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The effects of electron—neutral collisions on plasma expansion properties and the evolution of the
m=1 diocotron mode are investigated in the Electron Diffusion Ga(i§eG) experiment, a
Malmberg—Penning trap with plasma length,=15 cm, plasma radiuRR,=1.3 cm, and
characteristic electron densityx8L0° cm 3<n<3x 10" cm 3. Essential features of the=1
diocotron mode dynamics in the absence of electron—neutral collisions are verified to behave as
expected. The mode frequency, the growth rate of the resistive-wall instability, and the frequency
shift at nonlinearly large amplitudes are all in good agreement with theoretical predictions. When
helium gas is injected into the trap, the evolution of the mode amplitude is found to be very sensitive
to the background gas pressure down to pressuresxaf05'° Torr, the lowest base pressure
achieved in the EDG device. The characteristic time sedier nonlinear damping of then=1
diocotron mode is observed to scale BSY? over two orders-of-magnitude variation in the
background gas pressupPe The evolution of the plasma density profile has also been monitored in
order to examine the shape of the evolving density profitet) and to measure the expansion rate.

The density profile is observed to expand radially while maintaining a thermal equilibrium profile
shape, as predicted theoretically. While the expansion rate is sensitive to background gas pressure
at pressures exceeding 10 Torr, at lower pressures the cross-field transport appears to be
dominated by other processes, e.g., asymmetry-induced transport. Finally, the expansion rate is
observed to scale approximatelyBs®? for confining fields ranging from 100 to 600 G. 2000
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I. INTRODUCTION (EDG) experiment, extending the earlier experimental
results'® obtained on the EDG device. Following a descrip-

Understanding the dynamics of a nonneutral electrortion of the experimental setug@ec. 1), in Sec. Il the scaling
plasma? interacting with background neutral ga8may re-  of the plasma expansion rate with background gas pre§sure
sult in a reliable method of determining high vacuum pres-and magnetic-field strengtis investigated, based on direct
sures, or if the vacuum pressure is known, of determining theneasurements of the expanding density profi{e,t). In
electron—neutral collision cross section. A detailed underSec. 1V, the detailed dynamics of time=1 diocotron mode
standing of the effects of background neutrals on nonneutras investigated over a wide range of background gas pressure
plasma confined in a Malmberg—Penning t(&jy. 1) is also  P. It is found that the evolution of then=1 diocotron mode
important in other experiments that investigate the fundaexhibits a strong sensitivity to the background gas pressure,
mental properties of nonneutral plasmas. Nonneutral plasmad that the time scalefor damping of the diocotron mode
are used in research to develop atomic clotksstudies of — scales aP 12
turbulepce_, r?onlinear_ vorte_x dynar_nics,lsand @nstabilities iN ELECTRON DIFFUSION GAUGE (EDG)
nearly inviscid two-dimensional fluids; ™ studies of par- ExpPERIMENTAL SETUP
ticle transport across magnetic field lines in quiescent
plasmas’ studies of the properties of nonneutral plasmas inEle
thermal equilibrium'®>*®and in experiments to study the for-
mation and confinement of positron plasmi&s=® Many of
these experiments are performed at vacuum pressures in t
rang€3-1% where background neutrals are obsefvédo
affect the plasma dynamical behavior and confinement pro
erties.

This paper summarizes recent experimental stddies
the effects of background gas pressure on the expansion
the electron density profile and the nonlinear dynamics of th(;
m=1 diocotron mode in the Electron Diffusion Gauge

