T h e I r on , S i l i c on , an d O xyge n A b u n d an c e i n t h e S ol ar W i n d

M e as u r e d w i t h S O H O / C E L I A S / M T O F

P. Wurz1, M. R. Aellig1, F. M. Ipavich2, S. Hefti1,6, P. Bochsler1, A. B. Galvin2,7, H. Grünw aldt3, M. Hilchenba ch3, F. Gliem4, and D. Hovestadt5

1University of Bern, Physics Institute, CH-3012 Bern, Switzerland 2University of Maryland, College Park, MD 20742, USA 3Max-Planck-Institut für Aeronom ie, D-37189 Katlenburg-Linda u, Germany 4Techni sche Universität Brauns chw eig, D-38023 Brauns chw eig, Germany 5Max-Planck-Institut für extraterrestrische Physik, D-85740 Garching, Germany 6Present addr ess: University of Michigan, Ann Arbor , MI 48109, USA 7Present addr ess: University of New Hampshire, Durham, NH 03824, USA

Camera-ready Copy for

Ph ysics an d Chem istry of the Ear th

Manus cript-No. ST13.01- 0017

O ffset requests to:

Peter Wurz University of Bern, Physics Institute Sidlerstrasse 5, CH-3012 Bern Switzerland

Journal: Physics and Chemistry of the Earth

MS No.: ST13.01-0017

First author: Wurz 1

Th e Ir o n , S ilico n , a n d O xyg e n A b u n d a n ce in t h e S o la r W in d

M e a su r e d w it h S O H O / C E L IA S / M T O F

P. Wurz1, M. R. Aellig1, F. M. Ipavich2, S. Hefti1,6, P. Bochsler1, A. B. Galvin2,7, H. Grünwaldt3, M. Hilchenbach3, F. Gliem4, and D. Hovestadt5 1University of Bern, Physics Institute, CH-3012 Bern, Switzerland 2University of Maryland, College Park, MD 20742, USA 3Max-Planck-Institut für Aeronomie, D-37189 Katlenburg-Lindau, Germany 4Technische Universität Braunschweig, D-38023 Braunschweig, Germany 5Max-Planck-Institut für extraterrestrische Physik, D-85740 Garching, Germany 6Present address: University of Michigan, Ann Arbor, MI 48109, USA 7Present address: University of New Hampshire, Durham, NH 03824, USA Received ??? ˘ Accepted ??? Abstract. From data collected with the MTOF sensor of the CELIAS instrument on board the SOHO spacecraft we derived the elemental abundance ratios for Si/O and Fe/O in the solar wind with high time resolution. Since Si and Fe are elements with a low �rst ionization potential (FIP) and oxygen is a high FIP element, these abundance ratios are valuable diagnostic tools for the study of the FIP fractionation process. The abundance ratios we �nd for slow and fast solar wind are commensurate with published values for interstream and coronal hole type solar wind. Between these two extreme cases of solar wind �ow we �nd a continuous decrease of the abundanceratiosforincreasingsolarwindspeed, fromahigh value indicative of solar wind originating from the streamer belt to low values associated with �ow from coronal holes.

1 Introduction

In the solar wind, elements with low �rst ionization potential (below about 10 eV) are systematically enriched relative to high FIP elements compared to their photospheric abundance. The enrichment amounts to a factor of 3˘5 for slow solar wind associated with the streamer belt, and about two forfastsolarwindassociatedwithcoronalholes(vonSteiger, 1996). It is generally believed that these relative enrichments aretheresultofafractionationprocesstakingplaceintheupper chromosphere and lower transition zone and are caused by a neutral-ion separation process, with the ionization most likely caused by the EUV radiation from the solar corona. Geiss and Bochsler (1986) found that the fractionation pattern of the elements is even better described using the �rst ionization time as the organizing parameter instead of the FIP.SeveralmodelshavebeendesignedtoexplaintheFIPeffect and have recently been reviewed by von Steiger (1996). So far none of these models is able to self-consistently explain the FIP effect. Recently, Peter (1996) extended the diffusion model put forward by Marsch et al. (1995) by intro-

Correspondence to: Peter Wurz ducing a chromospheric mass �ow speed whose magnitude determines the strength of the FIP fractionation. We will compare our data with predictions derived from this model.

In this paper we report on the investigation of the oxygen, silicon, and iron densities in the solar wind, which often serve as a reference for the less abundant minor ions. Silicon and iron are low FIP elements and their abundance relative to oxygen, a high FIP element, will allow us to make conclusions on the FIP fractionation effect for different solar wind regimes. The data were gathered with the MTOF sensor of the CELIAS instrument (Hovestadt et al., 1995) on the SOHO mission. The SOHO spacecraft is located at the Lagrangian point L1 and is a three-axis stabilized spacecraft pointing permanently at the Sun. Because of these unique observing conditions and the large active areas of the individual sensors of the CELIAS instrument, measurements can be done with high time resolution and good statistics at the same time.

