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On the Quasicollisionality of Plasmas with Small-Scale Elric Turbulence
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Chaotic electromagnetic fields are common in many reldiivilasma environments, where they can be
excited by instabilities on kinetic spatial scales. Whenrgg electric fluctuations exist on sub-electron scales,
they may lead to small-angle, stochastic deflections of lbetrens’ pitch-angles. Under certain conditions,
this closely resembles the effect of Coulomb collisionsahisional plasmas. The electric pitch-angle diffusion
coefficient acts as an effective collision — or “quasi-sdtin” — frequency. We show that quasi-collisions may
radically alter the expected radiative transport propsertf candidate plasmas. In particular, we consider the
quasi-collisional generalization of the classical Fayaeféect.

I. INTRODUCTION pitch-angle diffusion coefficient — i.e. the quasi-cobisifre-
quency. We will, furthermore, investigate the consequsnce

Electromagnetic turbulence has enormous significance t8is realization of quasi-collisionality has for the dietiec
many astrophysical plasmas. It is believed to play a signifiProperties of plasmas with these small-scale electricdield
cant role, for example, in the mediation of supernova shockd? particular, we will explore Faraday rotation in magnetz
and~-ray bursts[[1H4]. In other high-energy-density (HED) plasmas with small—scale_ electric fluctuations. We yvﬂlwho
environments, such as the laboratory setting, the martipala  that strong small-scale fields, and the accompanying strong
and control of electromagnetic turbulence is crucial tadns ~ quasi-collisionality, may radically modify the Faradayao
energy science and inertial confinement fusion (ICE)[5, 6]tion effect in these plasmas — possibly leading, in facteg-n
Stochastic electromagnetic fields are important to lalboyat ative rotation measures.
astrophysics laser-plasma experiments as Welli [7, 8]. Imyma  Finally, we will consider the environments best suited
cases, these fields reside at extremely small spatial s¢éales for the physical realization of these effects. We will argue
this reason, the consideration of particle transport adihra that plasmas with mildly relativistic electrons, but yetnro
tion production in these plasmas requires a special tregtme relativistic ions, are likely required. We will show thatagt

In our previous work, Ref[[9], we showed that sub-Larmor-mas with short-wavelength ion acoustic turbulence preaent
scale (“small-scale”) magnetic turbulence induces plertic Very likely candidate.
dynamics reminiscent of binary Coulomb interactions. A The rest of the paper is organized as follows. Sediibn II
stochastic magnetic field is deemed “sub-Larmor-scalgh wi briefly reviews the analytic theory of pitch-angle diffusim
respect to a sub-population of electrons, if the electrefis’ small-scale random electric fields. We then show that the
fective Larmor radiusy, = v.8me.c?/e(6B%)'/? is greater ~ pitch-angle diffusion coefficient, itself, acts as an efffex
than, or comparable to, the magnetic correlation lenggh,  collision frequency. In Sectiop 1Il, we explore the impli-
i.e., A\p < rr. HereB = v/cis the dimensionless particle ve- cations for electromagnetic wave propagation in magnetize
locity, (§B2)'/? is the rms value of the fluctuating magnetic plasmas with high quasi-collisionality. Next, Section Iohe
field, m. is the electron mass,is the speed of light; is the ~ siders environments favorable for the realization of thefse
electric charge, angl is the electron’s Lorentz factor. fects. Finally, SectiohV is the conclusions. We use cgssunit

The random small-angle deflections of electrons, caused bijairoughout the paper.
small-scale magnetic fields, leads to an effective collialiby.

This is because the magnetic deflections are always trasesver

to the direction of motion; thus, they resemble, in the small II. ANALYTIC THEORY

deflection angle regime, random Coulomb deflections. The
magnetic “quasi-collision” frequency is equal to the (dmal

: e 7 _ Suppose an electron test particle is moving, with speged,
angle) pitch-angle diffusion coefficient. In this work, we PP P g pee

through an external random electric field. We will assumé tha
&he electric field fluctuates very slowly — such that the péeti
dynamics, on relevant time-scales, are largely unaffelsyed
the field’s time-variability.