As illustrated in Fig. 2, the pure electron plasma in the
ctron Diffusion GaugéEDG) devicé® is confined in a
cylindrical Malmberg—Penning trap, with a uniform axial
Hweagnetic fieldBe, providing radial confinement, and applied
voltages on end cylinders providing axial confinement. In
Fig. 2, the colinear, cylindrical electrodes have an inner ra-
Riius of R,=2.54 cm and the applied end potentials are typi-
cally 145 V. The magnetic field is generated by a solenoid
ith a current profile tailored such that the axial field ampli-
de variation in the trap region is less than 0.2%. The cur-
ent is varied to generate magnetic field strengths in the
range 100 G<B<600 G. The entire trap is contained in a
vacuum chamber with a base pressure sf1® 1 Torr. A
3E|ectronic mail: rdavidson@pppl.gov turbomo-
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FIG. 1. Essential features of a Malmberg—Penning trap confining a pure
electron plasma. Transverse confinement of the electrons is provided by the (a) (b)
axial magnetic fieI(Bél, whereas axial confinement is provided by negative
voltages applied to the end cylinders.
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lecular pump and a cryogenic pump are Ioca.ted on oppos'lte§ I £ an108L
ends of the trap. Pressures are measured with two ultrahighw 6}’ W8k
vacuum (UHV) Bayard—Alpert ionization gauges, also lo- o il o it
. B :_g_z_" L N 208, ¢
cated on opposite ends of the trap. These gauges have not 00 02 04 08 08 10 00 02 04 06 08 10
been calibrated, and therefore, errors in their absolute Position (1/ R,) Position (¢ / Ru)
sensitivitie€®?! may be as large as 50%. Nevertheless, the
relative changes in the measured pressure are expected to be (©) (d)

reliable.” Purified helium gas is then injected to achieve a IG. 3. Time evolution of the measured density profile is showfajr(d).
constant and c'olntrollable baCkgroynd neutral pressure witBach density profile shows the number of electrons measured at each radial
known composition, although a residual gas analyzer has nadcation,Q(r)/(—e)=A,fdz n(r,z). Also plotted is the best-fit solution to
yet been installed. A relative sensitivity of five is used whenEds. (3) and (4) for each profile. The line densiti, for each profile is

determining true helium pressures from the ionizationapproximately 3.X10" cm™!, and the background neutral pressure is 2
X 1078 Torr. The experimental uncertainty is approximately 10% in the

gauges. . o . Debye lengthh4 and 20% in the temperatufie
The source of plasma electrons is thermionic emission

from a thoriated tungsten filament wound in a spiral shape ) ) o
with an outer diameter of 2.54 cniR(=1.27 cn). The fila- trode (labeled electrode No. 5 in Fig.) 2vhich is biased

ment is immersed in the uniform magnetic field and resisnegatively, producing a column of electrons between the fila-

tively heated by passing a direct current through it. EmittedMent and the dump electrode. A portion of the plasma col-
electrons stream along the magnetic field into the trapping™n IS then trapped by biasing electrode No. 1 negatively.

region, producing a column of electron plasma. The spiraf el @ variable “hold” time, the dump gate potential is
geometry and the voltage drop due to the heating currerﬁ?“'sed to ground, allowing the electrons to stream out axially

provide an approximate match between the cathode electr@long the magr!etic field lines tol the collector. The pollector
static potential and the potential arising from the space@SSembly consists of a plate with a small collimating hole
charge electric field of a uniform density electron (Rn=0.159 cm, and can be moved radially. Behind the hole
column?23 Thus, the plasma density and the number ofi" the collimator plate is a Faraday cup. The majority of

electrons per unit axial length are controllable through thef!éctrons are collected on the collimator plate producing a
filament parameters. voltage across the distributed capacitance of the plate and

The trap is operated with repeated cycles consisting offetector electronics. A much smaller number of electrons
inject, hold, and dump phas& During the inject phase, all falls on the Faraday cup, producing a separate voltage read-

of the wall cylinders are grounded except for the dump elec!"9: , , _ _ _
Scanning the collimator radially while repeating the

cycle of inject, hold, and dumping allows a determination of
the zintegrated charge density profile,

Solenoid —
Q(r):_eAhJ er(r,Z), (1)
s ] where— e is the electron chargdy, is the area of the colli-
) Collector Assernbly mator holen(r,z) is the electron density profile, amds the
Filament Control | N =ENEn ! radial distance from the cylinder axis. The density measure-
s " o ments depend on the excellent shot-to-shot reproducibility of

