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ABSTRACT

The intensity~time behavior for protons and helium, as well as for
carbon, oxygen and iron ions has been measured following the 1974
September 19 solar flare for energies butween 0.5 and v 5 MeV per
nucleon. The profiles display a time dispersion which is inversely pro-
portional to velocity for each individual rpeeles., In addition, at a
given velocity the time dispersion also depends on the charge to mass
ratio of the lon. Based on this latter dependence, it is concluded
that while carbon and oxygen are essentially fully stripped iron nuclei
are not, having an effective charge Q = 10 * 5. The observed dispersion
cannot be explained by purely rigidity dependent diffusive propagation.

Subject Headings: energetic solar particles - interplanetary propagation -

composition and energy spectra

*%0On leave from the Dept. of Physics and Astronomy, University of Maryland,

College Park, Maryland




wle

I, INTRODUCTION

Recent studles of the relative abundance of elements in solar cosmic rays
have revealed large enhancements of heavy nucleil at low energles with respect
to nominal solar abundances (Price et al. 1973; Braddy et al. 1973; Crawford
et al. 1975; Gloeckler et al. 1975a; Hovestadt et al. 1975) which show large
variations from event to event (Mogro-Campero and Simpson 1972;
Gloeckler 1975). 1In addition, the results of Van Allen et al.(1974), and
Armstrong et al.(1976) suggest that the abundance of 2 > 3 nuclel relative
to helium varies significantly during individual events. Such results have
made it clear that a better knowledge of propagation effects and associated
biases is necessary before the full potential of such work for the under-
standing of important physical properties of the solar corona can be realized.

In this Letter we report the results of the first detailed study of the
intensity~time profiles fo£ individual heavy ion species following a solar
flare. The observations permit the analysis of the propagation behavior of
heavy dions in a way heretofore only possible for protons and alpha particles,
and allow the time-evolution of the spectra and relative abundances of the
individual chemical elements to be examined.

The measurements were conducted with the ULET sensor of the University
of Maryland/Max-Planck-Institut expetiment on the IMP 8 earth ovbiting spacecraft.
This instrument, described in more detail elsewhere (Gloeckler et al, 1975a;
Hovestadt et al, 1973; Hovestadt and Vollmer, 1971) uses a thin-window gas
flow - through proportional counter t& measure energy-loss (dE/dx) and a solid-
state detector to measure the regidual energy (E) for stopping particles. It
provides a two parameter matrix analysils from which the nuclear charge and
energy of a particle can be determined over the energy range from less than

.3 to more than 5 MeV per nucleon.



The solar event we have selected for the first detalled analysils is
the result of an importance 2N flare which occurred at 2250 UT 1974 September
19 at W62, The location of this flare lies voughly in the middle of the
so-called "preferred-connection region" (Van Hollebeke et al, 1975) or "fast
propagation reglon'" (Reinhard and Wibberenz, 1974) so that the effects of

coronal propagation should not be significant.

IT, OBSERVATIONS

Selected intensity versus time profiles for individual nuclei in
narrowly defined energy per nucleon intexvals are displayed in Figure 1. The
data are plotted as short horizontal segments, each of which represents the
particle flux determined from the appropriate portion of the corresponding
"eraek" on a dE/dx by E pulse height matrix accumulated over a 3 hour interval.
The flux is corrected for analyzer dead-time using the triggering rute of' all
events satisfying the matrix logic condition. Each three hour flux scement is
connected to the next by an oblique segment representing a three hour gap
during which the event acceptance threshold was lowered, and protons and
helium nuclel were measured. The smooth asymmetric curve drawn through each
flux vs. time data set is characterized by only three parameters, amplitude,
rire time and decay time, and is fitted to the data by the method of least
squares. The three parameters derived from such fits have been used in the
subsequent analysis.

