PHYSICS OF PLASMAS VOLUME 9, NUMBER 4 APRIL 2002

Shielding from instantaneously and adiabatically applied potential
wells in collisionless plasmas

A. B. Reimann and J. Fajans
Department of Physics, University of California at Berkeley, Berkeley, California 94720-7300

(Received 10 September 2001; accepted 20 Decemben 2001

The response of collisionless plasmas to an applied potential can differ from classic Debye
shielding, and when the potential is rapidly appligthstantaneous shielding; the shielding can

differ from when it is slowly applied“adiabatic shielding’). Experiments demonstrate that when

a test potential well is applied to a one-dimensional pure-electron plasma, instantaneous and
adiabatic shielding are similar for small potentials, but that instantaneous shielding is weaker than
adiabatic shielding for large potentials. These results have been confirmed with particle-in-cell
computer simulations. Simulations also show that the peculiar distribution functions of
instantaneously and adiabatically shielded plasmas agree with theoretical predictio2602©
American Institute of Physics[DOI: 10.1063/1.1455633

I. INTRODUCTION netic field. We will also assume that ions, if present, do not
move.
The shielding of a test charge by the accumulation of
oppositely charged particles in the vicinity of the test chargq|. ANALYSIS
is one of the most fundamental properties of a plasma. How- . . ,
ever, although the exact method and time scale on which the When a.posn'lve tESt. qhargg Is placed in a plasma, the
test charge is introduced into the plasma can have importar‘f“tlectron orbits will be divided into two classes: a set of

consequences, these factors are generally ignored Shieldiﬁ[@pped orbits in the vicinity of the test charge, and a set of
was first studied in 1923 by Debye and ¢kl for ionic free-streaming orbits which pass the test ch&rgjee differ-

.ences between Debye, instantaneous, and adiabatic shielding

solutions, and their theory is easily extended to plasmas ”aepend on how the trapped orbits are populdtéudeed
therr_nal equilibrium; plasma “Debye shlglghng assumes thf"ltthere must be trapped electrons; if there are none, the plasma
the time sca.\les are I(.)n'g enough for collisions to rethermallzw” antishield the test charge® These distinctions are best
the plas_ma in the ,V'C',n'ty,Of the' test charg'e: Most elementar)i'llustrated with a test well rather than with a test chafgee
discussions of shielding implicitly or explicitly assume such Fig. 1). (A test well is an externally created potential that

collisions. Yet it is well known that shielding in plasmas doesattempts, absent any self-consistent effects from the plasma
not actually require collisions. More sophisticated treatment$gef to pias the plasma positive or negatjvehe orbits in a
do not require collisions, but implicitly assume that the testact well are shown in Fig. 2.
charge is placed into the plasma instantaneously. We will call  \\e can readily calculate the density of untrapped or
this regime “instantaneous shielding.” More recent work ex- free-streaming electrons by using the fact that the veloc-
amined a third regime where the test charge is placed into th@, of an electron far from the test well, is a constant of the
plasma or turned on slowly. This regime is called “adiabaticmotion. Any function of a constant of the motion is a solu-
shielding.”?=° Finally, if the plasma is allowed to flow into tion of Viasov's equation, thus the functiof(v)="f(v,)
the vicinity of a previously existing test charge, rather than:fo(\/?_—ch), wheref(v) is the distribution function far
the more normal circumstance in which the test charge igrom the well, andb is the self-consistent well depth, will be
placed in an previously existing plasma, the plasma will acthe distribution function of the untrapped electrons, i.e.,
tually antishield the test charge; the plasma will enhance thengse electrons withy |> V2@ in the well. (In this paper we
field of the test charge rather than diminisk it. normalize velocities by,= kT/m and potentials bk T/e,
Antishielding is obviously very different from the three herekT is the thermal energyn is the electron mass, and
other shielding regimes; the distinction between Debye, ine is the electron chargeWe can find the density of un-
stantaneous, and adiabatic shielding is less dramatic bgtapped electrons by integration if we further assifig(e) is
nonetheless measurable; the three shielding regimes hagemaxwellian. Thus,

