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Collision effects on the saturated electrostatic potential
along a magnetic field line
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The Coulomb collision effects on a saturated electrostatic potdptiad potential formation in the
end-mirror cell of a tandem mirror were investigated by a Monte Carlo simulation of ion orbits. A
non-Maxwellian electron distribution function, which leads to a modified Boltzmann law, is
assumed to obtain the electrostatic potential. An ion velocity distribution is determined by the Monte
Carlo simulation of ions. It was found that a saturated electrostatic potential is formed in a wide
range of the Coulomb collisionality. Especially, fewer Coulomb collisions were found to create a
higher saturated electrostatic potential along a magnetic field, although the Coulomb collisions are
necessary for a saturated electrostatic potential formation20@3 American Institute of Physics.
[DOI: 10.1063/1.1544536

I. INTRODUCTION condition used in the Monte Carlo simulation is similar to
that of a tandem mirror experiment. The major differences of
In the area of nuclear fusion, it has been proposed thatur work'**from the previous wor® is that, first, the ef-
the electrostatic potential is created along a magnetic fielfects of Coulomb collisions are included in the dynamics of
line positively to improve the confinement of plasmas alongions along a magnetic field line and, second, the charge neu-

devicel™3 which is called a “tandem mirror.” The subse- S° that the electrons do not obey the traditional Boltzmann

guent experimental efforts at demonstrating the eIectrostatiIFW in our electrostatic potential mechanism. Therefore, the

. ) SN ield aligned electrostatic potential formatidi* corre-
potential formation along a magnetic field line have reveale . .
. o : ““sponds to a presheath potential formation mechafism,
that the electrostatic potential in the end-mirror cells in

) - ) i &yvhile the electrostatic potential formatfohis a sheath po-
tandem mirror is created by a different mechanism from thggntial formation.

theoretical conceft’ That is, a high energy, magnetically The Coulomb collisions are plausible candidates for a
trapped ion population is not necessary for electrostatic posaturated electrostatic potential formation along a magnetic
tential formation along a magnetic field line, and the elecield line in a mirror cell because the plasma production re-
trons do not obey the traditional Boltzmann law in the entirequired to maintain the charge neutral condition for a satu-
region of the end-mirror cells of a tandem mirror. rated electrostatic potential formatida plug potential for-
Recently, a basic experiment has been carried out téhation is larger than the amount of present tandem mirror
demonstrate the electrostatic potential formation in a m(»igexperimenté.6 A saturated electrostatic potential formation
netic mirror when electron cyclotron resonance heatind@S been demonstrated by a Monte Carlo simulation in Ref.
(ECRH) is applied to heat electrons in a magnetic mifror, 14, whfare the ratio of Coulomb collision tlr_‘ne to ion transit
where the experimental condition is similar to the presenf'me with thermal speed fror, 10 zy, was fixed. The pur-

tandem mirror except that the ratio of Debye length to th ose of this artlgle, therefore, is to ”.‘"".ke clear .the depen-
dence of a magnitude of Coulomb collisions required for the

systg m S'_Ze IS \{ery different from each other. An eleCtrOS_t?t'%aturated electrostatic potential formation on the resultant
particle simulation was performed with the same condition,-vimum of electrostatic potentigblug potential.

as the above basic experiment and illustrated electrostatic

potential formation in a mirror cefl.The essential mecha- Il. MODIFIED BOLTZMANN LAW

nism of electrostatic potential formation is that the charge

separation of ions and electrons occurs due to the suppres- Henceforth we consider a neutral plasma. Due to the

sion of electron motion along a magnetic field line by ECRH.SMaller mass of electrons than that of ions, electrons are
On the other hand. we have carried out a Monte Carl assumed to satisfy the pressure balance along a magnetic

