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TEMPERATURE ANISOTROPY RELAXATION PROCESSES
IN DENSE PLASMA

In this work the relaxation processes of dense plasmas were studied. The relaxation rate of a
Maxwellian velocity distribution function that has an initially anisotropic temperature (Ty # T1) is an
important physical process inertial confinement fusion plasmas. Relaxation characteristics in dense
plasmas were studied on the basis of the effective potentials using the Coulomb logarithm. The
effective potential is derived using the long wavelength expansion of the polarization function and
quantum potential which takes into account the finite value of the interaction potential at close
distance. In presented work temperature anisotropy relaxation processes in dense, non-isothermal
plasma are considered. These interaction potential between particles take into account such collective
effects as the ionization energy depression (reduction) and exchange-correlation effects. Therefore, this
allowed us to examine the sensitivity of the computed relaxation time and the corresponding
equilibrium plasma temperature on the quality of the description of the screening effect in dense
plasmas.

Key words: Coulomb logarithm, dense plasma, effective potentials, inertial confinement fusion,
temperature anisotropy relaxation.
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DKCMEPUMEHTTIK >KOHE TEOPUSAbIK, (DU3UKA FBIABIMU 3€PTTEY UHCTUTYTbI,
an-Dapabu aTbiHAaFbl Kasak YATTbIK, yHuBepcuTeTi, KasakcraH, AAMaThl K.,
*e-mail: issanova@physics.kz

TbiFbI3 NMAa3mMmaAarbl TeMneparypaAblk aHU30TPOMUSIHDBIH,
peAakcauums npou,eCTepi

ByA >KyMbICTa TbIFbI3 MAA3MaHblH pPeAaKcalms MPOLEeCTepi KapacTbIPbIAAbI >KOHE 3epTTEAAI.
MakcBeAAAiH TapaAy (yHKUMSICbIHbIH 6acTankbl aHM30TPONTbl TemrnepaTtypacbl 6ap >KbIAAAMAbIK,
GoMblHIIA peAakcaums  KbiAAaMAbiFbl  (Ty  #  Ti), WHEPUMSIAbIK, TEPMOSIAPOAbIK, CUHTE3AIH
MAasMacbliHAAFbl MaHbI3Abl (PM3MKAABIK, MPOLECC OOAbIN TabbiAAbl. YKyMbICTa 6i3 TbIFbI3 MAA3MAAAFbI
peAakcaums cMnaTTamasapbl KYAOHABIK AOFapMMAiI KOAAAHA OTbIpbIN, 3PGEKTUBTI NOTeHUMAAAAP
HerisiHae 3epTTeaik. JDdekTnBTI  noTeHuMaA noAgpusaums  QYHKUMACbI  MEH  KBAHTTbIK,
MOTEHUMAAAbIH Y3aK, TOAKBIHABIK, bIAbIPAYblH KOAAQHA OTbIPbIN LUblFapblAaTbiHA GEATiAI XKeHee OA
JKaKbIH KalbIKTbIKTaFbl ©3apa 8peKeTTecy MOTEHUMaAbIHbIH COHfbl MOHIH eckepeAi. YCbIHbIAFaH
Gi3AIH >KYMbICTA TbIFbI3 M30TEPMUSIAbIK, €MeC MAa3MaAarbl TemrepaTypaHblH, aHM30TPOMMUACHIHbIH,
peAakcaums NpoLecTepi KapacTblpbIAFaH >XoHe 3epTTeAreH. beallekTtepaiH e3apa epekeTTecy
NoTeHUMaAbl MOHAQHY SHEPTUSCbIHbIH TOMEHAEYI (TOMEHAEYI) XXKOHE aAMACy-KOPPEASLMSIAbIK, SCEPAEP
CUSIKTbI Y>KbIMAbBIK, 9cepAepAi eckepeai. Ocbiaaiiua, OyA 6i3re ecenTeAreH peAakcaums yakbiTbl MEH
Tene-TeHAIK MAA3MacbIHbIH TUICTi TemMnepaTypacbiHbIH, TbIFbI3 NMAA3MaAaFbl 3KpaHAQY 8CepiH cunaTTay
canacblHa Ce3iMTaAAbIFbIH 3epTTeyre MyMKIHAIK 0epai. ByA >kKymbiCTa MOAEAbAIH  KbICKallia
cuMnaTTaMacbl  >K8He ThIFbI3  MAA3Mapafbl  TEMMeEpaTypaAblk, aHM3O0TPOMMSHbIH  PeAAKCaUMSIAbIK,
NnpouecTepiH ecenTey HaTMXKEAepi KeATipiAreH. MOAEAbAIH, AYPbICTbIFbIH KOPCEeTY YLiH OHbIH
HaTMXeAepi MA MOAEAbAEY HOTUXKEAEPIMEH CAABICTbIPbIAABI.