different nonlinear properties, and result in different distribu-

tion functions. In this paper we will focus on instantaneous Nered @) =Ng exp( P ) erfq( V). (@D

and adiabatic shielding, and illustrate the differences beThis result is the same for all shielding regimes. Since
tween these regimes analytically, experimentally, and comn.(®) is always less than one, the free-steaming electrons
putationally. Our discussion is limited to plasmas in whichby themselves will antishield the test well; shielding requires
the electron motion is one dimensional. Such unidirectionatrapped electrons.

motion could be enforced by the geometry of the plasma and The density of trapped electrons depends on the shield-
the applied test charges, or it could be due to a strong madng regime. For Debye shielding, collisions will Maxwellian-
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FIG. 1. Test well formed by applylng an external pOtenﬁQLty the result- FIG. 3 Shleldlng dist.ributions fUnCtiOrﬁU) Tor a well of depthd>:2/3
ing self-consistent potentiab, and the resulting density. The distribution functions are offset for clarity.

ize the electrons in the test well, so the distribution functionthey entered it. In this case, the distribution function of the
will be a Gaussian, as shown in Fig. 3. Integration of theelectrons will equalf,(0) (see Fig. 3, and the density of
distribution function out to the trapping velocityp| trapped electrons will be

=2d, yields 5
Norad @) = No eXg ) erf(\/®). @ Natrap( P) = 2o \f; )

The total Debye shielded density is the sum of the trappedhe total density will be
and untrapped densities

\/5
Npebyd P) =No exp(®). (3) Nagiat{ P) =2N0 \/ —+ No eXP(P) erfdf VD). (7)

For instantaneous shielding, only those electrons that

Expanding Eqgs(3), (5), and(7) for small ® gives
happen to be in the well at the instant that the well is created P 9 Eas3), @) g

and have velocity less than the trapping velocity will be B E 2,

trapped. Since instantaneously creating the well does not Noebyd B)=Mo| 1+ &+ 7D+, ®)

change the energy of these initially trapped electrons, their

distribution function remains unchangésee Fig. 3. Thus B 2 e Lo,

the trapped distribution functiof(v) will equal initial dis- Mns{ ©)=Mo| 1@ =T 574+,

tribution functionfy(v), and if fo(v) is a Maxwellian, the

trapped density will equal 4 1
PP Y a Nagian( ®) = No 1+c1>——q>3’2+§c1>2+--- N (*)
nITrap(q)):noerf(\/E)- (4) 3w

The total density will be To order ®, the densities are the same. However to next

order @*?) both the instantaneous and the adiabatic densi-

Ninst ©) =No{exXp(®) + erf(®)[ 1— exp(P)]}. (®)  ties are lower than the Debye density. Specifically,

Finally, in the adiabatic shielding regime, the test well is Nebyd @) > Nagiasl P) > Nips( D), (10)
turned on so slowly that very low energy electrons are ) o . )
trapped as they transit the well because the well depth will b&€-, the instantaneous density is weaker than the adiabatic
greater when the electrons try to leave the well than wheglensity. Since we expect that the shielding will be more com-

plete the larger the response, this inequality implies that a
collisionally shielded well will be better shielded than a well
'y, in which the plasma has no time to make a collision, and a
well which is turned on slowly will be better shielded than a
— \ well that is turned on abruptly. Note that the potendkalised
i f F_\\ in the above equations is the self-consistent potential: the

