Proceedings of ICRC 2001: 3148 Copernicus Gesellschaft 2001 | C R C 2 OO 1

High energy ionic charge state composition in large solar energetic
particle events
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Abstract. Measurements of ionic charge states in solar en-to-event variability, these measurements have shownhat
ergetic particle (SEP) events have been made at relativelynay depend on energy, which was confirmed by direct mea-
high energies¥ 15 MeV/nucleon) with the Mass Spectrom- surements at lower energies @lius et al., 1999).

eter Telescope (MAST) on board the Solar, Anomalous, and The MAST instrument was launched in July 1992 on the
Magnetospheric Particle Explorer (SAMPEX) satellite using SAMPEX spacecraft into a 520670 km 82 inclination

the Earth’s magnetic field as a particle rigidity filter. We have Earth orbit. MAST employs a silicon solid-state detector
examined the largest SEP events of solar cycle 23 and detetelescope with a collecting power of 11 cn?sr and uses
mined ionic charge states of Fe and other elements in seversihe d&/dx versus residual energy technique to measure the
of these events. The mean charge state of Fe is often consigwuclear chargeZ, mass,M, and total kinetic energyF,
erably higher £ 20) in impulsive SEP events than in gradual for particles with energies of 15 to ~ 150 MeV/nucleon
events { 15). Surprisingly, in several cases, relatively high (Cook et al., 1993; Leske et al., 2001a).

charge states of around 20 were found for Fe in very large

events which are most likely gradual. Further, our measure- .

ments also show that Si in these events is not necessarily i Analysis

thermal equilibrium with other elements. We have examined MAST data from large SEP events from

10/30/92, 11/2/92, 11/6/97, 8/25/98, 9/30/98, 11/14/98, and

7/14/00 (“Bastille Day”). The 1992 events occurred during

1 Introduction the declining phase of solar cycle 22, while the remainder of

the events were in solar cycle 23.

Solar energetic particle (SEP) events are usually classified

into gradual and impulsive events (Reames, 1995a). Earlier

studies found ionic charge stat€$, in gradual events to be

generally consistent with those expected for a plasma 2f

MK, with a mean@ for iron of ~ 15 at~ 1 MeV/nucleon 2

and with little event-to-event variability (Luhn et al., 1985).

In a sum of22 impulsive events, a higher mean charge state

of ~ 20 was found for Fe (Luhn et al., 1987), suggesting

an origin in hotter~ 107 K flare plasma or indicating that d

considerable stripping took place.
The Solar, Anomalous, and Magnetospheric Particle Ex- w0 s s s 70 75 @

plorer (SAMPEX) satellite has successfully used the Earth’s reerent tefue

magnetic field as a particle rigidity filter at energies as high as

~ 70 MeV/nucleon (Leske et al., 1995). This approach can Fig. 1. 'I_'he cpunt rqte of 8-15 MeV/nucleon He measured by MAST

be used at lower energies (Mason et al., 1995; Oetliker et al_\,/ersus invariant latitude for one north polar pass on 15 July 2000.

1997; Mazur et al., 1999) for cross-calibration with direct

measurements (Bbius et al., 1999). In addition to event-
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During the near-polar Earth orbit of SAMPEX, MAST de-
tects the geomagnetic cutoff of abundant charged particles as
Correspondence toA. W. Labrador the spacecraft passes from high invariant latitude to low in-
(labrador@stl.caltech.edu) variant latitude, or vice-versa, as shown in Figure 1 for 8-15
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i . 13%2?3 = §§§2§Z§ C: 171/{1‘%28 ] Fig. 2. Charge states determined by
L E l(lE//OS\GS/iiZerred for 11/06/97 (Cohen et al.) + ] MAST in SEP events in 1992 (LeSk_e
o 20 + Inferred for 4/20/98 from spoctra (Tylka et al.) ---- + - et al. (2001a), and references therein)
G [| L ACE/SEFICA for 4/20/98 (Klecker et al.) x| X compared with those expected in a 2
S 1 Szezxpmed for 2MK /( fffff # | MK plasma (solid horizontal lines) (Ar-
© B | L 1 naud and Rothenflug, 1985; Arnaud and
§ r S AR x| 4 L] Raymond, 1992). Charge states de-
T *Lg‘ll*ﬁ.;%%?? TP Ak . duced in the 6 November 1997 event
;Tv%?ﬂ—’ﬁ;a‘ e ] are also shown (Cohen et al., 1999b), as
I ] well as charge states directly measured
r ] at lower energies (Klecker et al., 1999)
o L ] and deduced from the spectral shape at
| | | | | | | | | | | |

higher energies (Tylka et al., 2000) in

N [¢] Ne Na Mg Al Si S Ar Ca Fe Ni the 20 Apl’l| 1998 event.