TyiiH ce3aep: KYAOHAbIK, AOrapudMm, TbiFbl3 MAa3ma, 3PQPEKTUBTI MOTEHLMAA, MHEPLUSABIK,
TEPMOSIAPOABIK, CUHTE3, TEMMEPATYPaAAbIK, aHM30TPOMMUSHbIH, PeAaKCaLMSIChbI.
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lMpoueccobl peAakcauum TemnepaTtypHoi aHM30TPONUKU
B MAOTHOM NAa3me

B AaHHOW paboTe paccCMOTPEHbl M U3YyueHbl PEAAKCALMOHHbIE MPOLECChl MAOTHOM MAA3Mbl.
CKOpOCTb peAakcallMM MaKCBEAAOBCKOM (DYHKLUMWM pacrpeAeAeHUs Mo CKOPOCTSIM, KOTopas umeeT
M3Ha4aAbHO aHu3oTponHyio Temnepatypy (Ty # T1), 9BASeTCS BaXKHbIM (hM3MUYECKMM MPOLLECCOM B
nAa3me MHEepPLUUOHHOTO TEepPMOSIAEPHOro CHMHTe3a. PeAakcaumoHHble XapakTepUCTMKM B MAOTHOM
NnAasme Mbl M3yyaAM Ha oOCHOBe 3(h(PEKTMBHbIX MOTEHLIMAAOB C WMCMOAb30BaHMEM KYAOHOBCKOIO
Aorapuma.  IPdeKTUBHbIA  MOTEHLMAA  BbIBOAMTCS C  MCMOAb30BaHWMEM  AAMHHOBOAHOBOIO
Pa3A0XKeHUs! MOASIPU3ALMOHHOM (DYHKLMM M KBAHTOBOIO MOTEHUMAA], KOTOPOE YUMTbIBAET KOHEUHOE
3HauYeHMe MoTeHLMaAa B3aMMOAENCTBMS Ha OAM3KOM paccTosiHiu. B npeactaBaeHHon pabote
paccMOTpeHbl MPOLECChl peAakcaumm aHWM3O0TPOMUKM TemrepaTypbl B MAOTHOM HEM30TEePMUYECKOMN
naasMe. DTOT MOTEHUMAA B3aUMOAEMCTBUS MEXAY 4YacTMLAMKM YUMTbIBAET TakuMe KOAAEKTUBHbIE
appexTbl, KakK CHUXEHWE (YMEHbLUEHWE) 3SHEPrMM MOHM3AUMM UM OOMEHHO-KOPPEASILIMOHHbIE
acppexTbl. TakMm 06pa3om, 3TO MO3BOAMAO HaM M3YUWTb YyBCTBUTEABHOCTb BbIYMCAEHHOIO BPEMEHM
peAakcaumm W COOTBETCTBYIOLLEN TemrepaTypbl PaBHOBECHOW TMAa3Mbl Ha KayecTBO OMMCaHUS
achpekTa 3KpaHMpPOBaHMS B MAOTHOM MAasme. B paboTe NMpuMBOAMTCS KpPaTKOE OMMCaHMe MOAEAU U
pe3yAbTaTbl pacyeta MPOLECCOB peAakCaummM aHU30TPOMUKM TemrnepaTtypbl B MAOTHOM MAasme. YTobbl

NnokKa3aTb MPaBMAbHOCTb MOAEAU,
MOAEAMPOBaAHNA.

ee pesyAbTaThl

CpaBHMBAIOTCA C pe3yAbTaTamn  MA -

KatoueBble caoBa: KyAOHOBCKMIM AorapuvdMm, nNAOTHas nAasma, 3(PdeKTVBHblE MOTEHLMAAI,
WHEPLMOHHbIN TEPMOSIAEPHBIN CUHTE3 YAEpI)KaHWeM, PeAaKcaLmsg TemnepaTypHON aHN30TPONUMK.

Introduction

Intensive studies of the properties of dense non-
ideal plasma were triggered by the idea of
realization of inertial confinement fusion. It should
be noted that it is especially important to study
relaxation times of electrons and ions. In particular,
during compression of a target by the flow of high-
energy electrons the non-isothermal plasma with
heated electrons and cold ions is created [1-2].
Non-isothermal plasma also appears during
interaction of heavy ion beams with a target [3-4].