N sum of the external potentidh,; applied to make the well,

and the potential that results from the response of the plasma.
z These three different regimes are not sharply distin-
guished, but shade into each other continuously. For in-
stance, assume that the well formation time (:mormalized
by the plasma frequency, ). In the instantaneous regime,
all the electrons in the well with kinetic energy less than the
FIG. 2. Phase space orbits of electrons in a potential square well. Note t

existence of both trapped and untrapgéee-streaming orbits. The two h§elf-conS|stent well depith are rapped. But if the well size

shaded squares have the same area and visually demonstrate that the i.ﬁ’l-l- (normalized by the Debye Iengttb), electrons will be
trapped density is lower in the well than outside. able to escape the well if< J® 7. These escaped electrons
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FIG. 4. Response to a large test charge plane placed at 0.06 m, calculatgdl-4 €V the Debye length is 0.004 m, and the distribution functions were
using the PDP1 program. The plasma had an initial density of 1 measured five Debye lengths from the test plane. The distribution function

X 10" m~3, a temperature of 1.4 eV, and a Debye length of 0.004 m. With-"esemble the predicted functions shown in Fig. 3: the adiabatic distribution

out the plasma, the test charge plane would have a potential of 100 V. Th&jnct?on is roughly flat in the center, and_ the instantaneous distribution
instantaneous shielded potential was found by turning the charge o nction has peaks near the trapping velocity.
abruptly, while the adiabatic shielded potential was found by turning the
charge on over many electron transit times.
distribution must be stabilized by finite length effects; the

region where the distribution appears unstable is not much
will be replaced by adiabatically trapped electrons; the trantarger than a Debye length.
sition to the adiabatic regime will have begun. If, as would
be the case of a test chardejs on the order of the Debye |v. EXPERIMENTAL RESULTS AND COMPARISON TO
length, and® is on the order of the temperature, than thisTwO-DIMENSIONAL SIMULATIONS

relation reduces tdp~ vy, i.€., the transition to the adia- We al firmed th dicti f th vtic th
batic regime begins when the well formation time is on the € also confirmed the predictions of the analytic theory

order of the plasma oscillation period. Similarly, the adia-Wlth expirlmgnts \nthl pgre-elleactron plalgzgas. Tgehplasmas
batic regime will transition to the Debye regime once colli- Were confined in a Malmberg—Penning trapigure 6 shows

sions redistribute the trapped population. This time is on thé sch_ematlc of the trap,_ Wh'Ch. consists of a series qf electri-
order of the collision time for the plasma, suitably reducedcaIIy isolated hollow cylinders immersed a strong axial mag-

by the fact that the relevant trapped electrons may posse tic field. This field conflnes_the pl_asma rad|ally_ and causes
little energy. the electrons to move one dimensionally. An axial potential

well, created by biasing the trap cylinders, confines the
plasma axially. The typical plasma parameters for this ex-
periment are shown in Table I. We adjust the plasma tem-
We used the one-dimensiondlD) particle-in-cell(PIC) perature by heating the plasma by coupling it to a broad-
computer simulation PDP1 to model shielding in the instan-band noise source. The resulting plasma temperatures range
taneous and adiabatic regimes. The simulation propagatésom 1.6 to 10 eV. Since we wish to be in the collisionless
electrons in a fixed positive background which neutralizesegime, we make all our measurements in a time signifi-
the initial electron background, and continuously injectscantly shorter than a collision time.
Maxwellian-distributed electrons from both sides to model  We create a test well by biasing one of the trap cylinders.
an infinite length plasma. We begin the simulation by allow-By controlling the rate at which we bias the cylinder we can
ing the electrons to reach an equilibrium, after which wecreate the well instantaneously or adiabatically. The transi-
switch on a transparent test potential grid in the center of théon time scale is the electron transit time through the cylin-
simulation.(The time scale on which we switch on the grid der, which is on the order of 200 ns. Our electronics can bias
differentiates between the two regimestter the plasma has
re-equilibrated, we measure the potential distribution and the