For “small-scale” turbulence, the principal time-scale
\Nhich governs particle transport is the time to transit a sin
gle electric field correlation length\; — where the t” super-
script indicates that the correlation length is specifiezhgl
, the path with a “transverse” component of the electric field.
If the transit time,7}, ~ A% /v, is much less than the field-
variability time-scale2,- !, then we may treat the electric field
as approximately time-independent.

To proceed, we it be helpful to discuss the radiation pro-
* bdkeenan@ku.edu duced by an electron moving through an external random

case of relativistic electrons moving through electridotur
lence. Although electric fields, in general, lead to botingra
verse and parallel accelerations, if the electron is mosirfg
ficiently fast, then the transverse change in momentum wil
be far greater than the parallel impulse — hence, the elgstro
motion will approximately match the purely transverse defle
tions seen in the magnetic case.

In this work, we will properly define the “small-scale
regime for pure electric turbulence, and we will derive the
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field. In a random electromagnetic field, the acceleration A. Pitch-angle Diffusion as Effective Collisionality
occurs principally along the extent of a correlation length
Since we assume that the electron is moving ultrarelaitivist The small-angle electric deflections are analogous to

cally, it will undergo a slight deflectionia , as it traverses ~glectron-ion collisional deflections in a number of waysyth

Ap- If dap is much less than the radiation beaming angle poth approximately conserve particle energy, and theyibeth
Af ~ 1/, then the electron will move approximately rec- qgyce deflections that are approximately transverse to e el
tilinearly, undergoing only slight random deflections &jots  tron’s initial velocity.

path. In this case, the radiation will be beamed along the ex- \yhere the two effects differ, however, is in the nature of
tent of the electron’s relatively fixed direction of motioAn  {he stochasticity. In an idealized scenario, an electroa in
observer on axis would, therefore, see a signal for the eleGs|lisional plasma is continuously deflected by ions aldsg i
tron's entire trajectory. Furthermore, the radiation $pg0  trajectory. In contrast, an electron moving through sreatite

will be wholly determined by the statistical properties b&t  gjectric turbulence is deflected on a characteristic sistide
underlying acceleration mechanismi[10] - which, in thiscas of finite length: the correlation length. Thus, the two descr

is an electric field. The electron emits radiation in the $mal tjons are only equivalent on a coarse-graining. Indeed, the

angle jitter regime when the acceleration mechanism is @ rarjectron motion in small-scale turbulence resemblesralaet
dom (static) magnetic field[1, 11-116]. Similarly, the retia o collisions only on spatial scales greater than — or simil
produced by ultrarelativistic electrons moving througécel g _ the electric correlation length.

trostatic turbulence, in the small-scale regime, is neidey- Thus, we must require that:
tical; for this reason, it is considered a subclass of siaadjle
jitter radiation [17[ 18]. L3>, (5)

We have previously shown that these random deflections
initiate pitch-angle diffusion in sub-Larmor-scale magne wherelL is the characteristic length scale of the system. With
turbulence, and that this diffusion coefficient is intimiptee-  regard to the propagation properties of plasmas, this dimen
lated to the radiation spectruin [15]) 16]. Later, we showadl th sion is on the order of the wave packet size. For pure plane
this relation holds for small-scale electric turbulenceweell  waves, however, is unlimited.

[1d]. Next, we may infer this effective collision frequency di-
We consider an electric field as “small-scale” if: rectly from Eq. [B). The pitch-angle deflections are assumed
to be small. Thus, at., the following condition must hold:
Q!> 1, (1a) o
AG > Sag. (1b) Deae ~ 1. (6)

elec. : “ . ”
Since the electron is moving ultrarelativistically, thenco Therefore,D," must be the effective “collision” frequency.

ponent of its acceleration transverse to its direction ofiomo
will be far larger than the parallel component. Thus, itsiomot
occupies the small deflection angle regime whgh>> ja g
—which is the reason its radiation spectrum resemblestthe ji
ter spectrum. Additionally, transverse accelerationgdehe
particle’s kinetic energy fixed. For this reason, we willasg

a constant.

