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Final Report

on the

Caltech Heavy Isotope Spectrometer Telescope on ISEE-3/ICE

(NASA Grant NAG5-722)

1 December 1985 to 11 November 1992

1. Overview

The Heavy Isotope Spectrometer Telescope (HIST) was launched during August

1978 on ISEE-3 (ICE). HIST was designed to measure the isotopic composition of

solar, galactic, and interplanetary cosmic ray nuclei for the elements from H to Ni

(1-<Z-28) in the energy range from -5 to -200 MeV/nucleon. The results of these

measurements have been used in studies of the composition of solar matter and

galactic cosmic ray sources, the study of nucleosynthesis processes, studies of parti-

cle acceleration and propagation, and studies of the life-history of cosmic rays in the

heliosphere and in the galaxy.

On December 1, 1978, after 110 days in orbit, HIST suffered an electronic

failure in its readout system. After that point, only one-half of the telemetry bits

associated with the pulse heights measured by HIST were transmitted to Earth. As

a result the resolution of HIST was significantly degraded, and it served as an ele-

ment rather than an isotope spectrometer. Fortunately, HIST was able to measure

the isotopic composition of heavy nuclei in the 9/23/78 solar event (the largest solar

energetic particle event since 1972) during the brief period that it operated at full

resolution.

This grant funded the analysis of data from the HIST instrument over the

period from 12/1/85 to 11/30/92. In Section 2 of this final report we summarize the

scientific accomplishments that have resulted from HIST measurements during this

time period. A bibliography of talks and papers that resulted is atfached. =

2. Scientific Results

The Isotopic Composition of Solar Flare Nuclei - Although the Sun is the major

reservoir of solar system material, most of our present knowledge of the solar system

isotopic composition comes from studies of terrestrial, lunar, and meteoritic material.

HIST provided the first high-resolution measurements of the individual isotopes of

heavy nuclei accelerated in solar flares, thereby demonstrating a new means of sam-

pling directly the isotopic composition of solar material.
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In a seminal paper published in Ap. J. Letters in 1985, Breneman and Stone

showed that it is the ionic charge to mass ratio (Q/M) that is the principal organiz-

ing factor for flare-to-flare variations in composition. By correcting for the Q/M-

dependent fractionation that results from acceleration/propagation processes, they

were able to derive coronal elemental abundances for a wide range of elements. In a

paper published in Ap. J. Letters in 1989 (Mewaldt and Stone, 1989), we extended

the approach of Breneman and Stone to derive coronal isotopic abundances based on

HIST data.

Coronal abundances for the elements He, C, N, O, Ne, and Mg were derived

by correcting the measured isotopic abundances for acceleration and propagation

effects that apparently fractionate the accelerated solar composition. These correc-

tions were based on the measured dependence of the elemental abundances in this

flare on the ionic charge to mass ratio (Q/M) of these elements, as measured by the

Maryland/MPI instrument on the same spacecraft. Table 1 summarizes these

results.

Our studies of solar flare isotopes have concentrated on the large solar event of

9/23/78, one of the largest solar particle events of the last 15 years. Examples of the

mass spectra obtained are shown in Figure 1, where the mass resolution is -0.2

amu. Figure 2 shows a comparison of our solar energetic particle (SEP) isotope

results with the "solar system" abundances tabulated by Cameron, with solar wind

measurements, and with other SEP measurements. Note that while our results are

in all cases consistent with Cameron's tabulation, there is a significant and unex-

pected difference between the two SEP measurements of 22Ne/2°Ne and that from the

solar wind.

Various measurements of solar system neon isotopes are summarized in Figure

3, which includes three lunar/meteoritic components; "neon-A" (thought to be a pri-

mordial component); "neon-B" (implanted solar wind); and "neon-C" (thought to be

implanted solar flare nuclei). Although the difference between the SEP and solar

wind neon measurements is not understood, there is also evidence for it from the

lunar/meteoritic data, as evidenced by the difference between neon-B and neon-C.

These differences suggest the possibility of mass-dependent fractionation in either

the solar flare or solar wind acceleration processes. However, the correction for SEP

fractionation effects derived in our analysis actually increases the discrepancy

betweenthe solar wind and SEP measurements. In addition, the correspondence of

our C, N, O, and Mg results with terrestrial and meteoritic isotopic abundances for

these elements places limits on simple fractionation processes in solar flare accelera-

tion and/or propagation. It remains to obtain a quantitative estimate of the fractio-

nation that occurs during solar wind acceleration. Our measurements of 21Ne and

3He also limit the role that nuclear interactions during solar flare acceleration could

have played in altering the SEP composition. Thus, while solar system neon

remains a puzzle, HIST measurements have succeeded in adding a new dimension
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to studies of the solar composition and solar flare processes.

Composition and Energy Spectra of the Anomalous Cosmic Rays

At the New Hampshire Symposium on the Outer Heliosphere, held in May of

1989, and again at the 1989 Fall AGU meeting, invited talks were presented that

reviewed composition studies of the anomalous cosmic ray component, including

isotope studies that we have carried out with the Caltech experiment on ISEE-

3(ICE). Such studies are of particular interest because they offer the possibility of

measuring directly the isotopic composition of the interstellar medium, which is of

significance in galactic evolution studies.