Ill. ONE-DIMENSIONAL NUMERIC SIMULATIONS

distribution functions. B

The simulations confirm that instantaneous shielding is Filament N N a ™
less effective than adiabatic shieldiigig. 4). The simula- (. 'Plasm‘a ( )
tions also confirm(Fig. 5 that the distribution functions re- T 7,
semble the idealized distribution functions shown in Fig. 3. Uiae J l l J l
This is somewhat surprising because the instantaneous dis- v = = vV, v

tribution function resembles a “bump on tail” distribution
and is unstable according to the Penrose crit&rfon spa- FIG. 6. Simplified experimental schematic. The plasmas are created by ther-
mionic emission from the spiral tungsten filament, and are diagnosed by

tially uniform plqsmas. Nonetheless the bump r?mf_iins aftefjiowing them to flow through a movable pinhole onto the detector plate on
many tens of microseconds—many plasma oscillations. Thee right.
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TABLE I. Typical experimental parameters. 22
Magnetic field B 500-1500 G 2! e experiment, inst.
Density (peak n (1-4)x 10" cm ! 5 2.0 4 o g’g’:?gei:;'tad'
Temperature T 1.6-10eV o 19 - o —&  OOPIC, adi
Collision time —€) Tee 1-200 ms % Bl *B= adrtheory
Collision time (e—n) Ten 1-200 ms z 18
Bounce time(average T 300-800 ns > 17
Plasma frequencgpeal wp 30—50 MHz % 16
Diocotron frequency vp 40-200 kHz ° ’
Cyclotron frequency ¢ 9-35 GHz % 1.5 1
Debye length Ap 0.15-1cm © i
Plasma column radius o 0.7-1.3 cm
Plasma length Ly 28 cm 1.3 1
Well length Ly 14 cm 12 . i i i
0 2 4 6 8 10

Temperature (eV)

the cylinders in approximately 20 ns, comfortably in the in-FIG. 8. Shielding as a function of temperature. We plot experimental and
stantaneous regime, or over hundreds of microseconds, e (_)PIC_S|m_uIat|on res_u_lts for both adlgbatlc and instantaneous cases. The
o . ST ! tted line is from a finite-length trapping theory by Han¢Bef. 4. The

ily in the adiabatic regime. We measure the response of thgypiied well voltage is 30 V.

plasma by determining the charge in the test well, which we

\(/:vaerI]I gﬁﬁzlérﬁoby determining the image charge on the teames is identical. However, the amount of charge in the well

. . . is greater in the adiabatic regime than in the instantaneous
We also performed a computer simulation to verify our 9 g

experimental results. We use the two-dimensig¢8)) (r, z, regime when the well depth is large, as predicted by (Ej.

30) PIC code OOPIC whose parameters we tailor {0 OurF|naIIy the computer simulations agree with the experimental

: . : . results.
e_xpenmental setup. We can duplicate the physical dimen- Figure 8 plots the normalized charge in the well as a
sions, electron .dens!ty, and plasma temperature. The moﬁﬁnction of the plasma temperature with the well depth held
significant physical difference between the code and the %ved. The shielding improves in both regimes at low tem-

periment is that the code assumes a flat-topped radial plasmaeratures though the improvement is not large for the instan-
distribution while the actual distribution is rounded. In addi- P g P 9

tion, the code assumes that the magnetic field is infinite taneous regime. Once again, the computer simulations are in
- Y . " rough agreement with the data. The data also agrees with the
Figure 7 plots the amount of charge in the well region,

normalized to the charge in a zero-volt well, as a function OfOI'edICtIOI’l of 2 1D, finite-length adiabatic regime theory by

2,3
the well depth for both the adiabatic and instantaneous reljansenet al

gimes. The figure shows both the results of the experimenty -onCLUSIONS
and the corresponding OOPIC simulations. For small well ) ) )
depths the adiabatic and instantaneous cases are identical as W& have shown through theoretical analysis, experi-

we would expect because the linear response in the two rdnents, and computer simulations that shielding of an instan-
taneously applied perturbation differs from shielding of an

adiabatically applied perturbation in one-dimensional, colli-
' : ' ' sionless plasmas. For small perturbations, the plasma re-
sponse is nearly the same in both cases, but for large pertur-
] bations, an adiabatic well is shielded more strongly than an
instantaneous well. Furthermore, simulations show that the
distribution of particle velocities in the well roughly agrees
with predictions.
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