Element

MeV/nuc He. Invariant latitude), is the magnetic latitude sult in the same event, the Si charge states are very different.
at which the field line intersects the Earth’s surface and isOther SAMPEX measurements in this event f@(si)~ 13
related to the magnetit shell bycos? A = 1/L; see, e.g., at~ 2.5 MeV/nucleon and increasing with energy up to that
Roederer (1970). Cutoff invariant latitudd., is defined  point (Mazur et al., 1999), apparently more consistent with
as the invariant latitude at which the count rate drops to halfthe MAST value than with the value af..7 &+ 0.2 deduced
its average value abov&°. Cutoff magnetic rigidity (mo- by Cohen et al. (1999b) at 12—60 MeV/nucleon. This may
mentum per unit chargelR¢, should be linearly related to indicate systematic differences between the two approaches
cos* Ac (e.g., Smart et al., 1999). Given measurements ofthat are unaccounted for or additional stripping of Si after
the cutoff latitude and kinetic energh, for a given species, elemental and isotopic fractionation.
one can therefore solve fq}.

Figure 1 also demonstrates the dynamic nature\of
which can vary by several degrees on timescales of less than
one orbit, during periods of high geomagnetic activity. Fur- 25
ther, heavy ions often arrive earlier and disappear sooner than
lighter ions in SEP events, so our analysis normalizes for ar-
rival time, in addition to livetime and duration at invariant 207
latitude bins.

Further details of the analysis approach may be found in
Leske etal. (1995, 1996, 2001a); Mason et al. (1995); Mazur 15E A A |
et al. (1999); Oetliker et al. (1997). ‘

Q(Fe)

10 i | | |
6 8 10 12 14 16
3 Results Q(0), Q(Ne), Q(Mg), Q(S)

Chafge states obtained by MAST in all of the SEP ?VentSFig. 3. Q(Fe) vsQ for O (open diamonds, dotted line), Ne (open
StUd'_ed to date are Sh,OVY” 'n Figure 2 The uncelrt_allntles ar‘t%riangles, dashed line), Mg (open squares, dot-dashed line), and Si
dominated by uncertainties in the derived cutoff-rigidity rela- (so|id circle, solid line) from MAST data. Lines are calculated for
tions and might be reduced through further analysis. EXcepinean charge states at thermal equilibrium (Araud and Rothenflug,
for a slightly low value forQ(Si), the charge states for the 1985; Arnaud and Raymond, 1992).

Bastille Day event are similar to those of the 1992 events.

A variety of other measurements &f in gradual events For most elements, the measured charge states are often in
obtained using other techniques are also shown Figure 2reasonable agreement with those expected from equilibrium
Charge states from ACE/SIS (Cohen et al., 1999b) were deealculations of collisional ionization in a 2 MK plasma (Ar-
duced assuming the elemental and isotopic fractionation obnraud and Rothenflug, 1985; Arnaud and Raymond, 1992), a
served in the 6 November 1997 SEP event both scale as themperature typical of the solar corona. For the MAST 1997
same power law i) /M. While the relatively highQ(Fe) and 1998 events shown, however, the high charge states of
value obtained from ACE/SIS agrees well with the MAST re- ~ 20 for Fe either require a higher temperature~of 0 MK
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Q(0), Q(Ne), a(Mg) Fig. 5. Fe/O vsQ(Fe) for MAST data (closed circles; Fe/O ra-

tios from Cohen et al. (1999a); Williams (1998); charge states from

Fig. 4. MAST Si tor O di q Leske et al. (2001a) and references therein) and ACE SEPICA and
'9. 2. measurements @@(Si) vsQ for O (open diamonds, ULEIS data (open diamonds, error bars removed)bMs et al.

dotted line), Ne (solid circle, solid line), and Mg (open squares, (2000)). The solid line is a fit to the MAST data, and upper dot-
dashed line) from MAST data. Lines are calculated for mean chargged line is the fit to the SEPICA and ULEIS data '

states at thermal equilibrium (Arnaud and Rothenflug, 1985; Ar-
naud and Raymond, 1992).