= = the plasmas. Fluctuations in the total charge trap(meea-
sured on the collimating platérom shot to shot are typically
less than 0.5%. The fluctuations in the charge measured
through the collimating hole in Fig. 2 are dominated by ex-
FIG. 2. Schematic of the Malmberg—Penning trap used in the Electror;[emal nOIS(_::' Typmgl e>_<per|mental resu.lts for the EXpandmg
Diffusion Gauge(EDG) experiment showing the six electrically-isolated, 'adial density profiles in the EDG device are presented in

colinear cylinders as well as the electron source and diagnostics. Fig. 3, and also in Fig. 2 of Ref. 5.
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From the data foQ(r), the density profilen(r,z) may In Eq. (4), ¢(r,t) is the electrostatic potential determined
be reconstructed by assuming that the electrons are in thegelf-consistently from Poisson’s equatic}ﬁ(t)zqﬁ(r:O,t)

mal equilibrium along magnetic field lines such that and n(t)=n(r=04) are the on-axis potential and density,
Q(r) respectively kg is Boltzmann’s constant; e is the electron
n(r,z)= oA Jdzexied(r.OkaT] exgea(r,z)/kgT], charge,N_ =2/ *drrn(r,t)=const. is the line density,

2) and(rz)(t)zN[lzwfgwdrrrzn(r,t) is the mean-square ra-
dius of the plasma column. In addition, the mean-square ra-
dius (r2)(t) is predicted to increase due to electron—neutral
collisions according tb

wherekg is Boltzmann’s constant, antis the electron tem-
perature. Note that the normalization in E@) assures that
Eqg. (1) is automatically satisfied. Solving E¢2) together

with Poisson’s equation d 2N, €2 vq, 2kgT
2 = (1+ 2), )
19 9 4 dt Me®ce®ee N_ e
—r —+ — ¢(r,z)=—4men(r,z), (3 ,
ror dr 9z wherew..=eB/mcc is the electron cyclotron frequency.

and using the known potentials on the trap walls as boundary _The remarkably simple form of the classical predictions
conditions allow the determination of the density and potenin EGs-(4) and(5) are amenable to direct experimental mea-
tial profiles numerically?* The trapped electron plasma has Surement. In recent expen_m_e_?nm the EDG device, carried
initial density of 5x 10f cm™3<n<3x 10’ cm 3, tempera- out in a regime where the |_n|t|al plasmaéjensny profile is not
ture of about 1 eV, radiuR,=1.3 cm, and length. ,=15 too |rregular_(e.g., hoIIOV\), it was f_oun& that the experi-
cm. An electron temperature of about 1 eV is typical of Mental density profiles, measured in repeated hold-and-dump
similar Malmberg—Penning trap experimeft&or these pa- c_ycles, fit rer_narkably we.II to the expandlng thermal equilib-
rameters, the Debye lengthp = (kgT/47n€?)Y2 is much UM shape in Eq(4), using one adjustable parameténe

smaller than the diameter of the plasmeR(2=12\p), and electron temperatuyeat fixed line densityN, (see Fig. 3
wlzje/wge<o'01' Here,wpe=(47-rne2/me)l’2 is the electron There are two notable anomalies in the data, however. First,

the measured expansion ratelthough increasing with back-
ground gas pressure, is anomalously fast in comparison with
g. (5), likely due to enhanced radial diffusion caused by
ield asymmetried’ Second, the best-fit values of the elec-
tron temperaturénot measured directlyconsistent with Eq.

plasma frequency, and..=eB/m. is the electron cyclo-
tron frequency in the confining magnetic figh®,. Because
the plasma is nonneutral, there is a strong self-electric fiel
in the radial direction which, in conjunction with the uniform

axial magnetic fielBBe,, causes the plasma electrons to un—(4) and the measured profile shape fur,t) remain rela-

dergp anE><B. ro'Fat!on. In thermal equilibrium, the angular tively constart (between 0.7 and 0.9 8VThis is true even

rotation \./e|OCIty'IS. mdependgnt of radmsgn'd the p'lasma though the relatively large decredse electrostatic field en-

rotates _Ilke a rigid rotor with characteristic rotation fre- ergy (1 to 2 eV per particlewould be expected to result in a

quency in the range fiz<wo/2m<10° Hz. sizeable increase in electron temperature, if the electron—
neutral collisions are elastic and the total plasma energy is
conserved:®

Ill. PLASMA EXPANSION MEASUREMENTS Using the detailed measuremehas the electron density

rofilesn(r,t) in the EDG device, the mean-square radius,
(r?)(t), and the electrostatic field energy per partithg(t),
are calculated from