Next, since the deflections are assumed to be simal, ~
Ap;/p — wherep = ~.m.v is the kinetic momentum of the
electron, and\p; is the change in its transverse momentum.
SinceAp; /T ~ eEy, whereFE; is the component of the elec-
tric field perpendicular (transverse) to the electron’sclion
of motion,Ap,/p ~ eE;/y.m.v; thus:

B. A Phenomenological Definition of the Quasi-Collision
Frequency

EstimatingD¢'®c, in real plasmas, may be difficult since it
depends upon the small-scale correlation length — a gyantit
which requires knowledge of the electric spectral distitmu

to obtain. In principle, if the nature of the instability vehi
produces the electric fluctuations is known, then we may pro-
duce a rough estimate of the characteristic spatial scdiathw
ultimately set the correlation length. However, in manyesas
the type of turbulent fluctuations may not be known; hence, an
apriori estimate of the electric spectrum may not be available.
eE, In Ref. [9], we showed that the emission coefficieft,

o (2) — which is the radiant power per unit frequency per unit
volume per unit solid-angle — is directly proportional to
the (magnetic) quasi-collision frequency; this is akin he t
Bremsstrahlung radiation equivalent which defines an effec
tive electron-ion collision frequencly [19]:

A 2
D(GJZC _ E QL ’ 3 2
T2 ) © ﬁmtmeﬂﬁﬁ>%, (7)

Consequently, Sinc®e¢ ~ §a2 /75, the electric diffusion
coefficient must be:

8m3c3
where:
where Rén] is the real part of the plasma’s index of refraction,
O = eEy/mec. (4)  wpe = \/4mn.e?/m, is the (non-relativistic) electron plasma



frequency,T, is the electron temperature, is the electron  which is equivalent to the magnetic expressldn [9].

number densitykp is the Boltzmann constant, ang; is an Finally, if we assume isotropic emission by all plasma elec-
electron-ion collision frequency. The jitter equivaleoliéws  trons, then the jitter emission coefficient may be obtained
a similar pattern; to wit [9]: from Eq. [IT) with the multiplication ofi. /47. Thus:
2
it MeWpe 9 9,9 ] " Mew?
jiter <247T20 voe* 32 Dhag, (8) ji')ner _ 24;21369 ’VSeQﬁQDSzC'. (18)
where:

Thus, Eq.[(IB) — once again — provides an attractive phe-
Ay o 9 nomenological definition for the “jitter” collision frequey,
7305< B), ©) which may be obtained directly from the small-angle jittr r
diation emission coefficient.

mag.
D7 x

is the magnetic pitch-angle diffusion coefficient. Compgri
Egs. [9) and[(3), it is clear that the main difference is fhe
factor in the denominator. _ lll. “QUASI-COLLISIONAL” FARADAY EFFECT
Since relativistic electrons in small-scale electric turb
lence, also, emit jitter radiatioh [17,118], we may do the sam

here. First, we must consider the total radiated power of th?_Faraday_ rotat(|jc_>nl|s :h_e reSL(’jl.t of ma\?vrr\]etlc:?\_llﬁnducedb;r
electron. To this end, we use the general Larmor formulatﬂngenﬁe Inl a dielectric Tel tlum. i en g prt(_)p?gijes
which is given by[[20]: rough a plasma — parallel to a uniform magnetic field —

the left- and right-circular polarizations have differardices
2e2408 .2 2 of refraction. Consequently, a linearly polarized wave ldou
30 [,3 - (BxB) } : (10)  suffer a rotation of its polarization axis as it traverseshsa
medium, since any linear polarization may be envisioned as
the superposition left- and right-circular polarizations
. 1 In Ref. [9], we showed that magnetic-induced quasi-
B = _7_ Qe —-B(8-Qp)]. (11) collisionality alters the expected form of this Faradayatioin,