et al., 2000). A similar trend for higher energy Fe studied by

MAST is evident here, as shown in Figure 5 using the Fe/O
or may suggest that additional stripping occurs during accelyaio (for most of the events) obtained by ACE/SIS (Cohen
eration or transport (Barghouty and Mewaldt, 2000; Reamesyt g, 1999a). Figure 6 demonstrates the same general trend
etal., 1999). for a variety of other elements. In Figure 5, it appears that

For the events in this study, mean charge states in MASTfor a given Fe/O valug)(Fe) at MAST energies is generally

data for O, Ne, Mg, and Fe together are in good agreemengjigher than the value at low energies. This may suggest that
with thermal equilibrium calculations over the range2-10  an increase in the Fe charge state with energy is fairly com-
MK, as shownin Figure 3. The agreement with thermal eCIUi-mon’ as has been measured in at least two evemiw
librium over this temperature range appears qualitatively ast al., 1999; Oetliker et al., 1997; Mazur et al., 1999).
good as or better than some measurements for the same ele-|t js unclear whether the correlation of composition and
ments in the lower energy range measured by ACE SEPICAcharge states is due to an admixture of impulsive SEP mate-
(Mdbius et al., 2000). AQ(Fe) values near 20, the MAST ig| into these otherwise gradual events (Mason et al., 1999),
results are in even tighter agreement with fully stripped ionican origin of the material in hotter regions of the corona, or
charge states of O, Ne, and Mg than the ACE SEPICA re-fractionation or charge-changing processes during accelera-
sults, although MAST data in Figure 3 represent only twotjon or transport. Th&)/M-dependent fractionation process
events. Itis possible that the geomagnetic rigidity filter tech-that affects both elemental and isotopic abundances (e.g.,
nique tends to result in correlations of high charge states bet eske et al., 2001b) would not produce this correlation from

tween different elements. With uncertainty in the cutoff lat- material with a broad distribution of Fe charge states. If it
itude to rigidity relationship (e.g. Shea and Smart (1983),

Smart et al. (1999), Ogliore et al. (2001)), it is important to
note that the cutoff latitude to rigidity relationship will have
a strong effect oid)(Fe) measurement results.
A comparison ofQ(Fe) andQ(Si) in Figure 3 shows lit- 25
tle or no agreement with thermal equilibrium. Unlike O, Ne, + %
Fe i

and Mg, Siis apparently not fully-stripped for high values of 207
Q(Fe). The comparison d@p(Si) vs. charge states of O, Ne,
and Mg in Figure 4 further implies that the Si charge state is
~ 1 electron charge lower than that required of thermal equi-
librium, assuming that Si and other elements in these SEP ol *x
events originate at equal temperatures. The assumption of s Oh4 1 o
equal temperatures may be incorrect, however. Mean charge o o0
state measurements for Si and Mg as far back as the work ST e e
of Luhn et al. (1985), for example, corresponded to tempera- Fe/O
tures which differed by~ 5 MK from each other.

At lower energies of~ 1 MeV/nucleon, a good corre- Fig. 6. Q for O, Ne, Si, and Fe, from MAST data only (Leske
lation has been reported betweéxFe) and the Fe/O ra- etal. (2001a) and references therein), vs Fe/O (Cohen et al., 1999a;
tio, with higher@ corresponding to enhanced Fe/OidMus ~ Williams, 1998), for the gradual SEP events in this study.
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Table 1. Mean @ for Fe-poor and Fe-rich gradual events from contract NAS5-30704 and grant NAGW-1919.

MAST 5
Element avgQ, low Fe/O® avgQ, high Fel/
N 6.36 £ 0.15 6.79£0.27 References
o 6.90£0.13 7684021 Arnaud, M. and Raymond, JAstrophys. J.398 394-406, 1992.
Ne 8.63 £ 0.19 9.99 £ 0.42 Arnaud, M. and Rothenflug, RAstron. Astrophys. Supp60, 425
Mg 10.26 + 0.24 12.07 +0.33 45‘; Lone 1g, RAStron. ASIrophys. SUppLT, 25—
Si 10.47 +0.27 (11.98 4 0.42)° ’ ' :
Fe 15.02 + 0.56 19.97 + 0.82 Barghouty, A. F. and Mewaldt, R. A., no. 528 in AIP Conf. Proc.,

pp. 71-78, AIP, New York, 2000.
Cohen, C. M. S. et alGeophys. Res. LetR6, 2697—-2700, 1999a.
Cohen, C. M. S. et alGeophys. Res. LetR6, 149-152, 1999b.
Cook, W. R. et al.JEEE Trans. Geosci. Remote Sensi8ty 557—
564, 1993.
Klecker, B. et al.Proc. 26th Internat. Cosmic Ray Conf. (Salt Lake
did, then when Fe/O is enhanced, indicating enhancements City). 6, 83-86, 1999.
of elements with lowerQ /M, the lowerQ(Fe) should also ~ -€Ske. R. A. etal.Astrophys. J. Let452, L149-1152, 1995.
be enhanced, opposite to what is observed. Leske, R. A. et al., no. 374 in AIP Conf. Proc., pp. 86-95, AIP,