These and similar profiles for other energies and species
are characteristic of diffusive propagation following impulsive
injection, that is, a relatively rapid rise to a maximum followed by a more
gradual decay over a period of 50 to 60 hours. Two distinet dispersive

effects are clearly evident. First, the dispersion in time to maximum for



ckygen at two different energies, 0.6 - 1.0 and 3.4 to 4.6 MeV per nucleon,
shown in Figure 1(a), Illustrates the way in which the spectrum is continually
evolving due to velocity dispersion. A second, unexpected effect is the disg-
persion between two different nuclel at the same velocity {(same energy per
nucleon interval) as seen in Figure 1(b). Oxygen takes between 6 and 10 hours
longer than the iron to reach maximum intensity. We note also that the relative
abundance of iron to oxygen (as well as the spectra of individual species) is
varying systematically with time and it is thus clzar that a "snapshot" measure-
ment of the relative abundances, particularly during the onset phase, could

pive misleading results.

III. ENERGY SPECTRA AND RELATIVE ABUNDANCES

The most common procedure for determining spectra and relative abundances
of solar particles is to integrate observed fluxes over some portion of the
period of the intensity increase,generally the entire increase, As an alter-
native to this usual apprevach we have used the maximum amplitude of each
intensity vs. time profiles to construct the energy and abundance spectra.
The resulting differential energy spectra for C, 0, and Fe nuclei are shown
in Figure 2 (solid symbols). We find that the energy spectra measured in
this way are less steep than the spectra integrated over the entire particle
event. For example, the time-~averaged oxygen spectrum, shown for reference
(open circles) in Figure 2, can be characterized by a spectral index of
2.4 + 0.2 as compared with 1.8 4+ 0.2 for the spectrum of peak intensities.
In contrast to the noted differences in the energy spectra, we find that the
differences in the relative abundance spectra resulting from the two
approaches are not significant. Inset in Figure 2 is a plot of the C/0 and

Fe/0 ratios as a function of energy determined from the peak intensities.



Both this method and the ratios from the time integrated profiles show that

¢/0 have roughly the same spectrum but that Fe/0 is enhanced at lower
energies. This clearly illustrates that the iron enhancement seen here [as
well as reported previously at these energles by Braddy et al. 1973 and
Crawford et al 1975, although not universally observed (Hovestadt et al. 1973)]
cannot be due to a propagation bias. We note in passing that a "snapshot"
measurement during the onset phase would have ylelded a further cnhancement

that would be due to a propagatiocn bias,

IV. ANALYSIS OF DISPERSIVE EFFECTS
To carry out a quantiative analysis of dispersive propagation effects,
we have determined T the time of maximum Intensity for each of the fitted
curves for protons, helium, oxygen, carbon and iron. The uncertainty in the
determination of T, Was calculated from the uncertainties in the parameters
of the fitted curve and was typlcally found to be » + 3 hours (see also Figure 1),

For each specles the time of maximum was determlined for at least 5 and as
many as 13 energy intervals.

The times to maximum are plotted separately for each species as a function
of B = v/c (here v 1s the particle velocity) in Figure 3. Typical error bars
are shown. TFrom the figure it 1s evident that the times to maximum for each

individual ion type are consistent with what would be expected for a pure

velocity dispersion., Such a dispersion has been known to be a characteristic
of the behavior of many solar proton events (Bryant et al. 1965; Reinhard and
Wibberenz, 1974). We find that a least square fit to determine the exponent
of an assumed dependence of the form T, B_n yields values for n which lie

between 0.85 and 1.15 in all cases. The constancy of the product VT for a
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given species implies that the most probable "distance traveled" by that

ion species does not depend on particle momentum. A surprising feature
evident from Figure 3 is that the characteristic distances traveled (vrm)
are different for different species, falling roughly into threc groups:
a) protons, b) helium, carbon and oxygen, and c) iron. These characteristic
distances are indicated in Figure 3.