‘ _ ~ AV, for magnetized plasmas. The “collisionless” Faraday ro-
HOWeVer, we are assuming that the transverse accelerauqaﬂon is given by the’ We”_known’ expression:

dominates, hence:

Ptot. =

For purely electric fields, we have the acceleration:

X 1 n A‘I/collisionless: )\QRMa (19)
B~ —-—Qp, (12)
Te where is the electromagnetic radiation wavelength, and the
and, therefore: standardotation measure is:
. 2 3
jitter ~ = 2 212 _ &
Pot™ = 3CTe’YeEta (13) Ry = Gy /ne(z)B” (z)dz, (20)

wherer, = e%/m.c? is the classical electron radius. Next,
the small-angle jitter radiation spectrum has a charestteri
frequency known as the jitter frequency,

wj; = ’ngEﬂca (14)

whereB| (z) is the component of the magnetic field zapar-
allel to electromagnetic wave-vector. The “collisionleasd
“quasi-collisional” expressions have the rafib [9]:

A\I}quasi-collisionalN (1 - ZQ)

wherek is the dominant wave number of the (small-scale) — ~ 3 (21)
. . AW coliisionless (1+2?)
turbulent fluctuations. Next, we may write the spectral powe
for a single electron as: where Z = veg/w is the normalized quasi-collision fre-
AP jitter qguency,vef is the (effective) quasi-collision frequency, and
Piter(w) = — ~ 2. (15)  w = 2m¢/ ). Additionally, quasi-collisions lead to absorption,
dw  wj with an absorption coefficiens,224 given by [9]:
p absp given by ]
Substitution of Eq[(14) into EJ.(13), results in the expies: ,
Wpeleff 2Qcew
5 B oA aFaradE o pe [ ¢ ] , (22)
Bualo)~ D () ae T e ) [T )

L whereQ¢e = eB) /m.c and thet sign refers to the right- and
where the relationt ;' ~ A%;, has been employed [16]. Com- | o= polz%zations, respect?vely. 9

paring this result to EqL{3), we find that the power spectrsim i TS ”
; . . e e Eg. (I9) formally holds for a non-relativistic, “cold” plas
directly proportional to the pitch-angle diffusion coeiféiat: With w > Qce andw® > w3, Consequently, it fails for the

262 5 o0 el scenario considered here, since Eg. (1) implies that the ele
Pliter(w) ~ 3 =728 Do (17) " tron population is relativistic.
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Fortunately, the Faraday expression for relativistic gelo o r n. = 1(‘9 cm’®

ties is a straightforward generalization of EIEI(@ [21]: f}_l - n: =10 cm? |

K ( ) \F_L 08? ne: 16 Cm_37

o ~ o\o 2 L 4

AW coliisionless™ —K2 () ARy, (23) ‘ij 0.6} n, = 16 cm®]

wheres = m.c?/kgT. andK () is a modified Bessel func- g 0 4i B
tion of the second-kind. Thus, under the first-order substi-& i
tution rule for including the effects of collisions, i.e. — “5’_ L

w + ivetr, EQ. [21) will hold for the relativistic regime as well. = 0.21 B
Likewise, 2 0 0:
< 0.0-

Ky(o) S i \/ \/
Farad 0 Farad =
b (o) OZhep- (24) _0.2fW2n=10 GHz

102 10' 10 100 1¢ 1 100 10

Finally, we will assume that the small-scale electric fluctu RMS electric field (Gauss)

ations are predominantly along the direction of the ambient
magnetic fieldB. This assumption allows us to disregard ad-
d't'onal complications, such as diffusion induced by “Esg0 @21) — vs. the electric fluctuation strength for various &teT densi-
B” drifts. ) ties. The electron number densities are (from right to:left) = 1,