2 Data Analysis

From the ions recorded with the MTOF sensor, the CELIAS data processing unit accumulates time-of-�ight (TOF) spectra for �ve minutes which then are transmitted to Earth. In this study we evaluated the elements O, Si, and Fe; these three elements are among the most abundant minor ions in the solar wind. Mass peaks for the different elements were extracted from each of the transmitted TOF spectra by �tting the signal and the background with a least square method. Subsequently, the overall ef�ciency of the MTOF sensor was calculated for each element and for each accumulation interval. To obtain particle �uxes for the chosen elements from the measured count rates, the MTOF sensor response comprising the transmission of the entrance system and the responseoftheisochronousTOFmassspectrometer(V-MASS) was taken into account.

The settings for the MTOF sensor are cycled in a sequence of six steps, including two voltage settings for the entrance

Journal: PhysicsandChemistryoftheEarth MSNo.:ST13.01-0017 Firstauthor: Wurz 2

Fig.1. TotaltransmissionoftheisochronousTOFmassspectrometeris plotedforthethreelementsinvestigatedandfortwopotentialdifferences betwentheentrancesystemandtheisochronousTOFmassspectrometer (VF = − 2500V and V_F = 0V↽▷ The transmissions for V_F = − 2500V

are peaking at lower solar wind speeds▷

sys tem and thr ee value s for the pot ential differenc e be twe en the entranc e sys tem and the TOF mass spe ctrom eter▷ The po tential differenc e can be eithe r ne gative zero or of pos itive value wi th the ne gative value accelerating the ions and the pos itive value de celerating the ions be for e the y enter the TOF mass spe ctrom eter▷ For the pr esent ana lys is onl y the steps wi th ne gative and zero pot ential differenc e ha ve be en us ed sinc e the sens or respons e for the pos itive pot ential differenc e is not kno wn wi th the requi red level of conΘ de nc e ye t▷ In Figur e � we sho w the total trans mission of the isoc hr onous TOF mass spe ctrom eter for the thr ee elements investigated for ne gative and zero value s of the pot ential differenc e be twe en the entranc e sys tem and VM AS S▷ To obt ain the total sens or respons e the se num be rs ha ve to be multiplied by the respons e of the entranc e sys tem whi ch is given as an active area ↼typi cally 2mm 2 for a large sol ar wi nd spe ed range ). As can be seen from F igur e 1, the trans m ission of the T OF

m ass spe ctrom eter varies over several or de rs of m agni tude

de pe ndi ng on the sol ar wi nd condi tions and the sens or set-

tings , whi ch com pl icates the da ta ana lys is signi Θ cant ly. The

m axi m um in the V-M AS S trans m ission cor responds to at

be st 2000 count s for oxyge n dur ing a Θ ve-m inut e int egr ation

pe riod. The steppi ng seque nc e ha s be en opt im ized to cover a

br oa d range of sol ar wi nd condi tions . Ea ch step of the M T OF

sens or cyc le tak es Θ ve m inut es, thus the tot al seque nc e tak es

30 m inut es to Θ ni sh. Ho we ver, sinc e each step ha s qui te

a large ene rgy ba ndwi dt h, overlappi ng wi th the ot he r steps

cons ide rabl y, a tim e resol ut ion of Θ ve m inut es can be ob-

taine d if the sens itivi ty of the M T OF sens or is hi gh enough

for the pa rticul ar elem ent cons ide red. F or typi cal sol ar wi nd

condi tions and for the m or e abunda nt elem ent s in the sol ar

wi nd, whi ch are studi ed in thi s w or k, it is inde ed pos sibl e to

de rive de ns ities wi th suc h a hi gh tim e resol ut ion (W ur z et al.,

1998) .

The actua l sol ar wi nd pl asm a pa ram eters, whi ch we re m ea-

Fig. 2. Log arithm of the ratio of the Fe densities measured with the CELIAS /MTOF sensor versus the Fe densities measured with the CELIAS /CTOF sensor for a time period from day 150 to 229 of 1996 with a total of about 20’000 measurements at 5-m inute intervals. The contour lines give the num ber of measurements for a particular bin. Duri ng that time period there was mostly slow solar wind, whi ch explains the clustering of measurements between 350 and 400 km/s. The overlaid symbols are the mean for a particular speed bin and the error bars are the standa rd deviation of log(FeMTOF/FeCTOF) for a single measurement.

sur ed by the pr oton moni tor (PM ), a sub- sens or of the M TOF sens or, are ne ede d as input pa rameters for the calculation of the M TOF sens or respons e. The de termina tion of the solar wi nd plasma pa rameters wi th the PM is qui te accur ate (Ipa vich et al., 1998) and be tter tha n requi red for the de termina tion of de ns ities of minor ions wi th the M TOF sens or.