Twe distinct conclusions follow:

(1) The dispersion in the time to maximum for different species at the
same velocity is some function of the charge to mass ratio, Q/A and

(2) The dispersion appears to depend primarily en Q/A and only weakly
A
Q

show no obvious dependence of the distance traveled on momentum,

or not at all on magnetic rigidity P(« = v), since the individual species

V. DISCUSSION

It is a simple matter to apply the feature stated in conclusion (1)
above to estimate the iron charge states which can not otherwise be
measured in this energy range at the present time. Assuming only that helium
nuclei are fully ionized we conclude that both carbon and oxygen nuclei are
alse essentlally fully stripped since they exhibit within errors, the same
time dispersion as the helium. This 1s consistent with the concluslions of
Gloeckler et al. (1973, 1975b) based on direct measurements of the charge states
of these ions at lower energies. Furthermore, we conclude unambiguously that
iron is only partially stripped. If we take A/Q = 1 for protons, A/Q = 2
for the He, C, and O and assume vt = (A/Q)-u we find from the data of
Figure 3 tuat o« = 0.45 + 0.12. The charge states for iron which would make
the observed times consistent with this relation are those with QFe =10+ 5

and are similar to the mean charge state of low energy lron measured
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directly to be 11.6 in the 1974 May 14~15 iron rich particle by Gloeckler

et al. (1976). On the other hand, this is in contrast with the conclusion

reached by Sullivan and Price (1973) using indirect arguments that iron

nuclel in a solar flare event were fully stripped at about 2 MeV per aucleon,
With regard to the second conclusion above we note that it ig difficult

to see how a general propagation theory can explain the species dependent

gplitting as a rigidity dependent effect without also intreducing some momentum

dependent component in the ‘distance traveled" by each species. Diffusion theory

prediets that T & 1/K and in general that the diffusion coefficlent K = Bf(P) where

£(P) 1is some function of the particle magnetic rigidity P. This function

is in turn related to the resonance of the particle cyclotron radius r, with
the spntial-irregularities in the interplanetary magnetle field., One

possible explanation of thg discrepancy ig that at the "microscopic" level,
the effective diffusion cocfficient has a component which depends on eyclntron
frequency, mc(t Q/A), and not on cyclotron radius, rc(m P). A less exotic
explanation has been offered by M. Scholer (private communication) who has
carried out Monte Carlo simulation of the entire propagalilon process which
shows that adlabatic energy loss effects can weaken the dependence of the

time to maximum on energy. Thus it is possible that a rigidity dependent
diffusion could cause a species splitting depending on Q/A while the effects
of adiabatic deceleration (which certainly cannot be neglected at these
energles) distort the resulting energy dependence of the time to maximum so
that an apparent pure velocity dispersion results. A search for similar
dispersive effects at higher energies (proton and helium observations alone
would be sufficient), where adiabatic energy losses are less important, would

be helpful in deciding among the two possibilities.



-7~

We particularly wish to thank Dr., M., Scholer for many illuminating
discussions in the course of this analysis. One of us (J. 0'G.) acknowledges
the support of the Alexande. von Humboldt foundation while this research
wag carried out and also expresses thanks to all at the Max-Planck~Institut
flr extraterrestrische Physik for their generous hnspitality during his stay.
We are also grateful to Dr, O, « llmer for his essential efforts in the
basic desizn and development of the experiment and to P. Leaverenz, E. Kinneth,
E, Tums and J. Cain for theilr contributions to the successful operation of
the instrument. This work was supported by NASA under Contract NAS 5~11062,

grant NGR 21-002-316 and by the German Government.



-8

REFERENCES
Armstrong, T. P., Krimigis, L. M., Hoveatadt, D., Klecker, B, and Gloeckler, G.

1976, Solar Physics (in press).