. . L .. ineld line, i.e., inertia terms are neglected in the equation of
simulatiort®~12 by taking into account Coulomb collisions 9 q

dh h that the electrostati tential be f motion. If the electrons have an isotropic pressure with con-
and have s OW”_ f"‘ e_ € E?C rosta '_C poten 'fz can be orme&am temperaturé,, the electron densitp, obeys the tra-
along a magnetic field line in the mirror céft* where the

ditional Boltzmann law, that s, e(¢(z)—¢(0))
=T¢In{n(2)/n«(0)}, wheree is unit charge andp(z) is the
dElectronic mail: katanuma@prc.tsukuba.ac.jp magnitude of electrostatic potential at the axial coordizate
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The electron distribution function usually deviates from create magnetically trapped high energy electrons. The non-
Maxwellian greatly when electrons are heated by strondMaxwellian electrons no longer obey the traditional Boltz-
ECRH2’ In the end-mirror cel(plug/thermal barrier region mann law. To see this we assume the electron distribution
of a tandem mirror, electrons are heated by a strong ECRH tfunction in the regiorz,<z<z,, shown in Fig. 1 as

Mg 82 eteg; ‘ B
Nee 27T og ex Toe or e=ub;—eqp;,

f = 1
€ me \%? e+ep;i— auB; ‘ B W
S Frar B e
|
whereT,. andng., the electron temperature and density at By[B(z) — aeBi] nu(2)
z=7, m,, electron mass, and is the magnetic field e(e(2)—pp)=(1-ae)TecIn| g g — & :
(2)[Bp— aeBi] nep

strength. The quantities andu are the electron total energy (3)
(e=3mew?—eg) and magnetic momentu(=im?/B),
wherev is velocity andv, is the velocity component per-
pendicular to a magnetic field. A constant gives an anisot-
ropy of electron distribution function, but the, should sat-

Herengp=ne(zp).
The distribution function of electrons trapped in the mir-
ror cell in Eq. (1) is written as

isfy the condition «.<B,/B; in order that the electron m. |32 %mevﬁ

distribution function(1) does not have to be infinite in the fe= nec(—e) exp] ——————

region B,<B<B,, (i.e., z,<z<z,) when u—® with ¢ 2mTec (1= ae)Tec

= uB. The subscripts and m denote the quantity at=z

and atz=z,,, and, henceforth, we assurBg=B, for sim- 1 9

plicity. - gl elen— ¢ atz=z
In the definition of the electron distribution functidh) (1-ae) (1= ae)Tec b

the electrons, which are Maxwellian a&z;, flow into the (1—aB;/By) °©°

mirror cell (z;<z=<z,,) and the electrons trapped in the mir- __ . e . o . .
ror cell are heated by ECRH to be non-Maxwellian. Here the NS electron distribution functiof is bi-Maxwellian with

electrons are assumed to be supplied continuoush~a; ;[jv_\/é) l(;?n:gotrllzn:nt:n:]ré?_rcat#élé(;gul_,nl'e;tgaralIellgr;dTpe_rpin-
with a Maxwellian distribution function. icu gnetic i : 2. el = (

The electron density,(2) (z,<z<z.) is obtained by @) Tec @nd Te,=(1—ae)/(1~aeBi/Bp)Tec. Equation
integrating Eq(1) in the appropriate velocity space as (3) reduces to

TeJ_ TeJ_ Bb ne(z)
e((P(Z)—%):Te'n{ T_eH+ - T_el) B(2)| ey |
— B(Z)nec jw d j“e** d (4)
ne(z)= \/;—Ti"f uBp—epy ° 0 " by USingTe” andTe, .
+ J dSJ d 'Ul Ion axial orbits Q=2-3
nBi—ep; HPexx @ !
" 1 eXpl’ _eteg oC— /™ i Couloms
(e — uB(z) +ep(2))Y? Tec C DO Co®

KB~ eei * 1 central B
+ de du 7 cell ===f==Neal, \, end wall
wB(2)—ep(2) rex  (e—uB(2)+ep(z)) "
+ep;— B; : - s =,
y exp{ _ ﬂ} @ 7 T P TR
(1= ae)Tec

FIG. 1. Schematic diagram of the end mirror cell in a tandem mirror. An

arrow — with a mark() represents the orbits of ions input frars z; . The

arrows — with each mark®, ® and @ are the orbits of ions trapped
Here pue=e(e(2)—¢))/(B(2)—B;) and ue. =€(¢p magnetically and electrostatically. The short arrewrepresents the transi-