Anot he r input pa rameter ne ede d for the de termina tion of the M TOF sens or respons e, in pa rticular for the de termina - tion of the active area of the entranc e sys tem, is the cha rge state distribution of the solar wi nd ions for each element and for each accum ulation interval. The M TOF sens or de termine s onl y the mass of the inc om ing ion. The cha rge infor mation of the inc om ing ions is los t be caus e the ions unde rgo an efΘcient cha rge exc ha nge pr oc ess ins ide the sens or whe n the y pa ss the carbon foil of the isoc hr onous TOF mass spe ctrom eter. The refor e, we us ed the establishe d cor relation be twe en the solar wi nd spe ed and the freeze-in tempe ratur e of the ions (Ae llig, 1998; Boc hs ler, 1997; He fti, 1997) to de - rive the so- called freeze-in tempe ratur e from the measur ed solar wi nd veloc ity. From the freeze-in tempe ratur e we obtaine d cha rge state distributions for each element by assum - ing an ioni zation equi libr ium in the cor ona and by appl ying ioni zation and recom bina tion rates for electroni c collisions from Ar na ud and co- wor kers (Ar na ud and Rothe nΛ ug, 1985; Ar na ud and Raym ond, 1992) . The appl ication of the sens or respons e to the measur ed da ta yielde d de ns ities for the different elements.

Sinc e the re is still onl y a limited amount of calibr ation da ta available for the M TOF sens or, and sinc e the M TOF sens or respons e is rathe r involved, we us ed the oppor tuni ty to com pa re the oxyge n and iron de ns ities we de rived from

Journal: PhysicsandChemistryoftheEarth MSNo.:ST13.01-0017 Firstauthor: Wurz 3

Fig.3.LogarithmoftheFe/OdensityratiomeasuredwithCELIAS/MTOF versusthesolarwindspeed.The10linearlyspacedcontourlinesgivethe numberofmeasurementsforaparticularbin.Duringthattimeperiodthere wasmostlyslowsolarwindwhichexplainstheclusteringofmeasurements betwen350and400km/s.Theoverlaidsymbolsarethemeanforaparticularspeedbinandtheerrorbarsarethestandarddeviationoflog(Fe/O)for asinglemeasurement.

MTOFdatawithdataderivedfromtheCTOFsensor(Aellig, 1998;Hefti,1997)forthetimeperiodforwhichCTOFdata areavailable(days150to229of1996). Thiscomparisonis showninFigure2forirondensities, whereatotal ofabout 20’000measurementstakenat�ve-minuteintervalsaredis-played. Onaveragewe�ndgoodagreement between the twosensors. However,thescatteringofindividualmeasurements performed with �ve-minute time resolutionis larger fortheMTOFsensorsince its overall transmissionis signi�cantlylowerthanthetransmissionofCTOF,particularly forhighsolar windspeeds. Furthermore, therangeofsolar windspeedswhich can beinvestigated is limited at the highsolar windspeedsbecause thetransmissionbecomes verysmall(seeFigure1). Thereisnosystematicdependence oftheinstrument functiononsolar windspeed (shownin Figure2)andothersolarwindplasmaparameterslikethermal speed,�owdirection,measured freeze-in temperature, ... (notshown). Foroxygendensities this comparisonhas alsobeenperformed,andwe�ndsimilaragreementbetween thetwosensors.

3 Results

We evaluated theO,Si, andFe densities with a time resolutionof�ve minutes forthesame time interval forwhich CTOFdataareavailable. FromthesedensityvalueswederivedtheabundanceratiosFe/OandSi/Owhichweanalyzed further. We observedstrongshort-termtemporal variations inthedensitydatafortheminorions, signi�cantlystronger thanthetemporalvariationintheprotondensitydata. These �ndingsareinagreementwithearlierresultsreportedbyAelliget al. (1998). Also,theabundanceratiosFe/OandSi/O

Fig.4.LogarithmoftheSi/OdensityratiomeasuredwithCELIAS/MTOF versusthesolarwindspeed.The10linearlyspacedcontourlinesgivethe numberofmeasurementsforaparticularbin.Duringthattimeperiodthere wasmostlyslowsolarwindwhichexplainstheclusteringofmeasurements betwen350and400km/s.Theoverlaidsymbolsarethemeanforaparticularspeedbinandtheerrorbarsarethestandarddeviationoflog(Si/O)for asinglemeasurement.

vary strongly onshort time scales oftheorder ofsome 10 minutes.