In this section, we summarize recent experimenta
result$* on the expansion of the electron density profile in
the EDG device, extending our earlier studies determine
the scaling of the plasma expansion rate with background gas

277 Ry
2 _=" 2
pressureP and magnetic field strength. (rHm= N, fo drrr*n(r.v), 6)

A. Change in mean-square radius and electrostatic 20 (Ry 1
field energy Wf(t)=—N—f drrzeqﬁ(r,t)n(r,t). )
LJo

By way of background, in a recent calculatidrassum-

ing elastic collisions between the electrons and backgroundypical results are illustrated in Figs. 4 and 5, which show
neutral atoms with constant collision frequeney,, a mac-  Plots of (r?)(t) and W(t) versus timet at various back-
roscopic fluid model was used to describe the collisionag@round helium gas pressures. Although the experimental re-
relaxation of a Strong|y magnetizedoge< wge) pure elec- sults in Flg 4 are in qualitative agreement with Eﬁ) (the

tron plasma with isothermal electroiE=const), assuming €Xpansion is faster at higher background gas pressures

a long, axisymmetric plasma column wighoz=0=a/g¢. It ~ absolute rate of expansion in Fig. 4 is much faster than that
was showf that electron—neutral collisions cause the elecPredicted by Eq(5) (see also Fig. § likely due to radial
tron density profilen(r,z) to relax to a dynamically expand- transport induced by field asymmetri€sAs the plasma ex-

ing (thermal equilibriun profile of the form pands, there is a corresponding sizeable decrease in electro-
. static field energyV;(t), as evident from Fig. 5. The plots in

- ed(r,t)—ep(t) r? N e Fig. 5 are for the same data sets as the plots of the evolution

n(r.H=n(tex kgT (A1) * 2kgT) |° of the mean-square radius shown in Fig. 4, and the instanta-

neous radial density profiles shown in Fig. 3.
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FIG. 4. The plasma mean-square radius increases with time, with the ex- Pressure (Torr)

pansion rate depending on the background neutral gas pressure as shown.

The expansion rates also depend on the magnetic field strength, which wa§g 6. The measured plasma expansion ratés%/dt) are plotted versus

200 G for the data shown here. background neutral helium pressure. The expansion rates predicted by Eq.
(5) have also been plotted, where a constant offset in the expansion rates has
been added.

If the electron—neutral collisions are elastic and the total
plasma energy is conserved, then the decread#i{i) in
Fig. 5 would be compensated by a corresponding increase @oms is minimal, with a characteristic energy-loss time of
the plasma kinetic energyglirected rotational energy and/or 4(Me/M)ve,, Wherem, is the electron mas$4 is the mass
electron temperatur®). For the plasma parameters in the Of @ helium atom, ands, is the electron-helium collision
EDG device, it is fountithat the rotational kinetic energy per frequency. At a pressure of<.10~° Torr, the predicted col-
unit length is small in comparison with (3/8)kgT. From lision frequencyve, is approximately 10", and the char-
Fig. 5, settingksAT=— (2)AW, would give electron tem- acte_n_stlc energy transfer time would be greater thah S_LO
perature increases approaching 0.9 eV. As noted earlier, thlcs‘oll|3|on§ W|th.other trace qeutral gas atoms present in the
is inconsistent with the “best-fit” temperaturesnferred system, including polyatomic molecules such ag, HN?’.
from Eq. (1), and the experimentally measured density pro—c.o’ CQ,’ H,0, etc., are much less frequent than coliisions
files n(r,t). Indeed, the best-fit values df show a slight with helium atoms, but the energy exchange can be far
decreasg in electron temperature as the plasma expandsgreater'
which is also consistent with E@5) and the(slight) down-
ward concavit§ of the plots of(r?)(t) versust in Fig. 4. A B. Expansion rate scaling with background gas
likely cause for energy loss from the plasma is through infressure P and magnetic field B
elastic collisions with either the majority background helium
atoms or other residual gas atoms present. The predicted Ioﬁﬁn
of energy by electrons through collisions with the helium