_ Y - . o tion of ion orbit due to the Coulomb collisions. The solid curve shows a
(’D')/(Bb B')' With the assumptions OQ((’D (‘Db)/TeC magnetic field, and dashed curve is an electrostatic potential. A local maxi-

>1 andﬂf** B /Tec>1v the integration in E((Z) is carried mum of the electrostatic potential profile is assumedat,, which is
out to bé called “plug point.”
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Equation(4) is the modified Boltzmann law, which gives velocity U— AU+ paat Uperp at time t+ 6t is given in
the relation of the electrostatic potentig{z) to the electron terms of the probabilities gH(vparQ:(ll\/za'H)
densityng(z). If the ion density is determined by solving the XeXp[—(vpara—AU)z/ZUﬁ}, and g, (vperp = (1/\2mo,)
kinetic equation, the electrostatic potential is obtained by Eqx exp[—vge”jZaf}, where 0”2: &(&Auﬁ/at), ol

(4) and the charge neutrality condition(z) =n;(z). =6t(aU?/4t), and Vpara=0 - UIU, Uper=0 —Upara Here
9j(vpard andg, (vperp give the probabilities of the test ion
lIl. RESULTS OF MONTE CARLO SIMULATION having the components @fp,.; and v e, Further informa-

tion on the procedure needed to give the effect of Coulomb
lons have a larger inertia term than electrons in theircollisions on the test ions will be found in Ref. 10.
kinetic equation so that ion kinetic effects should be taken We are interested in the electrostatic potential along a
into account for the electrostatic potential formation. It is magnetic field line, so that ion orbits are calculated only
known that the plasma presheath formation requires somalong a magnetic field line, i.e.,
mobility limited motion for ions® or plasma productiofi in
order to maintain the charge neutrality condition. The satu- dz \/mi
rated electrostatic potential formation in a mirror cell with g ~YI* V1= V3 (e~ #B(2)—ee(2), ®)
non-Maxwellian electrons also requires such plasma
productiort®*®or the effects of Coulomb collisions suppress- where thez-coordinate is the axial coordinate, and magnetic
ing the motion for iong? field lines near the axis in a mirror device can be considered
In order to take into account the Coulomb collisions onto be parallel to the axial coordinate within a long thin ap-
ions, we carry out a Monte Carlo simulati¢the details of proximation(i.e., with the assumption afdial scale length
the code were described in Refs. 10y brief description < axial scale length Therefore, the coordinate along a
of the code is mentioned in the following. Let us consider themagnetic field line coincides with theaxis. The quantities
test ions with distribution functiofi.s(v) = 6(v —U), where  andu are the ion total energy and magnetic moment, respec-
8() is Dirac delta function and the test ions are assumed ttively.

have the same velocity at time t. With the help of the Figure 1 illustrates the axial profile of a magnetic field
linearized Fokker—Planck equatiththe time evolutions of under consideration and an expected steady state electrostatic
the test ion mean velocity moments reduce to potential profile. The ions are continuously suppliedzat
U U U-v df o) with a l_\/laxwellign d_istributior_1 function of temperatuiig,
o gp—— st the orbit of passing ions are illustrated by a sym@al The
ot U U ot passing ions change to shallow trapped ions due to Coulomb
m 21 collisions with field ions and electrons, and the shallow
=U> |1+— (2 \/E—exp{—aauz} trapped ions denoted by a symhk@) can pass through the
a=ie m, ™ y? electrostatic potential maximuiealled plug atz, in Fig. 1.

Further Coulomb collisions make a shallow trapped ion into
_ ierf{ \/a—U})F a deeply trapped ion, denoted by symb@sand@) in Fig.
us “ “ 1, and the deeply trapped ions cannot pass through the plug
due to their low kinetic energy parallel to the magnetic field