In Figure 3 weshowthedistributionofFe/Oabundance ratiosforthewhole time interval, organized bysolar wind speed. Clearly, atleasttworegimescanbeidenti�edwhere theFe/Oabundance ratio is constant: forslowsolar wind speeds below 380km/s andfor fast solar windspeeds in excess of480km/s. We associate these solar windspeed regimeswithsolarwindoriginatingeitherfromthestreamer belt regionsorthecoronal holeregionsonthesun,respectively. InbetweenthesetworegimesweobserveacontinuoustransitionfromhightolowFe/Oabundanceratiowhich wewilldiscusslaterinthispaper.

TheaveragedFe/Oabundanceratiosforslowsolar wind (< � km◁s↽ and fast solar wind ↼> � km◁s↽ together with

published data for the Fe◁O abundance ratio are summa rized in Table �▷ We Θnd reasonable agreement of our Fe◁O abundance ratios with most of the published data both for the interstream and coronal hole types of solar wind▷ Only the value reported by Schmid et al▷ ↼�↽ is considerably higher than other published results and our value but given the quoted error bar there is no real discrepancy▷

In Figure � we show the distribution of Si◁O abundance ratios for the whole time interval organized by solar wind speed▷ Similar to the Fe◁O abundance ratio we again can in dentify two regimes where the Si◁O abundance ratio is con stant for an extended solar wind speed interval for slow solar wind speeds ↼< � km◁s↽ and for fast solar wind speeds ↼> � km◁s↽▷ These two regimes are again associated with solar wind originating from streamer belt regions and coronal hole regions on the sun respectively▷ The averaged Si◁O abun dance ratios for these two Λow types together with published

Journal: PhysicsandChemistryoftheEarth MSNo.:ST13.01-0017 Firstauthor: Wurz 4

Table1.SummaryofourandreportedvaluesfortheFe/Oabundanceratio inthesolarwind. Measuredregime Fe/Oratio Reference InterstreamSW 0.19^{+0 .1}_{− 0.07}^{B oc hs ler et al. (1986);}

Schm id et al. (1988) 1)

Int ers tre am SW 0.12 ± 0.03 Ipavich et al. (1992)

Interstream SW 0.11 ± 0.03 Aellig et al. (1998)^{2)}

Int ers tre am SW 0.12 ± 0.03 this work

Coronal hole SW 0.057 ± 0.007 Gloeckler et al. (1989) Coronal hole SW 0.06 ± 0.005 Geiss et al. (1995) Coronal hole SW 0.063 ± 0.007 this work

Photospheric value 0.0355 ± 0.0025

Anders and Grevesse (1989); Hannaford et al. (1992)^{3)}

1) Thi s value is a com bi na tion of the He /O abunda nc e ra tio of 75 from

B oc hs ler et al. (1986) and the He /Fe ra tio from Schm id et al. (1988). 2) The value from Ae llig et al. (1998) is a we ight ed avera ge over all sol ar

wi nd condi tions duri ng a thre e-m ont h tim e pe ri od wi th m os tly slow sol ar

wi nd. 3) The phot os phe ri c value of the Fe/O ra tio is de rived from the iron abun-

da nc e gi ven by Ha nna ford et al. (1992) and the oxyge n abunda nc e gi ven by

Ande rs and Gre vesse (1989).

da ta f or the S i/O a b unda nc e r a tio, a r e s um m a r iz e d in T a bl e 2.

W e Θ nd r e a s ona bl e a gr e e m e nt of our S i/O a b unda nc e r a tios

wi th the publ is he d da ta , bot h f or the int e r s tr e a m a nd c or ona l

hol e type s of s ol a r wi nd. B e twe e n the s e tw o r e gi m e s whe r e

the S i/O a b unda nc e r a tio is c ons ta nt we a ls o obs e r v e a c on-

tinuous tr a ns ition.

4 Di s c u s s ion

The a b unda nc e r a tios we Θ nd f or F e /O a nd S i/O a r e c on-

s is te nt wi th v a lue s r e por te d in the lite r a tur e ( s e e T a bl e s 1

a nd 2) f or int e r s tr e a m a nd c or ona l hol e type s ol a r wi nd. Al -

though the s ol a r wi nd s pe e d r a r e ly e xc e e de d 500 k m/ s dur -

ing the in v e s tig a te d tim e int e r v a l, we c a n a s s oc ia te thi s s ol a r

wi nd s pe e d r e gi m e wi th Λ o w f r om c or ona l hol e s e xt e ndi ng

to w a r ds the s ol a r e qua tor s inc e the a b unda nc e r a tio s a tur a te s

a t a lo w le v e l c ons is te nt wi th a b unda nc e r a tio v a lue s r e por te d

f or f a s t ( a bout 800 k m/ s ) s ol a r wi nd Λ o w whi c h c le a r ly or ig-

ina te d f r om c or ona l hol e s ( Ge is s e t a l., 1995; Gl oe c kl e r e t

a l., 1989) . R e c e nt m e a s ur e m e nt s of e le m e nt a l a b unda nc e in

c or ona l s tr e a m e r s ha v e be e n pe r f or m e d wi th S OHO/ UVC S

by R a ym ond e t a l. ( 1997) . F r om the s e r e s ul ts we de r iv e a

F e /O r a tio of 0.13

+0 .05 − 0.03 and a S i/O ratio of 0.05

+0 .02 − 0.01 for the

Tab le 2. Summary of our and report ed values for the Si/O abunda nce ratio in the solar wind.