While earlier experiment$?® have measured the evolu-
of the central density and the total charge trapped over a
wide range of background gas pressBrand magnetic field
strengthB, these experiments did not give a detailed charac-
6c - terization of the evolution of the density profitér,t) as has
i —— 210" Torr been done in the EDG deviée® Using the experimentally
N - 410° Torr measuretidensity profiles to calculatér?)(t) from Eq. (6),
F ) - % - 8x10° Torr Figs. 6 and 7 show typical experimental results obtained in
‘ELQSN — + -2x10®%Torr the EDG device in which the measured expansion rate,
) =Y. - e 4x10°8 Tor (d/dt){r?), is plotted versus background helium gas pres-
e LT ] sureP (Fig. 6) and magnetic field strength (Fig. 7).
' TR =1 In Fig. 6, beginning with a base pressure of approxi-
] mately 3<10 % Torr, purified helium gas is injected into
the EDG device to increase the pressure in controlled
] amounts. The measurements shown in Fig. 6 were performed
11 ] at a constant plasma line densily =4.0x 10’ cm ™1, mag-
[ ] netic fieldB=610 G, and temperatufe=1 eV. If the cause
obi o 1+ . . .11 ] of the plasma expansion were primarily due to electron—
0 02 04 06 08 1 neutral collisions, the expansion rate would be expected to
Time (sec) scale linearly with pressure, and the data shown in Fig. 6
FIG. 5. The electrostatic field energy is calculated numerically using thewomd exhlblt a decade ”.‘Cfease in expansion rate per decade
measured radial density profiRefs. 3-5 As the plasma expands, the INCrease in pressure. This is clearly not the case. Instead, the
electrostatic field energy decreases. expansion rate reaches a saturation level at pressures below
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10 x 10" cm™ 1. The solid lines plotted in Fig. 7 are proportional

to B~%2. For this range of experimental parameters, the scal-

e Life o B ing of the expansion rates is closerBo *, rather than the

B2 scaling predicted by Eq5).

- This discrepancy in the scaling rate with magnetic field

\“\ ‘?\‘ may be due to the same anomalous factors that contribute to
N

DN the plasma expansion rate. One possible factor mentioned
-y previously is asymmetries in the confining fields. This effect
has been studiédby applying a potential to an asymmetric

< patch in the trap wall. Since the trap asymmetry is large, it
may be assumed to be the dominant cause of plasma expan-
ok 5x107 Torr-He | V= -11.8V sion. Under these conditions, the plasma expansion rate is
- ¥~ 3:10° TorrHe | V,= 7.9V found?® to scale asB~ %65 A combination of asymmetric
fields and electron—neutral collisions might lead to the scal-
ing observed in the EDG device. As indicated earlier, at high
o 3x10® Torr-He | V= -14.2V enough pressure electron—neutral collisions are expected to
be the dominant cause of plasma expansion, and the expan-
sion rate is expected to scaleBs?. While this is a planned
subject for future experimental study on the EDG device, the
FIG. 7. The measured expansion rate of the mean-square rat{ifs/dt) present investigations are restricted to pressures where the
is s_hown as a fgr_]ction of the magnetic field _strenBtH:ive different ex-  electron temperature profile can be assumed to be approxi-
perimental conditions are plotted corresponding to pressures ranging from . 5. . L
5x10°° Torr to 5x107% Torr and line densities ranging from 2 mately umf_orrﬁ’ n the eXp‘?”d'”Q plasma, and thus utilize
107 e ! to 4% 107 cmL. the theoretical predictions given in Edd) and(5).

0.1

—*—5x10° Torr-He | V,=-11.8V

Expansion Rate (cm%'s)

0.01

---#--- 3%103 Torr-He | Vb= -11.0V

0.001

100 1000
Magnetic Field (G)

_g . IV. DYNAMICS OF THE m=1 DIOCOTRON MODE
10"° Torr and does not continue to decrease at lower pres-