ﬂZJ g UXw )\ ?0f e(v) line. The deeply trapped ions accumulate in the mirror cell
a ) °\"u at and, finally, the ions there become Maxwellian with the same
temperaturel; as that of the passing ions at.
_ E 1 iexp{—a u? In order to take into account the effect of non-
U Se \/W_aa U “« Maxwellian ions in the steady state, we include a radial loss
to test ions artificially, as follows. That is, an ion loss time
1 Tioss IS INtroduced. The uniform random numb&yr (a num-
+ ( 1- oa UZ) erf{Va,U} |, ber from 0 to } is introduced for theth test ion. The num-
“ ber ¢, is compared with the magnitude of €xgt,/7iysd,
&AUf U-(v—U)\?fes(v) where the timet, is measured from the time when théh
ot Ef do U ot test ion was input ar; in Fig. 1. If &> exp{—t/70s4, the
kth test ion is lost from the mirror cell. Because we are
2 2 1 1 ) looking for the steady state of electrostatic potential, the ions
U Ao Yma. U S —aU% which were lost are input & immediately. Here the veloc-
“ ity components andv, of ion atz are given to be Max-
1 wellian with temperaturd; in the passing region in the ve-
+ D erf{\a, U} |T,, (5 locity space by means of a random number.

On the assumption of the charge neutrality condition, the
wherel ,=(4mn e*/m?)InA,, a,=m,/2T,, and erf() is  electron density is the same as the ion density, hg(z)

the error function. The test ions with velocity at timet =n;(z). The electrostatic potentiab(z) is determined by
have an average velocity—AU after a time intervalst, the modified Boltzmann law given by E@). In the simu-
whereAU= 6t(dU/at). The probability of the ion having a lation, the electrostatic potential is given in advance, i.e.,

Downloaded 04 Apr 2007 to 130.158.56.189. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



680 Phys. Plasmas, Vol. 10, No. 3, March 2003 Katanuma et al.

#(2)=0. The test ions are distributed uniformly along the 1, /T, unsir = 8.2x10° Ter/Te| =60 eQb/Ti=-1

axis (i.e., along the magnetic field line aximitially. Here (a) W 30
the mean temperature of initial test ionsTisat each axial - T/ Transic = 4.5%10% oo/ '
position, and each velocity component of test ions is given 3 081 N, e T 20 (2
by random numbers. The motion of ions is followed in the % o6 ~
given electrostatic potential and the density is calculated by & F 10 &
each ion positiort? The calculation of ion motions continues < 041 ©
until the steady state of ion density is realized. 02p ¢ T 0o

The new electrostatic potential is calculated by the modi- 0.0 LZ -1.0
fied Boltzmann law Eq(4), with the ion density in the steady X 00'0 02 04 06 08 10 12
state in the old electrostatic potential profile. The ion motion (b) . o/ Toransie = 1.5x100
is traced again in the new electrostatic potential profile and < 08[ /% =T U 20
the ion density is accumulated after initialization until the S 6l b
steady state of ion density is realized. The above procedure i § - 10 (=%
repeated until the steady state of both ion density and elec < 041 SY)
trostatic potential profiles are realized. 02t 00

The parameters used in the simulation are as follows. 00l 10
The magnetic field profile frora=z, to z=z,, is adopted in "0 0.2 0.4 0.6
the end mirror cell in the GAMMAZ10 tandem mirrBryvhere (C) Loy
the axial length_, from the thermal barriez=z, to the outer = 08 10 o
mirror throatz=z, is L,=120 cm. The temperaturég;eyq g 06 I ' &
of the field ions and electrons, with which the test ions re- § L S
ceive the Coulomb collision, are 100 eV. The number density 041 00
Nteld, Where the density of field ions is the same as that of ozl
field electrons, i14eq = 10 cm™2, which is uniform along -
z In this field plasma the deflection time, is %06 02 0.4 0.6 0.8 1.0 1.51'0