The properties of the curve represented by Egl. (21) are ex02, 10%, 10°, and10® cm3; the electron temperature(iss11 MeV
plored in Ref.|[B]. In Figur&ll, we have plotted EG.1(21) as a(or y. ~ 2), andw/2r = 10 GHz. These curves exhibit a universal
function of the electric fluctuation strength (the “rms” wal feature; namely, the rotation angle will reverse sign whenetlec-
of the electric field) for mildly relativistic electrons{ ~ 2). tric fluctuation field is sufficiently strong. A&E2)'/? — oo, the
As shown in Ref[[18], the small deflection angle regime holdgotation is completely nullified.
well even at these mildly relativistic speeds. Five curyes a =
pear in Figurd]l, each differing by the electric correlationx,
length, which is chosen to be equal to the relativistic etatt
skin-depthd. = c,/7e/wpe (the reasons for this choice will
become more apparent in the following section). The electro
number densities aret. = 1, 102, 104, 10%, and10® cm™3;
the electromagnetic wave frequeney 27, is 10 GHz.

The curves in FigurEl1 exhibit a universal feature: the ro-
tation angle reverses sign when the electric fluctuatiod f&el
sufficiently strong. As/E?)'/2 — oo, the rotation is com-
pletely nullified. Notice that, for typical interstellar digties
(ne ~ 1 em™3), a noticeable effect can be seen for electric
field strengths> 1.0 G.

Next, since strong quasi-collisions imply strong “colli-
sional” absorption, we must consider the result of Eql (24) —
which will, in turn, constrain the strength of the ambientgna

netic field. In FigurdR, the e-folding distance (ileaggg%

) ) DN
is plotted as function 0B, fo‘!' then, = 10° cm™ case from  rigure 2. (Color online) Quasi-collisional absorptionodding dis-
Figure[1. We see that the “collisional” absorption occurs Ofyance vs. the ambient magnetic field. The instance depicteel h

a many kilometer length scale. With, = 10 G, the signal s then. = 10® cm~® case from Figur&ll. We see that the “col-
would be reduced to a factor 6f01 around44 km. Thus, lisional” absorption occurs on a many kilometer length scaith

the limiting factor in the possible observation of the quasi By = 10 G, the signal would be reduced to a factor0di1 around
collisional Faraday effect is this absorption; which iscne 44 km.
essarily, strong when the quasi-collision frequency igdar

In the penultimate section, we will argue that small-scale
ion acoustic turbulence may present the ideal realization g 7z ~ ¢/A% and %, ~ k', this condition is equivalent
electric quasi-collisionality in actual space, astroptgisand ~ to:
laboratory plasmas.

Figure 1. (Color online) Normalized Faraday rotation angie. Eq.
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IV. SMALL-SCALE ELECTRIC TURBULENCE IN REAL
PLASMAS In accord with Refs[[17, 18], we may be inclined to choose
“cold” electron langmuir waves to mediate the turbulence.
For the realization of small-scale electric turbulences th The dispersion relation, in this case, would®e = w2 —
second condition from EqJ(1) is most difficult to satisfy.-Us wherew{g- = wpe/ /e is the relativistic plasma frequency.
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Thus, Eq.[(Zb) would require that: otherwise, collisionless plasma environments. We fouadl th
| the pitch-angle diffusion coefficierlt [115,116] acts as ameff
kgpe> w,rf;', (26) tive collision frequency. In this work, we extended this €on

_ ) ) cept to small-scale electrostatic turbulence — in the ive$éic
or, equivalently, that the correlation length is small@nrtithe  regime.

electron skin-depth. Howgvgr,_ thi; is pr(_)blemati_c. The-the  \we derived the quasi-collision frequency — Eg. (3) — for rel-
mally corrected, ultra-relativistic, dispersion relatior elec-  gijvistic electrons moving through small-scale electuidti-

tron langmuir waves is[22]: lence. Just as the electron-ion (Coulomb) collision fremqye
- 9 may be conveniently defined by the Bremsstrahlung emission
02 = §w§e+ gk2c2. (27)  coefficient, Eq.[(IB) offers a simple phenomenological rep-

resentation for the quasi-collision frequency in termshaf t

Thus, the condition thaf, ~ u)Beel contradicts Eq.[(26), (electric) jitter emission coefficient. Jitter radiatioraynbe

: “ ” ; directly observable in several of these plasma environsient
since these “cold” plasma waves require tt@t/5)k%c? ) i e -~
2 b 9 /DK < In fact, there is evidence that the (magnetic) jitter radrat

~ wl./v.. Therefore, electron Langmuir turbulence . L R
Ope ™~ Wpe/Ye g from mildly relativistic electrons may be observable infnig

(rqnuai\?/enot self-consistently satisfy all the conditions thatne- intensity solid-density laser plasma experiments [24].