sures. The cause of the saturation is likely due to asymmetry- Them=1 diocotron mod&~3*can be detected through
induced radial transpoft, which is independent of back- the image charge induced in the trap walls. In the EDG
ground gas pressure. device3~®one of the colinear cylinders is divided axially into
The solid curves shown in Fig. 6 correspond to the exiwo half-cylinders. As the mode rotates azimuthally, the im-
pansion rate predicted by E@), where a constant offset has age charges also rotate azimuthally, causing an electron cur-
been added to the prediction to account for transport causg@nt to flow across the half-cylinders. In principal, any odd-
by factors independent of background gas presgarg., numbered modeni=1,3,...) can beneasured, but in the
asymmetry-induced transpprtThe lower curve gives the experiments described here, only time=1 mode has been
predicted expansion rate with no adjustable parameters oth@bserved. The image currents are measured by adding an
than the constant offset. The upper curve is a best-it linémpedance between the sector probe and gréuesilting
allowing an adjustable multiplying factor to the predictedin a measurable voltage. In the EDG device, the impedance
expansion rate in Eq5). Allowing for a constant multiply- IS given by a capacitance of 1.3 nF in parallel with a resis-
ing factor in Fig. 6 compensates for the uncertainty in thetance of 10 M). The real part of this impedance, which leads
absolute background pressure due to the uncalibrated ionizé® resistive wall destabilization, is between 0Q%nd 2()
tion gauges. At increasing pressures, electron—neutral collfor typical frequencies between 50 and 200 kHz.
sions will become the dominant factor causing plasma exa Resistive
pansion and the expansion rate is expected to increase
linearly with background gas pressure. Future experiments One of the strongest factors affecting the stability of the
on the EDG device will include investigation of plasma ex-M=1 diocotron mode in a Malmberg—Penning trap plasma
pansion at h|gher background gas pressure. However, in tH@nh a m0n0t0nica||y—decreasing density pI‘Ofile is resistive-
present StudieS, the p|asma expansion is measured 0n|y fwa” destabi“Za.‘tioril)’.4 PhySica”y, a resistive wall diSSipateS
pressures on the order of 10Torr or less so that the plasma €nergy, and because time=1 mode is a negative-energy
temperature can be assumed to be approximately unfidrm. mode, the mode amplitude and the displacement of the
The data in F|g 6 are obtained at a constant magneti@lasma column from the Cylinder axis grow with the small-
field of 610 G. Varying the magnetic field will also change Signal growth rat&
the expansion rates according to Eg), with the expansion 1 L2 R
rate predicted to scale & 2. Again, this assumes that the YVR="7 i —2)
expansion is caused by electron—neutral collisions. In Fig. 7, Ly 1+(«RC)
the expansion rate is plotted as a function of the magnetitn the EDG device, the isolated sectors of the divided cylin-
field strength, for five different combinations of the back-der have axial length.,=5.08 cm and azimuthal span
ground gas pressure and the plasma line density. The back#=1. In Fig. 8, the resistively destabilized=1 diocotron
ground gas pressure ranges frorx 50 ° Torr to 5x 1078 mode amplitudeD/R,, is plotted as a function of time. A
Torr, and the line density ranges fromxa0’ to 4 resistanceR of 3.1 K is attached to the trap wall at the

-wall instability

wzsin2(¥ (8
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FIG. 8. Them=1 diocotron mode amplitud®/R,, is plotted versus time 0 2 4 6 8 10
on a log-linear scale. The mode is destabilized with a 3 rksistance, Time (seconds)
leading to an exponential increase in the mode amplitude. The mode satu- h \uti f th i ¢ the=1 di .
rates due to contact with the trap wall. FIG. 10. The evolution of the amplitude of the=1 diocotron mode is

shown for eleven different background helium pressures, ranging from 5

x 1071 Torr to 5x10 8 Torr. The solid and dotted curves are used to

distinguish between pressures. At each pressure, five measurements of the
sector opposite to the sector probe, and the mode frequengybde evolution are shown.

is w/2m=38.1 kHz. The mode exhibits an exponential rate of
growth (note the log-linear scalauntil saturation occurs at
0.10 s. The saturation is believed to be due to plasma contatange of 16 Q to 1¢° Q) examined previously Outside this
with the trap wall, and is accompanied by a decrease in theange, the measured growth rates are somewhat larger than
plasma line density. The initial amplitude &/R,~0.02 the predictions, especially at resistances greater th& 10
corresponds to a displacement of 0.05 cm, while the saturaFhe cause of the discrepancy at large resistances is still under
tion amplitude corresponds to 1.25 cm. investigation.

