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Abstract

Thequasilinearscatteringmeanfreepathof solarflareelectronsandnucleonsis calculatedfor interplanetary
plasmawave turbulenceconsistingof a mixtureof slabshearAlfv enwavesandisotropicfastmagnetosonic
waves. It is shown that for well-sampledelectronandnucleonmeanfreepathsover a wide andoverlapping
energy rangetheunderlyingfrequency powerspectraof left-handedandright-handedslabAlfv enwavescanbe
uniquelydetermined.Moreover, wedemonstratethattheflatnessandmagnitudeproblemsof quasilinearmean
freepathsof solarflare particlescanbe resolved if the interplanetaryslabAlfv enmagneticpower spectrum
variesin wavenumberas ��� ������� with 	�

����� below � ��������� and 	�
�� above ����������� where ��� is the
inverseof theion skin length.

1 Introduction:
Cosmicrayparticlesin spaceplasmasareconfinedandacceleratedby resonantinteractionsin weaklyran-

dom electromagneticfields. In the presenceof low-frequency magnetohydrodynamicplasmawaves,whose
magneticfield componentis muchlarger thantheir electricfield component,the particle’s phasespacedis-
tribution function adjustsrapidly to a quasi-equilibriumthroughpitch-anglediffusion,which is closeto the
isotropicdistribution. Theisotropicpartof thephasespacedistributionfunction �����! #"� %$'& obeysthediffusion-
convection-equationincludingdiffusionandconvectiontermsboth in momentum(" ) andposition( � ) space,
wherethespacecoordinate� is parallelto theuniform backgroundmagneticfield ()+* .

Of particularinterestis the parallel spatialdiffusion coefficient ,-
�.0/���� which conventionally is ex-
pressedin termsof themeanfreepath / andparticlespeed. . Within quasilineartheorythemeanfreepath
resultsfrom the pitch-angle( 12
3"54%�6" ) averageof the inverseof the pitch-angleFokker-Planckcoefficient798:8

as /�
 �;.< =?>� >!@ 1 �BADCE1�FG&%F7 8:8 �H1I&KJ (1)

SchlickeiserandMiller (1997,1998– hereafterreferredto asSM) have calculatedthe quasilinearFokker-
Planckcoefficient

7 8:8
in a turbulentelectromagneticfield consistingof amixtureof slabshearAlfv enwaves

andisotropicfastmagnetosonicwavesin a low L -plasma.They discussedpossiblenew solutionsto thewell-
known ”flatness”and”magnitude”problems(Palmer1982,Bieberet al. 1994)of thequasilinearmeanfree
path. Herewe extend this work and derive the interplanetaryplasmaturbulenceconditionsthat allow the
resolutionof themeanfreepathdiscrepancy.

2 Quasilinear mean free path in mixed plasma wave turbulence
Accordingto SM theFokker-Planckcoefficient

7 8:8
is thesumof contributionsfrom transit-timedamping

(T) andgyroresonantinteractionswith theshearAlfv en(A) andfastmode(F) branch.At particlepitch-angles
outsidethe interval � 1 �NM�O 
QP!RN�;. transit-timedampingprovidesthe dominantcontribution to the pitch-
anglescattering,so that the valueof the meanfree pathis primarily fixed by the small but finite scattering
due to gyroresonantinteractionsin the interval � 1 �DSTO . It hasbeennotedby SM that in this interval the
gyroresonancefastmodecontribution is muchsmallerthantheshearwave contribution for comparabletotal
wave intensities�#U ) &%FR and �#U ) &BFV . Consequently, wemayapproximatethequasilinearmeanfreepath(1) as

/�W ��.< =YX� XZ@ 1[�BADC\1 F & F^] 7 R8:8 �H1I&`_ � > W �;. Oa 7 R8:8 ��1b
dc�&  (2)



whereweapproximated
7 R8:8 � � 1 �eSfO &gW 7 R8:8 ��1b
dc�& . ThequasilinearFokker-Planckcoefficientof acosmic

ray particleof gyrofrequency hi
�h * �kj for theparallelpropagatingundampedslabAlfv enwave branchis
relatedto theone-dimensionalwave numberpowerspectrumof magneticfluctuationslm� � & as7 R8:8 ��1I&n
�o h F �%ADCE1 F &p ) F* =Yq� qr@ � ls� � &BU0�ut+� � &ICE. � 1vCwhx&y (3)

wherewe usethe notation t � c and t S c to refer to left-handedandright-handedcircularly polarised
plasmawaves,respectively. Notethatthenon-relativistic gyrofrequency is positive for nucleonsandnegative
for electrons.For 1b
dc we immediatelyobtainthefrequency resonance7 R8:8 ��1b
dce&n
�o h Fp ) F* = q� q @ � lm� � &zU0�Ht+� � &�Crh{&n
�o h Fp ) F* = q� q @ t}|[�Ht~&BU��Ht�Cwhx&g
�o h F |[��h{&p ) F*  (4)

whereweusetherelation lm� � & @ � 
�|���t~& @ t (5)

betweenthefrequency ( |���t~& ) andwavenumber( ls� � & ) power spectra.
InsertingEq. (4) into Eq. (2) weobtainfor themeanfreepath