312 Z (m
o= \/E£ (7)) FiG. 2. Axial profiles of test ion densitp and el i i
2 Tl'nﬁe|de4 In Aii G. 2. Axial profiles of test ion densitpy and electrostatic potentla,b

along magnetic field in the steady state, which were obtained by Monte

. . . Carlo simulation. Herda) is 7p / Tyansi= 4.5X 107, (b) is 7o/ Tyansi= 1.5
Here InA;; is the Coulomb logarithm. The detailed procedure 16t and(c) is the case ofg /rpa. e 5.5% 102, o e

to include the effects of Coulomb collisions on test ions in
the Monte Carlo code will be found in Refs. 10-12. The
transit timerynsitis defined asyansi= L, X (T; /m;) "2 i.e., Figure 2 shows the steady state axial profiles of electro-
is the time necessary for a thermal test ion to move foom static potential and ion density obtained by the Monte Carlo
=z, to z=z,,, where species of ions is hydrogen. The de-simulations. Clearly, a maximum poiriplug poin} in the
flection time is 7p=5.6Xx10">s and the transit time is continuous saturated electrostatic potential profile is ob-
Transic=1.2X 10" ° s in the above parameters. served in Figs. @), 2(b), and Zc). As pointed out in previ-
The temperature of test ions is s&=100 eV atz  ous work!® the electrostatic potential can be discontinuous at
=z;. The test ions escaping from the outer mirror thrpat the maximum point of the electrostatic potential without any
=z, or lost (radially) are input again immediately at the dissipation, because the situation at the electrostatic potential
inner mirror throatz=z; in the simulation. maximum is the same as that at a sheath potential
In order to save computer time only the region fram region**>*°An effect of Coulomb collision in the Monte
=z, to z=7,, is calculated. The test ions input atz are  Carlo simulation prevents a sheath potential from forming at
mapped az=z;, with a positive velocityv| on the assump- the maximum of an saturated axial electrostatic potential
tion of conservation of andw during its flight fromz=z to  profile.

z=12,. The test ions reached atz, with v <0 is reflected Figure Za) is the case Ofryansi< Tioss< Tn » Where ions
perfectly atz=z, if e<uB;+e¢;, and is input again at  trapped in a magnetic mirror cell are lost faster than those are
=z; with Maxwellian velocity of T; if e>uB;+eg;. supplied by collisional filling from passing ions. The result

The algorithm of ion supply to the end-mirror cell that the density around=0 m is lower than the density
adopted in the Monte Carlo simulation is consistent with thearoundz=0.1 m in Fig. 2a) comes from the reason why the
present tandem mirror experiment, where the ions in the enden collisional filling from passing region is slower than the
mirror cell are supplied from the central cell and escapdoss from trapped region.
through the outer mirror throat or escape radially. On the other hand, Fig.(@) is the case ofrp= Tyansit

The electrostatic potential is set=0 at z=z. The <74 Where ions lost from the magnetic mirror cell are
potentiale,, at z=z, is given in advance as a boundary con- supplied immediately by a collisional filling of passing ions.
dition of the electrostatic potential and is not changedTherefore, the ion density is maximum a0 m in Fig.
through the simulation run. The potential profi#éz), there-  2(c).
fore, is determined on the basis of its magnitude-at,, . Although the ion density axial profiles change greatly
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Te1 /T =100 ni(z) smooth around the potential maximum, i.e.,
A A A de(z)/dz]<= atz=z,,*in th f which th i
3.0F j ] |de(z)/dz| <= at z=z,,™* in the case of which the magni-
o ]

[ ® Tioss/ Toransic = 8.2x1

tude of plug potential is determined by the charge neutrality

F ] 4
= 2.0}: géﬁgz - condition of ions and electrons there. In the weak limit of
g«: i collisions the ion density at=z, is given by
° 1.0F .
] 1 e(ep— i)
[ egp/Ti=-1 () ] Ni(Zp)= 5 Nei exp{ — %
T e e [see Eq(14) in Ref. 14], whereng;=n,(z) and charge neu-
30 o T/ T = 8.2x10° eQy/Ti= 2 trality conditionn;(z;) = ne(z;) was used. On the other hand,
- [ ag2xi0! ] the electron density(zp) is given by
& 2.0[ = 82x10? ] .
& L Ter Ter| By e((Pp_ ®b)
%‘10-_ 1 ne(zp)=neb_|_—+ 1—T— B_ ex T—
F (b))’ el el/ Pp el
I e et in Eq. (4). Therefore, the plug potential heighe(e,
0t 10 10" 10° 10° —¢;)/T; approaches to
30 ¢ T/ Toansis = 82107 ePs/Ti=-3 ] elep—¢i) _ elei—en) ( Te| )
~ [ as2x10! ] T Ta+T: T.+T.
S 200 § 2107 7 ' e et
S ] T Te | Bp| Ngj
s | X Int =25 + _ii)_b e'J (8)
® 1'02 TeH TeH Bp 2Negp
ook TR in the weak limit of collisions, where Ed8) was obtained
10 10

by the charge neutrality conditiom;(z,)=nc(z,) given
above.