Measured regime Si/O ratio Reference

Interstream SW 0.19 ± 0.04 Bochsler (1989) Interstream SW 0.18 ± 0.02 Galvin et al. (1993) Interstream SW 0.20 ± 0.03 this work Coronal hole SW 0.054 ± 0.009 Gloeckler et al. (1989) Coronal hole SW 0.052 ± 0.007 this work

Photospheric value 0.0417 ± 0.0051

Anders and Grevesse (1989)

Fig. 5. Average values of the Fe/O ratio for solar wind speed bins of about 10 km/s ▷ The error bars are 1σ errors of the mean plus instrumental uncer tainties▷ The dashed lines indicate the Fe◁O ratio reached for slow and fast solarwind respectively whicharecommensuratewithpublishedvalues↼see Table �↽▷ The solid line is the result of eq▷ � for a density of 4 ·10^{16} m^{− 3}

and a tem pe ra ture of 104K.

le g of a n e qua tor ia l c or ona l s tr e a m e r. The F e /O v a lue is c om -

m e ns ur a te wi th the e s ta bl is he d a b unda nc e r a tio f or s lo w s ol a r

wi nd ( s e e T a bl e 1) , whi c h is a s s um e d to or igi na te f r om tha t

loc a tion. Ho we v e r, the S i/O v a lue of R a ym ond e t a l. ( 1997)

is indi c a tiv e of c or ona l hol e s ol a r wi nd, whi c h is inc om pa ti-

bl e wi th the in v e s tig a te d loc a tion. I n ge ne r a l the a ut hor s ob-

s e r v e a de pl e tion of the de ns ity of hi gh- F I P e le m e nt s r a the r

tha n a n e nr ic hm e nt in the de ns ity of lo w- F I P e le m e nt s a t the

le g a nd ins ide the c or ona l s tr e a m e r.

Al though s ilic on a nd ir on a r e bot h lo w F I P e le m e nt s ( the

F I P s a r e 8.15 e V a nd 7.87 e V , r e s pe c tiv e ly) we obs e r v e s om e

di ff e r e nc e s in the w a y the ir e le m e nt a l a b unda nc e r e la tiv e to

oxyge n c ha nge s f or di ff e r e nt s ol a r wi nd r e gi m e s . Al s o the

ioni z a tion tim e s f or s ilic on a nd ir on a r e c los e ( τSi = 1.1s

and τ_{Fe} = 0.91s↽▷

Ironbehaveslikethe�classical�lowFIPelement▷ Itsabun dance with respect to oxygen is enriched by a factor of about � for interstream solar wind and by a factor of about � for coronal hole type solar wind compared to the photospheric values▷ Although we did not sample real fast solar wind with speeds around � km◁s associated with Λow directly from polar coronal holes we can assume from the leveling off of the Fe◁O ratio for solar wind speeds > � km◁s at the value observed for polar coronal holes ↼Geiss et al▷ �↽ that there will not be any further decrease of the Fe◁O abundance ratio for higher solar wind speeds than we observed▷ For silicon on the other hand the FIP fractionation mani fests itself somewhat differently from the �classical�FIP pic ture▷ For slow solar wind we again observe an enrichment in

Journal: PhysicsandChemistryoftheEarth MSNo.:ST13.01-0017 Firstauthor: Wurz 5

Fig.6.AveragevaluesoftheSi/Oratioforsolarwindspeedbinsofabout 10km/s ▷ The error bars are 1σ errors of the mean plus instrumental uncer

tainties▷ The dashed lines indicate the Si◁O ratio reached for slow and fast solarwind respectively whicharecommensuratewithpublishedvalues↼see Table �↽▷ The solid line is the result of eq▷ � for a density of 4 ·10^{16} m^{− 3}

and a tem pe ra ture of 104K.

the S i/O r a tio of a bout a f a c tor of f our c om pa r e d to the phot o-

s phe r ic r a tio. Ho we v e r, f or f a s t s ol a r wi nd the e nr ic hm e nt in

the S i/O r a tio c om pa r e d to the phot os phe r ic r a tio a lm os t v a n-

is he s , i.e ., we obs e r v e S i/O a b unda nc e r a tios onl y m a rgi na lly

hi ghe r tha n the phot os phe r ic v a lue s in the f a s t s ol a r wi nd.