/I��j�&gW
� *h F* jmF|��G�0�� &  (6)

wheretheconstant� * is givenby

� *{� �eP0R ) F*p o J (7)

TheslabAlfv enwave branchhasfrequencies� t �e�3� h *�� � � andthedispersionrelation

tw
�P R �~����� A[� � Fa � F� C �p �����  (8)

where � � 
3h *�� � ��P0R}
��H�:�kt �;� � & � > is theinverseion skin lengthand t �:� � theprotonplasmafrequency. The
dispersionrelation(8) comprisesthe right-handedpolarisedAlfv en-Whistlerbranchat negative frequenciesh *y� � S t S c andthe left-handedpolarisedAlfv en-ion-cyclotron branchat positive frequenciesc S t Sh *y� � , whereasno wavesexist in thepositive frequency randeh *y� � S t S�� h *y� � � . Solarelectronswith 1\
3c
only interactwith right-handedpolarisedwaves,andEq. (6) yields

/ � ��j�&gW � * jmFh F*y� � A|�� �0�B� �� & J (9)

Alternatively, solarflare nucleonswith 1�
�c interactonly with left-handedpolarisedwaves,andEq. (6)
yields / � �Hj�&gW � * j Fh F*�� � A|�� �!�B� �� & J (10)

Obviously, usingthe frequency resonancecondition(seeEq. (4)) t�
Qh , we caninvert Eqs. (9) and(10)
anddeterminethefrequency powerspectraof theslabplasmawavesfor known electronandprotonmeanfree
paths:
(1) For thefrequency powerspectrumof right-handed( t S c ) polarisedwaveswefind

|Z���~��t~&g
�� *t F � / � � h *�� �t & � � >  (11)



which will lie in the Whistler frequency rangebecausemeasuredsolarflare electronshave Lorentz factors
well below 1836.
(2) In caseof protonsweobtainfor theleft-handed( t � c ) polarisedwaves|Z  � �Ht~&n
�� *t F � / � � h *�� �t & � � > (12)

which lies in theAlfv enicfrequency rangebecauseh *�� � �kj S3� h *y� � � .
For well-sampledelectronandprotonmeanfree pathsover a wide andoverlappingenergy rangewe may
thuscalculatethe underlyingfrequency power spectrumof the slabplasmawaves. Unfortunately, existing
measurementsof theparticlemeanfreepaths(Dröge1994)do nothave thisquality.

3 Plasma turbulence spectra to resolve the mean free path discrepancy:
Turbulencemeasurementsin the interstellarmedium(e.g. Drögeet al. 1993)suggesta Kolmogorov-type

frequency powerspectrumof theform |���t~&g
�| * � t � ���  (13)

with constants| * and 	 . Accordingto Eqs.(9) and(10)we thenobtain/ � �Hj�&gW�� *| *�� jh *y� ��& F ���  ¡/ � �Hj�&gW�� *| *[� jh *y� �¢& F ��� J (14)

First,we notethatfor any valueof 	 this yieldsaconstantmeanfreepathof protons

/ � W-/ * 
 � * h �%� F*y� �| * 
 p a	xCfA � )+*U ) R & F �t �:� � � h *�� �t * & �%� > (15)

at non-relativistic kineticenergiesbecause j£
3A��¥¤x¦¨§�©ª � F WiA J (16)

In Eq. (15)we use ��U ) &%FR< o 
 p =bq« � @ tD|���t~&nW
p | *	¬C­A t > ���*  (17)

wheret * denotesthelowestfrequency of theplasmawaves.
Secondly, using | F � t � � F 
�| * � t � ��� at t}
®C+h *�� � , a constantmeanfreepathof electrons,/ � 
�� *| F 
�� *| *Ih �%� F*y� �  (18)

equalto the non-relativistic protonvalue(15), resultsif the specialvalue 	b
 p
is taken for the frequency

powerspectrumin theWhistlerfrequency range.In this frequency rangethefull dispersionrelation(8) canbe
approximatedas twW3C+P!R � F � � �  (19)

sothattherelation(5) yieldsthecorrespondingwavenumberpowerspectrumls� � &g
�|���t~& � @ t@ � � 
2l * � ��¯  (20)

with l * 
 p | * ��� ��P0R . Note that this specialform of the high wavenumberpower spectrumis the limit of
allowabledissipationrangespectrain orderthatthemeansquarecurl of theturbulentmagneticfield befinite
(Bieberetal. 1990,1994).

To conclude:the flatnessandmagnitudeproblemsof quasilinearmeanfree pathsof solarflare particles
canberesolvedif theinterplanetaryslabAlfv enwavenumbermagneticpowerspectrumvaries �°�����±��� below�����e�2� � with 	²
-����� , and �°� ��� ��¯ above � ���e�2� � .
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