It we divide_ the events according to Whethe_r the high en-Leg:(E:’j, \FEOFX 1e$21? AIP Conf. Proc., AIP, New York, submitted,
ergy Fe/O ratio is depleted or enhanced relative to the coro- 54915
nal value of 0.134 (Reames, 1995b) and calculate the averag&sie, R. A. et al., AIP Conf. Proc., AIP, New York, submitted,
Q for each element in each of these two cases, we obtain the 2001p.
values given in Table 1. Becaug¥Si) in the 11/6/97 eventis Luhn, A. et al.Proc. 19th Internat. Cosmic Ray Conf. (La Jo|l4)
so different from that in the other two Fe-rich events, we list 241-244, 1985.
values in Table 1 both with and without this event included in Luhn, A. et al. Astrophys. J.317, 951-955, 1987.
the average. Both values are significantly higher than the avMason, G. M., Mazur, J. E., and Dwyer, J. Bstrophys. J. Lett.
erage(Si) in the Fe-poor events. In fact, for all 6 measured 525 L133-1136, 1999.
elements from N to Fe, the medh s significantly higher MZ?J?'JGEMéte;IaGLézgr?S:y;é iAf:’tf?gll_?gslll’?l:glségg
for the Fe-rl_ch events_, belng_some 5 charge units higher at F obius, E. et al. Geophys. Res. Le(26, 145-148, 1999,
and essentially consistent with fuI_Iy stripped for all elt_em_entsMbbius’ E. et al., no. 528 in AIP Conf. Proc., pp. 131134, AIP,
up through Mg. The&) values for high Fe/O are very similar New York, 2000.
to those deduced indirectly by ACE/SIS in 4 Fe-rich gradual getliker, M. et al. Astrophys. J.477, 495-501, 1997.
events (Cohen et al., 1999a). Ogliore, R. C. et al.These proceeding&001.

Reames, D. V.Revs. Geophys33, 585-589, 1995a.

Reames, D. VAdv. Space Resdl5, (7)41—(7)51, 1995b.
4 Summary Reames, D. V. et alGeophys. Res. Let26, 3585-3588, 1999.

Roederer, J. G., Springer-Verlag, New York, 1970.
Measurements from SAMPEX have uncovered unexpecte@nea M. A. and Smart, D. FProc. 18th Internat. Cosmic Ray Conf.

behavior in gradual SEP event charge states. For most ele- (Bangalore) 3, 415-418, 1983.
ments in most SEP events, charge states are consistent witkmart, D. F. et al Proc. 26th Internat. Cosmic Ray Conf. (Salt Lake
a 2 MK plasma. Correlations between charge states and City), 7, 337-340, 1999.
Fe/O ratio, reported by other experiments, are also seen byylka, A. J. et al., no. 528 in AIP Conf. Proc., pp. 147-152, AIP,
MAST. However, in some SEP events which would previ- New York, 2000.
ously have been defined as gradual events, the charge statBdlliams, D. L., Ph.D. thesis, California Institute of Technology,
of Fe are more consistent with previous definitions of im- Pasadena, CA 91125, 1998.
pulsive events. Furthermore, while charge states of O, Ne,
Mg, and Fe are consistent with equal temperatures during
each event, charge states of Si imply temperatures several
MK lower than the temperatures implied by the charge states
of the other elements.
The analysis of additional large events detected by MAST,
namely the 9 November 2000 event and several large events
in March and April of 2001, is underway and will be reported
at the conference. Together with ongoing composition mea-
surements from ACE, Wind, and other spacecraft, these new
data offer the hope of revealing new details of the fractiona-
tion, acceleration, and transport of solar energetic particles.

(a) Average of events with FefO 0.134, (b) Average of events
with Fe/O> 0.134, (c) Average omitting the 11/6/97 event is
11.61 £ 0.44.
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