S inc e we f ound a c le a r c or r e la tion be twe e n the s ol a r wi nd

b ul k s pe e d a t 1 A U a nd the e le m e nt a l f r a c tiona tion, we tr ie d

to c om pa r e our r e s ul ts wi th a r e c e nt F I P f r a c tiona tion m ode l

( P e te r, 1996) , whi c h is the onl y m ode l us ing the c hr om o-

s phe r ic out Λ o w v e loc itie s a nd de ns itie s a s pa r a m e te r s f or the

F I P f r a c tiona tion s tr e ngt h. I n thi s m ode l, whi c h a s s um e s

f ul l s ta tiona r ity of the c hr om os phe r e , the F I P f r a c tiona tion

s tr e ngt h is pr e di c te d to v a r y wi th the c hr om os phe r ic m a s s

Λ o w s pe e d UH accor di ng to

f_{X /O} = 1 + � 1 + 4(w_X /U_H )^2 1 + � 1 + 4(w_O /U_H )^{2 (1)}

whe re wX are the ioni zation di ffus ion spe eds of the ions

unde r cons ide ration ↼wS i = 610m/s and wF e = 630m/s↽

and w_O = 105m/s is the ionizationdiffusion speed of oxy gen with the respective values adapted from Marsch et al▷ ↼�↽ for a density of 4 ·10^{16} m^{− 3}. F or gi ven condi tions

in the chr om os phe re we m appe d the chr om os phe ric m ass

Λ ow spe ed UH to the sol ar wi nd bul k spe ed vS W ↼the pr o

ton spe ed↽ m easur ed at � A U wi th the P M to account for the

obs erved fractiona tion value s▷ As we di d in an earlier study

↼Ae llig et al▷ �↽ we us ed the relations hi p

logv_{S W} = a + blogU_H ↼�↽

and found tha t the fractiona tion we obs erved can be re

pr oduc ed by the m ode l by m appi ng the obs erved sol ar wi nd

spe ed to a chr om os phe ric m ass Λ ow spe ed▷ In F igur es �

and � we sho w the com pa rison be twe en the S i◁O and F e◁O

abunda nc e ratio average s for sol ar wi nd spe ed bi ns of the

da ta pr esent ed abo ve ↼in F igur es � and �↽ toge the r wi th the

fractiona tion pr edi cted by eq▷ � for a de ns ity of 4 ·1016 m− 3

and a tem pe ratur e of 104K. The se chr om os phe ric pa ram e-

ters we re chos en be caus e the y are cons ide red typi cal for the

laye r in the chr om os phe re whe re F IP fractiona tion pr oc ess

takes pl ace (Ge iss and B oc hs ler, 1986; M arsch et al., 1995) .

W e us ed a veloc ity m appi ng wi th the pa ram eters in eq. 2 be -

ing a = 2.71 and b = 0.114 for the Si/O ratio and a = 2.78 and b = 0.237 for the Fe/O ratios. The difference in the parameter breΛects the observed difference in the fractionation for Si◁O and Fe◁O for fast solar wind▷ The range of abun dance ratios we observe suggests a range of chromospheric mass Λow speeds where FIP fractionation occurs▷ Appar ently the limits for the chromospheric mass Λow speeds are given by the heights in the chromosphere where particles en ter and exit the fractionation layer e▷g▷ the location where the density temperature and EUV Λux ↼to name just the most important↽ are in the range necessary for the FIP frac tionation▷ Why the limits of the chromospheric mass Λow speeds should be different for Fe◁O and Si◁O cannot be ex plained at present▷ The mapping of the chromospheric mass Λow speed to the solar wind speed is a function of the as sumed density▷ Using a lower density results in higher chro mospheric mass Λow speeds for the same fractionation▷ It is generally believed that there is virtually no mass de pendence in the FIP effect▷ The fractionation is mainly gov erned by the ionization time of the neutral species in the chromosphere and the related diffusion length for the neu trals of the minor species with the dominant hydrogen atoms ↼Geiss and Bochsler �↽▷ Marsch et al▷ ↼�↽ derived the following asymptotic expression for slow solar wind for the fractionation factor for two species j and k

f_{j k} ≃ r_{kH} r_{j H} � τ_k τ_j � A_j + 1

A_j

A_k A_k + 1

�_{1/4} (3)

whe re f j k is the estim ated fractiona tion factor riH the col -

lisiona l radi us of spe cies i with neutral hydrogen τi is the

Θ rst ioni zation tim e and Ai is the atom ic m ass of spe cies

i▷ The atomic mass only plays a role in the mobility of the species in a collisiondominated gas and therefore appears only in the fourth root of the mass ratio slighly favouring the lighter species▷ However for transient particle ejection phenomena a mass dependence or a mass per charge depen dence in the fractionation of the elements is often found as has been observed recently for a CME ↼Wurz et al▷ �↽▷ ThestationaryassumedinthemodelbyPeter↼�↽seems to be a simpliΘcation of the actual solar wind Λow▷ As men tioned above we do see strong shortterm Λuctuations in the density and the ratio data which appear to be in conΛict with the assumption of stationarity▷ However these shortterm Λuctuations average out when using sufΘciently long obser

Journal: Physics and Chemistry of the Earth

MS No.: ST13.01-0017

First author: Wurz 6

vational periods, and by organizing our abundance ratios by solar wind speeds we can indeed compare our data with the model predictions.