Cosmic Abundances of Matter

During 1989 two review papers were published that were based in large part on

our ISEE-3 studies. The papers represent the written versions of two invited talks

delivered at the Symposium on "Cosmic Abundances of Matter" held in Minneapo-

lis in August. The first paper (Stone 1989) was an invited review of the abundances

of elements and isotopes in solar energetic particles, including the coronal isotopic

composition studies discussed above. A second paper (Mewaldt 1989), covering the

abundances of isotopes in the galactic and "anomalous cosmic rays" was based in

part on the studies of cosmic ray isotopes by the Caltech and Berkeley experiments

on ISEE-3. An additional review paper on this topic appears in Mewaldt (1987).

Galactic Cosmic ray Isotopic Composition

A paper entitled "The S_Mn Clock and its Implications for Cosmic Ray Propaga-

tion and Fe Isotope Studies" (Grove et al., 1991) was published in the Astrophysical

Journal in 1991. An earlier, preliminary version of this work was also presented at the

21st International Cosmic Ray Conference held in Adelaide in January, 1990. This

paper investigates the possible use of UMn as a cosmic ray clock (beta-decay halflife

presently unknown, but estimated to be 1(9 to 107 years). Previously, Koch et al. had

concluded from studies of the Mn/Fe elemental ratio that a substantial fraction of the

S4Mn in low energy cosmic rays had decayed, suggesting a UMn half-life of _104 years.

We find that any half-life greater than the laboratory measured experimental limit of

>4 x 104 years is permitted if allowance is made for the possibility of a non-solar

source abundance of SSMn. We therefore conclude that only Mn isotope studies can

exploit the use of S4Mn as a clock. Preliminary measurements by the LBL experiment

on ICE do not yet resolve UMn, but may with additional analysis.

This paper also points out for the first time the implications of UMn decay on Fe

isotope studies. Since S4Mn decays to 54Fe, investigations of the S4Fe source abun-

dance should take into account the contributions of S4Mn decay to the observed

S4Fe/_Fe ratio. Figure 4 indicates how this contribution would affect the
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interpretation of our ISEE-3 measurement of this ratio (solid circle), as well as

higher energy balloon data (solid diamond).

Helium-3 in Cosmic Rays

In a series of three papers (Mewaldt 1986; Cummings et al. 1986; Webber et al.

1987), we used measurements of 3He from HIST and other instruments to re-

examine the use of this rare isotope as a tracer of secondary contributions to Galac-

tic cosmic rays, and as a means to separate the "anomalous" cosmic ray and Galactic

cosmic ray contributions to the low energy He-4 spectrum at solar minimum. Even

though this was the first cosmic ray isotope to be resolved, it is dear that it still has

an important story to tell.

Bibliography A complete bibliography of talks and papers since the beginning of

this project is attached.
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Summary of HIST Accomplishments

Solar Flare Isotopes:

• First instrument to resolve individual solar flare isotopes with Z > 2

- Confirmed that _Ne/'Z°Ne differs in solar flares and solar wind

- C, N, O, and Mg consistent with terrestrial and meteoritic abundances

• Limits on mass-dependent preferential acceleration in solar flares

• Limits on fragmentation of heavy nuclei during solar flare acceleration

• Derivation of coronal isotopic abundances corrected for mass-dependent

acceleration/propagation fractionation effects

Galactic Cosmic Ray Isotopes:

• Evidence for nucleosynthesis effects in the cosmic ray source

- Confirmed 22Ne enhancement in cosmic rays

- First evidence that 25Mg and 26Mg also enhanced

- First direct measure that S6Fe is the dominant Fe isotope

• Evidence from N isotopes that cosmic rays not composed of interstellar

matter

Interplanetary Particles:

• Isotopic measurements of "anomalous" N, O, and Ne

• Evidence that "anomalous" and galactic cosmic ray Ne differ

Technical:

• First demonstration of high-resolution cosmic-ray isotope separation in space

• First trajectory measurements with 2-D position-sensitive silicon detectors

• New methods of measuring cross sections with cosmic ray instrumentation
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TABLE 1

ISOTOPIC ABUNDANCES OBSERVED IN SEPs AND DEDUCED FOR THE CORONA

Isotope Measured Value Value Deduced Anders and

Ratio in SEPs" for the Corona Ebihara 1982

13He/4He ......... -<2.6 x 10 -3 -< 1.9 x 10 -3 4.3 x 10 -4

13C/12C n _o_ +°'°°42 0.0111 +o.o0`*9 0.0111.......... v.,.,,.,.,.,-0.0029 -0.0034

'4C/'2C .......... <0.0014 <0.0019 0.00

'5N/'4 N 0.008+o.olo n c_o+o.o,2 0.0037........... 0.005 v.vv., -0.006

' 70/160 .......... -< 0.0021 _<0.0024 0.00037

,s0/16 0 _ r_,c+o.oo11 n c_IQ+°'°°'4 0.00204.......... V.UU1 J _ 0.0007 ,..v .... 0.0009

2'Ne/2°Ne ....... -<0.014 <0.015 0.0024

+0.o32 0.07322Ne/2ONe n I f30 + 0.026 0.131 _ 0.02,,....... v. xv,- _0.019

2SMg/2*Mg n la_+o.o46 n ,an+o.oso 0.129...... "" " _" - 0.026 v., vv _ 0.028

+0.o5o 0.14226Mg/Z4Mg 0.1aU +o.o43 0.173_o.o3o...... A-VV -0.025

* Mewaldt, Spalding, and Stone 1984.
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