The temperature equalizes much faster within
subsystems of electrons and ions than between
electrons and ions. This is explained by a large
mass difference between ions and electrons.
Different methods are used to study relaxation
processes in plasma, and among them there are the
method of molecular dynamics (MD) [5-7] and
quantum kinetic theory [8-14].

The relaxation of a temperature anisotropy is a
canonical example of energy transport in dense
plasmas [15-17]. For instance, plasmas that are
preferentially heated, or cooled, in one direction
will form a temperature anisotropy. Magnetized
plasmas often have different energy confinement
times either along or against the magnetic field, and
can form a temperature anisotropy as a result [18].

In presented work temperature anisotropy
relaxation processes in dense, non-isothermal
plasma are  considered. @ The  relaxation
characteristics are obtained on the basis of effective
potentials. These interaction potential between
particles take into account such collective effects as
the ionization energy depression (reduction) and
exchange-correlation effects [19]. Below we
present a brief description of the model and the
results of calculation of temperature anisotropy
relaxation processes. To show the correctness of
the model, its results are compared with the results
of MD simulations.

Physical model

The relaxation rate of the electron-ion
temperature, i.e., the rate of energy exchange, is
determined by the difference of the average energy
or temperature [17]:

dTJ_ 1dTH
=—— e y(r, 1), 1
dt 2 dt V( * ”) o

where 7' and T} are the perpendicular and parallel

temperatures, which related to the total temperature
by T = (T L+ )/ 3 the anisotropy relaxation rate is
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momentum scattering cross section is

temperature

is the Maxwell

integral. 1™

c' = 27ZJ.: dbb [1 —cos' (7 - 2@)] (3)

and 6 =7 —20 is the scattering angle, where

O =b["drr[1-b*/r? —¢(r)/§2]_%

The Coulomb logarithm on the basis of the
effective interaction potential of the particles is
determined by the scattering angle of the pair
Coulomb collisions. Introducing the centre of mass
in the collision process the Coulomb logarithm
reads [20-23]:

lbmux @
A, =— in*| — |bdb, 5
I

here b, = Z,Z € (m,0°), by, =maxip,, X, |

describes the minimum impact parameter, where

Koy =h/4/27rmaﬂkBT is the thermal de Broglie

wave length.
In formula (4) ¢(7) is the interaction potential

min

and 7, is the distance of the closest approach for a

given impact parameter b :

32

Dy(r) B
E 1y

c

=0. (6)

It is known that in order to correctly describe
static and dynamic properties of plasmas the
collective screening effect is to be taken into
account. In this work the dense plasma is
considered for which quantum effects must be
taken into account at short distances. Further, the
effective interaction potential which including such
collective effects as the ionization energy
depression (reduction) and exchange-correlation
effects [18]:

zZ,zZ e’ 1
D,,(r)= £ X

7 1-(2k 17

2 2 2 2 (7)
- -i,
X{[i—%gi Jexp(—rB) (i 7L2 A ]exp( rA)}

2 —
+Ze exp(-r/%,;)

r(l+Cei) ’
where C,= (kéxii — k7K, )/( /xz _1)
=k +1/7"ee> r2 =-b, /4k; (here
by=0"1_,(n)/(31%, (1)) kp. =k,

k} =k}, +k?, and k} = 4m.e’ [k,T..

Results and discussion

Figures 1-2 shows the parallel and
perpendicular temperature profiles at two values of

TH/T=1.15 and
Dashed lines

I in initial temperatures of 71 =

T =T, /T=0923(4=-0.2).
show profiles predicted from the HNC
approximation, circles - molecular dynamics
simulations by S. Baalrud, J. Daligault [17]. The
comparison shows good agreement with the
predicted monotonically decreasing profiles at the
I' values. As the coupling strength increases, the
rate of the relaxation remains well modeled.
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Figure 1 — Parallel and perpendicular temperature profiles in
initial temperatures of Ym =T, / T =1.15 and

T =T, /T=0923(4=-0.2) at I" =0.05.

Figures 3-4 demonstrates temperature relaxation
profiles on the basis of the effective potentials and
from MD simulations by S. Baalrud, J. Daligault [17]
at I'=0.1, 1 conducted with a large initial temperature
anisotropy of T /T, =10(A4=9). The comparison

with MD predictions is similar to what was observed at
smaller initial anisotropy. The accuracy is, perhaps,

—— MD (Baalrud and Daligault)
— = EPT (Baalrud and Daligault)
— - — Effective Potential

0.0

0 20 40 60 80 100
time, to
o

Figure 3 — Temporary temperature profiles with a highly
anisotropic initial condition TL/TH =10(A=9)at " =0.1.