5 Conclusions

We �nd for interstream type solar wind that the Fe/O and Si/O abundance ratios are enriched compared to their photospheric ratios by about a factor of four, which is a typical enrichment for low-FIP elements. In coronal hole type solar wind a reduced FIP effect remains only for Fe but not for Si. Our �ndings are in good agreement with published results.

Furthermore, wecanconcludefromourmeasurementsthat there are not only two distinct modes of the solar wind, e.g., the slow and the fast solar wind, but there is also a continuous transition between these two extreme cases of solar wind �ow, which cannot be explained by simple mixing of two types of solar wind. In case of mixing of two types of solar wind the transition would be much steeper than we measured, which is the result of a Monte-Carlo simulation we performed. These continuous transitions of the abundance ratios with solar wind speeds which we observed, and which havenotbeenseenbefore, canbeexplainedbythetheoretical model of Peter (1996) in which the chromospheric mass �ow speed determines the strength of the FIP fractionation process. By mapping the proton speed we observed at 1 AU to the chromospheric mass �ow speed, we obtained reasonable agreement between the measured and predicted FIP fractionation. The differences we observe between the two low-FIP elements Si and Fe regarding their FIP fractionation cannot be explained currently. This suggests that the processes involved in the FIP fractionation are more complex than are dealt with in current models.

Acknowledgements. ThisworkissupportedbytheSwissNationalScience Foundation. CELIASis a jointeffortof�ve hardwareinstitutionsunder thedirectionoftheMax-PlanckInstitutfürExtraterrestrischePhysik(prelaunch)andtheUniversityofBern(post-launch).TheMax-PlanckInstitut fürAeronomiewastheprimehardwareinstitutionforCTOF,theUniversity ofMarylandwastheprimehardwareinstitutionforMTOF, theUniversity ofBernprovidedtheentrancesystemsforbothsensors, andtheTechnical UniversityofBraunschweigprovidedtheDPU.

References

Aellig,M.R.,Freeze-intemperaturesandrelativeabundancesofironionsin

thesolarwindmeasuredwithSOHO/CELIAS/CTOF,PhDThesis,UniversityofBern,Switzerland,1998.

Aellig,M.R.,S. Hefti, H.Grünwaldt, P. Bochsler, P. Wurz, F.M. Ipavich,

D.Hovestadt,TheFe/Oelementalabundanceinthesolarwind,J.Geophys.Res.,submitted,1998.

Anders,E.,andN.Grevesse,Abundancesofelements:Meteoriticandsolar,

Geochim.Cosmochim.Acta,53,197˘214,1989. ArnaudM.,andR.Rothen�ug,Anupdatedevaluationofrecombinationand

ionizationrates,Astron.Astrophys.Suppl.Ser.,60,425˘457,1985. Arnaud,M.,andJ.Raymond,Ironionizationandrecombinationratesand

ionizationequilibrium,Astrophys.J.,398,394˘406,1992. Bochsler,P.,J.Geiss,andR.Joos,Abundancesofcarbon,oxygen,andneon

inthesolarwindduringtheperiodfromAugust1978toJune1982,Solar Physics,102,177˘201,1986.

Bochsler, P., Velocityandabundance ofsiliconionsinthesolar wind,J.

Geophys.Res.,94(A3),2365˘2373,1989. Bochsler, P., Particles in thesolar wind,ProceedingsoftheFifth SOHO Workshop,ESASP-404,113˘122,1997.

Galvin, A.B., G. Gloeckler, F.M. Ipavich, C.M. Shafer, J. Geiss, and K. Ogilvie, Solar wind composition measurements by the Ulysses SWICSexperimentduringtransientsolarwind�ows, Adv. SpaceRes., 13(6),75˘78,1993.

Geiss, J.,andP. Bochsler, Solarwindcompositionandwhat weexpect to learnfromout-of-eclipticmeasurements,inTheSunandheliospherein threedimensions, R.G.Marsden(ed.),D.Reidel PublishingCompany, 173˘186,1986.

Geiss, J.,G.Gloeckler, R. vonSteiger, H.Balsiger, L.A.Fisk,A.B. Galvin,F.M.Ipavich,S.Livi,J.F.McKenzie,K.W.Ogilvie,andB.Wilken, Thesouthernhigh-speedstream: resultsfromtheSWICSinstrumenton Ulysses,Science,268,1033˘1036,1995.