Braddy, D., Chan, J., and Price, P. B., 1973, Phys. Rev. Letters, 33) 669.
Bryant, D. A.,, Cline, T. L., Desia, V. D., ond McDonald, F. B,, 1965,

Ap. J., 141, 478.
Crawford, H., J., Price, P. B., Cartwright, B. G., and Sullivan, J, D., 1975,

Al!l Jl 1] 'J\-ﬂ, 213'

Gloeckler, G., 1975, Proc. l4th International Cosmie Ray Conference, Munich,

August 15-29, Vol. 11, 3784,

Gloeckler, G., Fan, C. Y., and Hovestadt, D., 1973, Proc. 13th International

Cosnic -Ray Conference, University of Denver, August ..-30, Vol.'a: 1492,
Gloeckler, G., Hovestadt, DP., Vollmer, O., and Fan, C. Y., 1975a, Ap. J.
(Latters), 200, L45, °
~nGLLBIB), &L
Gloeckler, G., Sciambi, R. K., Fan, ¢. Y., and Hovesgtadt, D., 1275b, Proc,

l4th International Cosmic Ray Conference, Munich, August 15-29, Vol'.éc 1576,

Gloeckler, G., Scilambi, R. K., Fan, C. Y., and Hovestadt, D., 1976, Ap. J.

\Letters), (to be published).

Hovestadt, D., Klecker, B., Vollmer, 0., Gloeckler, ¢., aml Fan, C. Y., 1975,

Proc. l4th International Cosmic Ray Conference, Munich, August 15-29,

Vol. EJ 1613.
Hovestadt, D., Vollmer, 0., Gloeckler, G., and Fan, G. Y., 1973, Proe. 13th

International Cosmic Ray Conference, University of Denver, August 17-30,

Vol. 2, 1498,
F

Hovestadt, D., and Vollmer, 0., 1971, Proc. 12th International Cosmic Ray

Conference, Hobart, Tasmania, August 16-25, Vol. 4, 1608,

¥
Fas ™



-9-

Mogro-Campero, A., and Simpson, J. A., 1972, Ap. J. (Letters), ;11, L37.
Price, P. B., Chan, J. H., Crawford, H. J,, and Sullivan, J. D., 1973,

Proc, 13th International Cosmic Ray Conference, University of Denver,

August 17-30,'Vol.gh 1479,

Reinhard, R., and Wibberenz, G., 1974, Solar Physics, 2E¢ 473,

Sullivan, J. D., and Price, P, B., 1973, Proc. 13th International Cosmic Ray

Conference, uUnive.gity of Denver, August 17-30, V°1-,£4 1470.

Van Allen, J. A., Venkatarangan, P., Venkatesan, D,, 1974, J. Geophys. Res.,

79, 1.
A
Van Hollebeke, M. A. I., Ma Sung, L. 5., and MeDonald, ¥F. B., 1975, Sclar

Physics, 41, 189.
\ Faaha

C. Y. Fan: Department of Physics, Unlversity of Aricona, Tucson, AR 85721

G. Gloeckler: Department of Physics and Astronomy, Undversity of Maryland,
College Park, MD 20742

D, Hovestadt, B. Klecker, and J. J. 0'Gallagher: Max-Planck~Institut fur

extraterrestrische Physik, 8046 Garching, West Germany



-10=

FIGURE CAPTIONS

Flg., L(a) == Intengity vs. tlme proflles for oxypen nuelel at two
different energies. tach smooth curve is a 3 parameter function fit to the
data by a method of least squarces.

Fig. 1(b) -~ Intenslty vs. time profile for 0,6 - 1.0 MeV/nueleon ions
of vxypen and iron (same velocity). The smooth curves are {ita to the data.
The carlier arrdival of 1ron can only be explalned 1€ {t has retained a
gubstantlal fraction of Lts atomic electrons. Note also that this effeet
can bias abundance ratios measured during the onget phase,

PFigure 2~-Differential encrgy spectra constructed [rom the maximum
intengity of the corresponding fltted profile at each cnerpy for oxygen,
carbon and iron. Tor comparison, the oxygen spectrum averaged over the
whole profile (open cirecles) is also shown. The inset figure shows the
abundance of carbon and lron relative to oxygen measured at the maximum nf
cach of the respective profilce.

I'igure 3 ~- The time of maximum of the respective fitted profiles as a
function of particle veloeity. The individual specles are conslstent with
a pure veloeity dispersion (B-l) but there is a species splitting which depends

on and provides a measure of the charge to mass ratio.
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