As mentioned previously in this article, the electrostatic
potential fromz, to z,, is created by the ion kinetic energy.
Therefore, the magnitude e{¢,— ¢,)/T; increases with the
electrostatic potential difference(¢;— ¢,,)/T; being larger
in the region ofrp / Tyansie= 107 Of Figs. 3a), 3(b), and 3c).

Tp / Ttransit

FIG. 3. The dependence of maximum electrostatic potential heighin
the Coulomb collision timer, in the steady state obtained by Monte Carlo
simulation. Herda) is e¢,, /T;=—1, (b) ise¢, /T;=—2, and(c) is the case
of e(Pb/Ti: -3.

according fco the pa_ramet_ersqj/_rnansitand Tioss! Ttransit: the IV SUMMARY AND DISCUSSION
electrostatic potential axial profiles do not change as much,

except for their magnitudes, in Figs.a?, 2(b), and Zc). The In the Monte Carlo calculation the field ions and elec-
passing ions have an average kinetic energy;eéfee,. The  trons are assumed to be Maxwellian distributions with tem-
electrostatic potential is formed along a magnetic field line tgperatureTyq= 100 eV. The axial densities of field ions and
retard the axial motion of ions, which overcome the elec-electrons are assumed to be uniform along the axis, i.e.,
trons’ electric force to maintain a charge neutrality conditionngeq=const. In order to obtain the simulation results with

in whole region of a magnetic mirror cell.

different parameters ofp / Tyansit the densitynggq of field

Figure 3 is the results of Monte Carlo simulation for particles was changed. That is, the field temperaiyg,

various parameters ofy and 7, It is seen in Figs. &)
and 3b) that the magnitudes oé¢,/T; converge on the
same value in the region ofy/mansi=1 in each figure,

and test ion temperaturg input atz=z, were not changed
throughout this article. The test ions inputztmove along
the axis and receive Coulomb collisions with field particles

where the effects of Coulomb collisions dominate the effecteand/or radial loss through the Monte Carlo method, which

of ion loss on a time scale afy. In the Coulomb collision

lead to the non-Maxwellian test ions in the mirror cell with

the dominant regime over ion loss process, the ions acceledifferent temperature formt; and nonuniform axial density

ated by the electrostatic potential differenggfrom z; to z,

profile as seen in Fig. 2. The electron distribution function in

are hidden into the majority of ions trapped in a mirror cell Eg. (1), was used to obtain the modified Boltzmann relation
electrostatically, as well as magnetically. Therefore, the magEgs. (3) and (4) in the non-Maxwellian. Therefore, strictly
nitude ofe(e,— ¢,)/T; is the same in both Figs.(® and  speaking, the assumption that the field ions and electrons
3(b) in the region ofrp / Tyansi= 1. giving the Coulomb collisions with test ions are Maxwellian

In the ion loss dominant regime over Coulomb collision, is not consistent. However, in the very collisional regime
the majority of ions existing in the mirror cell is the passing 7o / TyansiSs 1, the distribution function of test ions is almost
ions accelerated by the electrostatic potential frgro z,, . Maxwellian. On the other hand, in the collisionless regime
It is seen in Figs. @), 3(b), and 3c) that the magnitudes of 7/ 7yans= 10° there is no population of test ions in the loss
e¢,/T; with different 7ioss/ Tansit CONverge on the same cone ofv <0. Therefore, the results of the Monte Carlo
value even in the region ofp / 7ansi> 1, Where the effects simulation in this article cover the various collisional re-
of Coulomb collisions can be neglected. This physical meangimes of the ion distribution function, i.e., from loss cone
ing is as follows. Coulomb collisions make the ion densitydistribution function to Maxwellian distribution function.
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