Alternatively, we may consider turbulence mediated by the Next, we explored the consequences of high electrically-
ion population. In this case, we must be careful to specifynduced quasi-collisionality for Faraday rotation in megn
electric fluctuations that exist on spatial scales comparab tizéd plasmas. ~We found — as we did, previously, for
the Debye length) p, since the ion time-scales will be suffi- Magnetically-induced quasi-collisionality — that the &gay
ciently long enough that electrons will effectively scremit ~ fotation measureR,;, may obtain negative values, in this
these fields on electron scales: i.e. these “large-scadetrig ~ €ase. In fact, as the quasi-collision frequency becomes suf
fields have very little effect on the electron population. ficiently large, Ry — 0. _

When electric fluctuations exist on scales smaller than the We, furthermore, speculated upon the most likely set of
Debye shielding length, then “quasi-neutrality” can be-bro pIasn_1a parameters that would allow for direct observauqn
ken. Thus, withm; > ~v.m. (Wherem; is the ion mass), we Of this, modified, Faraday effect. We found that quasi-
require that: collisional absorption may severely limit possible spand a

astrophysical applications of our model — since strong iquas
kgAp 21, (28) collisionality, also, implies strong “collisional” abgation.
_ Finally, we argued that plasmas with high-frequency, small
whereAp = vine/wpe: @Ndume ~ c is the electron thermal  gcale. jon-acoustic turbulence — whéke > T; — offer the

velocity. o , o , most likely environment in which these effects may be phys-
One possible realization of this condition is provided by th jcq)ly realized. Supernova remnant (SNR) shocks, for ex-

very short Wavglength branc_h of the ion acoustic mode. Thes&mple, may host ion-acoustic instabilities that may drive t
modes can exist in magnetized plasmas, and we assume f{guired strong, turbulent fluctuations|[25]. Acoustic resd
our purposes that the wave-vector is nearly aligned with thg,aye, additionally, been implicated in the phenomenon bf pu
direction of the ambient magnetic field. For a non-relativis 5, eclipsing, and astrophysical accretion flows whgrg T,

‘cold” plasma, IfkpAp 2 1, the ion acoustic mode has the 23] Thus, a number of astrophysical environments may be
frequency|[23]: favorable candidates.

Wi However, owing to the high “collisional” absorption that
O =T (29) ies high quasi-collisionality, the Faraday i
1+ (khp) 2 accompanies high quasi-co Y, y dignea
of these plasmas may be completely obscured. For this rea-
wherewy,; is the ion plasma frequency. From this, we see thason, space and laboratory plasmas may be better suited for
Q. ~ wpi WhenkAp > 1. lon acoustic turbulence may be the direct observation of this unique signature. Laseskzs,
strongly excited when the electron temperature far exceedspecifically, are an attractive candidate — since suffitient
the ion temperaturé [23] — a scenario which is required heregense laser pulses can quickly heat an electron populatidn a
since the ions are being treated as non-relativistic, whidee  separate it from an ion background. Such a plasma configura-
electrons are — at least — mildly relativistic (ire; > v.m.).  tionis especially susceptible to ion-acoustic instalbit
To conclude, the obtained results suggest that small-scale
electric fluctuations conceal a “collisional” signaturehiah
V. CONCLUSIONS may provide a useful radiative diagnostic tool — via its stro
impact upon Faraday rotation in these plasmas — for the eval-
In our previous work, Ref. [[9], we investigated “quasi- uation of small-scale electric turbulence in laboratosfra
collisionality” induced by small-scale magnetic turbuterin,  physical, space and solar plasmas.
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