Them=1 diocotron mode growth rates have been mea-
sured in the ED(_B de_vi@eover a wide range of _resi§tances, B. Effects of background neutral pressure on the
and are shown in Fig. 9. The growth rates in Fig. 9 ar€,gnlinear evolution of the m=1 diocotron mode
measured while keeping a constant diocotron frequency ) o )
/27=38.0 kHz, plasma length, =15 cm, and capacitance We now consider the effects. of collisions ywth back-
C=200 pF. The theoretical growth rate given in Eg) is ~ 9round gas atoms on the dynamics of the=1 diocotron
also plotted in Fig. 9. For low resistances witlRC<1, the =~ mode. A recent calculatidn predicts that elastic coI.I|S|ons
growth rate in Eq(8) increases linearly with the resistance Petween electrons and background neutrals can induce an
R At wRC=1 there is a roll-over in the predicted growth instability in the (negative energym=1 diocotron mode,
rate, and fowR C> 1, the growth rate in Eq8) decreases as With ~ characteristic ~ small-signal ~ growth — rate y,
R-L =venw./wee. Here, vg, is the electron—neutral collision

It is clear from Fig. 9 that measured growth rates are infrequency,wce?eﬁlmec is the electron gyrofrequency, and
excellent agreement with the theoretical predictions for allw-=2€CN_/R;B is them=1 diocotron frequency for an
resistances between Trand 16 ), representing 2.5 orders- infinite-length plasma column. The calculatiBrassumes
of-magnitude in growth rate. These measureniemts only ~ that the expansion of the plasma is sufficiently slow that the
reproduce previously published ddfayut extend the data to radial density profile can be regarded as stationary on the
both alower and ahigherrange of resistances, and to smaller time scale of the instability. In the experiments on the EDG
growth rates. The same level of agreement between the efevice, however, the expansion rate is observed to be faster

perimental data and theoretical predictions is found over théan 3t2at expected due to electron—neutral collisions
alone; > and also faster than the predicted characteristic ex-

ponentiation tim& of the instability. Although providing ini-
1000 e e mr—rrree . tial motivation for the measurements of the diocotron mode,
F 1 this theoretical modé&? is not expected to predict correctly
100 | . | the behavior of the diocotron mode in the EDG device.
E / ° ] The effects of electron—neutral collisions on time=1
\ ] diocotron mode evolution are studied in the EDG device by
/ . 3 injecting purified helium gas into the vacuum vessel while
] monitoring the evolution of then=1 diocotron modé.The

Growth Rate (sec™!)
=

j N amplitude evolution for eleven different background gas
! / \ ] pressures is shown in Fig. 10 for a constant magnetic field
T T R — strength of 612 G, and diocotron mode frequency of 55 kHz.
Resistance (Ohms) The solid and dotted curves in Fig. 10 are used to distinguish
FIG. 9. The measured growth rates due to resistive wall destabilization arle)etween pressures_, and at each pressure f.lve measurem.ents
plotted versus resistan@ together with the absolute predictions of gg.  Of the mode evolution are shown. The amplitudes plotted in

for a wide range of wall resistances. Fig. 10 are normalized to the initial amplitude for clarity,
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even though the initial amplitudes are approximately equal 10
(to within 10%. The mode frequencies are constant as a =
function of time(to within 1%) even as the mode amplitude B S Time fo 1/1

¥ " “¥ initial Amplitade
HHG

Time to 1/2 AR
Initial Amplitix \‘\

decays to zero, indicating that no charge is lost during the
measured evolution.

From Fig. 10, a nonexponential damping of time=1
diocotron mode is observed, which becomes stronger as the
background neutral pressure is increased. The solid curves
labeled “a” show the amplitude evolution at the base pres- Boi Pom=—tits
sure of 5<10 1% Torr. A slight increase in the mode ampli- PR
tude is evident initially, possibly due to small wall resistance,

Damping Time (sec.)

