was unsaturat-
ed. A recent Bevalac exposure with "Fe has con-
firmed this result. From these measurements,
we have determined that the photoelectron limited
resolution ranges from -(1-4)/o of the Cherenkov
signal for iron nuclei over the accepted energy
window. Thickness variations in the Cherenkov
radiator were mechanically measured and taken
into account. Variations in the Cherenkov signal
resulting from spatial variation of light-collec-
tion efficiency and radiator edge absorption were
inferred from measurements using an 'Am-

doped NaI-crystal light source. The variations
were less than 4% in the central 68% of the area
but were so large near the edges that it was nec-
essary to eliminate from analysis all events
which traversed CK within —5 cm of its perim-
eter. Angular dependence of light-collection ef-
ficiency was eliminated by uniformly roughening
the surface of the Cherenkov radiator. A tempo-
ral drift correction was extracted from the iron
data from the flight, using a two-tailed exponen-
tial filter with a time constant of 4000 sec. We
found that this correction was insensitive to the
method of extraction and choice of time constant,
had an rms value of 1.5%, and was well correlated
with the observed temperature variations during
the flight.

Preflight Bevalac calibrations of organic scintil-
lators with "Ne ions" led us to believe that their
light output consisted of two components: (1) a
"core" term which was saturated as a result of

the formation of quenching centers which non-
radiatively de-excite activated fluor molecules
and (2) an unsaturated "halo" term. A model
based on these two components predicted that for
high values of specific energy loss dE/dx (such
as encountered from Fe nuclei) the light output
from the core would be negligible, resulting in a
signal which increases linearly with deposited en-
ergy with a proportionality constant -3 that ob-
tained with singly charge particles. The iron
data from the flight enabled us to improve upon
this simplified model. Although the qualitative
features of the model were preserved, a small
additional light source had to be invoked. After
correction for thickness variations (measured
with a laser interferometer), light-collection non-
uniformity (calculated using a computer code
designed for this purpose), and temporal drift,
the response of S2 was fitted with the function

dL (1 —F,)dE/dx dE
dx 1 + B(1 F,)dE-/dx ~ dx
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FIG. 2. Charge histograms obtained using CK-H and
CK-S2 modes of analysis.

where F,(T„p) is the fraction of secondary elec-
trons produced with an energy T, 1500 eV by
an ion at velocity P. Here dl-/dx is the specific
luminescence, E is a normalization constant, and
B is a free parameter determined to be j..48
x 10 3 (g/cm )/MeV. Since the scintillation pro-
cess is not well understood, we emphasize that
S2 is not used in the mass determination.

The charge distributions obtained using CK-R
and CK-82 combinations are shown in Fig. 2. A
continuous atomic mass function was used for
these charge determinations. This causes an ad-
ditional spreading at the base of the CK-R charge
peaks because of sensitivity to the presence of ad-
ditional isotopes. Ideally we would like to assign
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an integral charge ~ to each event on the basis of
CK-S2 and then determine the mass A. with CK-
R. This is possible for all charges except Mn
and Fe, w'hich are not separated in CK-S2. It
was thus necessary to separate these two ele-
ments using range information. The excellent
separation of Ni from Fe is a result of the ab-
sence of Co.

Mass histograms for the elements Cr, Mn, Fe,
and Ni appear in Fig. 3. The events in the Mn and
Fe group were initially treated as Z =26. The
Mn events were then chosen by arbitrarily plac-
ing a cut on the Fe mass distribution at A = 60
as shown. Events to the right of this line were
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FIG. 8. Mass histograms for Cr, Mn, Fe, and Ni.
The solid lines represent abundances calculated assum-
ing a solar system source composition {see text).

then treated at Z =25 and masses for these events
were determined and plotted for Mn. We note
that this process makes it impossible to deter-
mine the isotopes of Mn with A. & 53. The mass
resolution obtained as determined from the width
of the iron peak is o -0.65 amu. This is con-
sistent with our expected resolution of 0.58 amu
averaged over all energies. The small number of
events precluded our restricting the energy in-
terval to the region just above the Cherenkov
threshold where the peak resolution is o - 0.35
amu. The resolution attained allows us to draw
significant new astrophysical conclusions from
this cosmic-ray iron-isotope data.

A summary of our measurements appears in
Table I. These are compared with abundances
that one would obtained from a solar-system-
like source composition. For this purpose cal-
culations of galactic propagation have been per-
formed using a 5-g/cm' mean exponential path-
length. These results were then corrected with
slab-model calculations to account for spallation
in the residual atmosphere and telescope. Par-
tial cross sections used were those of Silberberg
and Tsao"'" scaled using target factors obtained
from recent Fe fragmentation experiments. "'"
Total fragmentation cross sections were those
of Karol, "adjusted slightly to fit available ex-
perimental data. " The propagation results nor-
malized at iron have been plotted in Fig. 3 using
Gaussian distribution functions at each isotope
with o =0.65 amu. As can readily be seen, all
our data are consistent, w'ithin errors, with a
solar- system-like source composition. The
large excesses of "Fe and/or "Fe reported by
other workers' ' are not observed. This coupled
with the observed absence of a single dominant
nickel isotope cannot be reconciled with a single
e-process zone" as the source of these high-en-

TABLE I. Summary of measurements.

This work
Solar system+ spallation to

top of CK (assuming no decay)

"-Ni/' Ni
54pe/(55pe + 58 pe+ 57pe)
58pe/'(55pe + 56pe + 57pe)

Mn(~&5S)
Cr

- 0.57+ 0.36
& 0.10
& 0.10

54.23+ 0.15 (mean mass)
Some OCr and Cr

"dip" at ~Cr

0.88
0.088
0.008

»Mn~ '4Mnb'5Mn -0.8.1 0.1.2
Cr: Cr: Cr = 0.6:1.0:1.0:0.3

~e-capture isotope,
be-capture isotope,
e-capture isotope,

Ty g = 86 + 04 X 10 yr, P+ allowed, T = 6 && 10 -1&& 10 yr.
T»b = 814 days, P allowed, T -2 x 10 yr.
~&,b =28 days, P' not allowed.
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ergy cosmic rays. Wp conclude that either the
galactic cosmic rays that form the iron group
are swept-up solar-system-like material or are
produced in a combination of zones which are in-
distinguishable, at the present level of accuracy,
from these which produced the material which
formed the solar system - 5 && 10' years ago.
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