Figures 5-6 illustrates the total temperature as a
function of time for the same simulations. These
show that, at weak coupling, the total temperature,
and thus total kinetic energy, does not fluctuate
more than approximately 0.1% throughout the
evolution of the system. The higher I" values show
that the temperature fluctuates in time by as much

1.20 T T

1.15 k ©  MD (Baalrud and Daligault) A

— — HNC (Baalrud and Daligault)
— - —Effective Potential

1.10 1
- 1.06 -
=
1.00
0.95 ]
0.90 : - :
0 10 20 30

time, lmp

Figure 2 — Parallel and perpendicular temperature profiles in
initial temperatures of 77‘ =1, / T =1.15 and

T, =T, /T=0923(4=-0.2) at I" =0.5.

slightly less than that observed from the small
anisotropy cases in Figures 1-2 near I' = 1, but the
generally good agreement over this entire range of
coupling strength provides strong evidence that the
theory is robust even at a very large initial anisotropy.
Dynamic screening apparently is not significant even at

T, /T, =10.

15 T T ) T E T

1.0

—— MD (Baalrud and Daligault)
— — EPT (Baalrud and Daligault)
— - —Effective Potential

0.5

0‘0 i 1 i 1 i 1

time, twp

Figure 4 — Temporary temperature profiles with a highly
anisotropic initial condition T, / TH =10(A4=9)at =1

as 0.5%. These oscillations are not numerical
artifacts, but rather represent oscillations in the
exchange between kinetic and potential energy
associated with correlations as the system relaxes.
None of the theories discussed addresses the
potential energy of the system, and thus does not
model this effect.
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Figure 5 — Full temperature as a function of time at
I'=0.1.

Figure 7 show the results of the relaxation rate
on the basis of the effective potentials and obtained
from the MD data using the fitting procedure, and

1.010 T T

1.005

1.000

Temperature, T

——— MD (Baalrud and Daligault)

0.995 —-—- Effective Potential

T
L

0.990 .
0 10 20
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Figure 6 — Full temperature as a function of time at
I =1

theoretical approximations. The initial temperature
anisotropy for this dataset was the same A = —0.2
as from the data shown in Figures 1-2.
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—
°|
T
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Figure 7 — The rate of anisotropy temperature relaxation in comparison
with different theoretical approximations

As expected, the weakly coupled theories
compare well with our results and the MD data at
sufficiently small coupling strength (I' < 0.1).
There is apparently no significant advantage to
accounting for dynamic screening at these
conditions. For I' < 0.1, the relaxation rate
predicted by all of the theories is slightly larger
than what is observed in the MD simulations (e.g.,
by approximately 20% at I = 0.05). This is likely
associated with the assumption made in the
theoretical analysis that the distributions maintain
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the anisotropic Maxwellian form. It is well known
in other transport processes that distortions of the
distribution function contribute an order unity
correction to the transport rates at weak coupling.
This is accounted for in hydrodynamic theories,
such as Chapman—Enskog.

This comparison between two common
approaches to plasma kinetic theory and MD
simulations has suggested a few general
conclusions with regard to the temperature
anisotropy relaxation, and has also revealed a few
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remaining gaps in current understanding. The data
comparison suggests that dynamic screening,
which is modeled in the Lenard-Balescu and
Generalized Lenard-Balescu theories, does not
significantly influence the relaxation rate. The
Boltzmann-based approaches (Landau or Effective
Potential Theory) can be accurately applied in most
situations of practical interest, rather than Lenard—
Balescu based theories which are comparatively
difficult to evaluate. Comparison with MD revealed
that Effective Potential Theory provides an
accurate approach to modeling the anisotropy
relaxation rate over a similar range of coupling
strength as has been encountered for other
processes, such as diffusion.

Conclusion

The relaxation processes in dense plasmas were
studied on the basis of effective interaction potentials
taking into account quantum effects of diffraction at
short distances and screening at large distances. The

results obtained for the Coulomb logarithm and
temperature relaxation times for different plasma
parameters are consistent with the results of other
authors. Thus, knowledge of the values of the
transport coefficients of heavy, charged particles in
the plasma will help to more accurately calculate the
design of thermonuclear target. The method of
effective interaction potentials is important as it gives
a deeper insight into physics of dense plasmas and
can provide an effective tool for the fast and accurate
calculation of various physical properties for future
technological applications [24-25].
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