Gloeckler, G.,F.M. Ipavich, D.C. Hamilton,B. Wilken, W. Stüdemann, G.Kremser, andD.Hovestadt, Heavyionabundances incoronal hole solarwind�ows(abstract),EosTrans.AGU,70,424,1989.

Hannaford,P.,R.M. Lowe, N.Grevesse, andA.Noels, LifetimesinFeII andthesolarabundanceofiron,Astron.Astrophys.,259,301˘306,1992.

Hefti, S., Solar windfreeze-in temperatures and�uxes measured with SOHO/CELIAS/CTOFandcalibrationof theCELIASsensors, PhD Thesis,UniversityofBern,Switzerland,1997.

Hovestadt,D.,M.Hilchenbach,A.Bürgi,B.Klecker,P.Laeverenz,M.Scholer,H.Grünwaldt,W.I.Axford,S.Livi,E.Marsch,B.Wilken,P.Winterhof,F.M.Ipavich,P.Bedini,M.A.Coplan,A.B.Galvin,G.Gloeckler, P.Bochsler,H.Balsiger,J.Fischer,J.Geiss,R.Kallenbach,P.Wurz,K.- U.Reiche, F. Gliem, D.L.Judge, K.H.Hsieh,E.Möbius, M.A.Lee, G.G.Managadze, M.I. Verigin, and M. Neugebauer, CELIAS: The Charge,Element,andIsotopeAnalysisSystemforSOHO,SolarPhysics, 162,441˘481,1995.

Ipavich,F.M.,A.B.Galvin,J.Geiss,K.W.Ogilvie,F.Gliem,Solarwindiron andoxygenchargestatesandrelativeabundancesmeasuredbySWICS onUlysses,ProceedingsofSolarWindSeven,E.MarschandR.Schwenn (eds.),COSPARColloquiaSeries,3,369˘373,1992.

Ipavich, F.M., A.B. Galvin, S.E. Lasley, J.A.Paquette, S. Hefti, K.- U. Reiche, M.A.Coplan, G. Gloeckler, P. Bochsler, D. Hovestadt, H.Grünwaldt, M. Hilchenbach, F. Gliem, W.I.Axford,H.Balsiger, A.Bürgi, J. Geiss, K.C. Hsieh,R. Kallenbach,B. Klecker, M.A.Lee, G.G.Managadze, E.Marsch,E.Möbius, M. Neugebauer, M. Scholer, M.I.Verigin,B. Wilken,andP. Wurz, Solar windmeasurements with SoHO:theCELIAS/MTOFProtonMonitor,J.Geophys.Res.,103(A8), 17205˘17214,1998.

Marsch,E.,R.vonSteiger,P.Bochsler,Elementfractionationbydiffusion inthesolarchromoshpere,Astron.Astrophys.,301,261˘276,1995.

Peter, H.,Velocity-dependentfractionationinthesolarchromosphere, Astron.Astrophys.,312,L37˘L40,1996.

Raymond,J.C,J.L.Kohl,G.Noci,E.Antonuci,G.Tondello,M.C.E.Huber, L.D.Gardner, P. Nicolosi, S. Fineschi, M. Romoli, D.Sparado, O.H.W. Siegmund,C. Benna, A. Ciaravella, S. Cranmer, S. Giordano,M. Karovska, R. Martin,J. Michels, A.Modigliani, G.Naletto, A.Panasyuk,C.Pernechele,G.Poletto,P.L.Smith,R.M.Suleiman,and L.Strachnan,CompositionofcoronalstreamersfromtheSOHOultravioletcoronagraphspectrometer,SolarPhysics,175,645˘665,1997.

Schmid,J.,P. Bochsler, andJ. Geiss, Abundanceofironionsinthesolar wind,Astrophys.J.,329,956-966,1988.

vonSteiger, R.,Solarwindcompositionandchargestates, Proceedingsof SolarWindEight,D.Winterhalter,J.T.Gosling,S.R.Habbal,W.S.Kurth, M.Neugebauer(eds.),AIPPress,193˘198,1996.

Wurz, P.,F.M. Ipavich,A.B. Galvin,P. Bochsler, M.R. Aellig,R. Kallenbach,D.Hovestadt,H.Grünwaldt,M.Hilchenbach,W.I.Axford,H.Balsiger, A.Bürgi, M.A.Coplan, J. Geiss, F. Gliem, G.Gloeckler, S. Hefti, K.C.Hsieh,B.Klecker, M.A.Lee, G.G.Managadze, E.Marsch, E.Möbius,M.Neugebauer,K.-U.Reiche,M.Scholer,M.I.Verigin,and B. Wilken,Elemental compositionoftheJanuary6,1997,CME,Geophys.Res.Lett.,25(14),2557˘2560,1998.