T=2.17x10"* pO¥

with an equivalent exponential growth rate of less than PR I 1 | s ©=6.86x10" PO*
0.1s 1. The “dotted” curves labeled “b” show the ampli- '10.10 10° 10° 107
tude evolution after helium has been injected to increase the Pressure (Torr)

measured pressure to<al0™ 1 Torr (N, equivalent, a dif- - _ .
ference of only X 1072 Torr from the base pressure. At -'C: 11. The timer for the measuredn=1 diocotron mode amplitude to
decay to one-half of the initial amplitude is plotted as a function of the

this pressure, the diocotron mode evolution is measurablyackground gas pressure. Also plotted is the time for the mode to decay to
different, with good reproducibility, and with the amplitude one-tenth of the initial amplitude. The vertical width of the bars are the
decaying to nearly zero by 10 s. As the background gag1aximgm gnd minimum times for this to occur, as determined from the data
pressure is increased further, the diocotron mode damping'®"" i Fig- -
rate becomes greater.

The sensitivity of the diocotron mode evolution 10 mde to the background neutral gas pressure has been clearly
changes in the background gas pressure of as little as demonstrated in the EDG device.
x 1071 Torr is somewhat surprising in view of the expan-
sion data in Sec. lll, where it appears that for pressures lower,
than 1x 10~ 8 Torr the plasma expansion rate is independenetv' CONCLUSIONS
of pressure. However, the data in Fig. 6 required many hun- In this paper, we have discussed the effects of back-
dreds of repeated plasma shots to obtain each data point, agtound neutral gas on the dynamics of a pure electron
variations in the experimental parameters over the long timeplasma confined in the Electron Diffusion Gaug&bG) de-
necessary to obtain the data obscure the expansion rate déee. Following a description of the experimental setup in
pendence on the background gas pressure at very low preSec. Il, detailed experimental results were presented in Sec.
sures. By contrast, the evolution of the diocotron mode preHl, which describe how the plasma expansion rate scales
sented in Fig. 10 can be measured in a single plasma shatith background helium gas pressuPe(Fig. 6) and mag-
and therefore, small changes in the background gas pressumetic field strengtiB (Fig. 7) based on direct measurements
can be more readily measured while keeping other experief the expanding density profile(r,t). While the expansion
mental parameters constant. rate is sensitive to background gas pressure at pressures ex-

To conveniently characterize the nonexponential dampeeeding 108 Torr (Fig. 6), at lower pressures the cross-field
ing shown in Fig. 10, the time for the mode amplitude to transport observed in repeated hold-and-dump measurements
decay to one-half of its initial amplitude is plotted as a func-of the expanding density profile appears to be dominated by
tion of the background gas presstén Fig. 11. Also shown other processes, e.g., asymmetry-induced transport. Finally,
is the time for the amplitude to decay to one-tenth of itsin Sec. 1V, using single-shot measurements, it was shown
initial amplitude. A power law fit is performed on both sets that the nonlinear evolution of them=1 diocotron mode
of data which indicates that the timas approximately pro- exhibits a very sensitive dependence on the background he-
portional toP~Y2. A consistent explanation of the nonexpo- lium gas pressur (Fig. 10, and that the characteristic time
nential rate of damping and tHe~ 2 scaling of r are still  scaler for damping of the diocotron mode scales Rs'?
being sought. The nonexponential rate of damping could béFig. 11) for background helium pressures ranging from 5
explained if the damping were due to plasma proximity withx 1071 Torr to 5x10 8 Torr. Sensitivities to pressure
the trap walls. The amplitude evolution would then be ex-variations as small as 18° Torr are observedFig. 11).
pected to look similar to those in Fig. 10, with very little Given the strong sensitivity of the diocotron mode measure-
decay initially because the plasma is far from the trap wallsments to background gas pressure, future research will focus
and more rapid decay later in time as the plasma expansioffior examplg on determining properties of the diocotron
brings the plasma closer to the trap walls. However, since themode evolution at pressures below 50 1° Torr; determin-
plasma is expected to expand at a rate proportional to thimg the effects of changing the ratio of initial plasma radius
background gas pressuR the time for the mode to damp to wall radius R,,/R,) on the diocotron mode evolution;
would be expected to be proportionalRo . To investigate installation of a temperature diagnostic to determine the de-
the cause of the mode damping further, more experimentgree to which the electron temperature remains uniform dur-
are needed which measure the density profile evolution duting the plasma evolution; and development of a theoretical
ing the mode damping. In any case, from Figs. 10 and 11, thenodel that describegualitatively at leastthe P~/ scaling
strong sensitivity of the evolution of then=1 diocotron of the characteristic damping timeof the diocotron mode.
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