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Experimental observation of the trapped patrticle pinch effect
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The trapped particle pinch effe@iVare’s drif) has been observed in a non-neutral plasma of electrons in a
modified Malmberg-Penning trap in which electrons are contained in the annular volume between concentric
cylinders. A pulsed azimuthal electric field is applied by increasing the flux within a solenoid on the axis.
Radial displacements of the electrons are observed which show that they remain on a surface enclosing
constant axial flux. These displacements are independent of the azimuthal field and thus are consistent with
Ware’s drift and inconsistent with the guiding center drift alone.
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[. INTRODUCTION drift so that the data can be shown to be consistent with one
and not the other.

Transport of particles and energy in toroidal plasma de- In Sec. Il below, Ware’s drift is derived from conserva-
vices is often dominated by particles trapped in localizection of canonical angular momentum and from motion of the
minima of the magnetic field. These minima occur due to theduiding center. In Sec. Il the apparatus is described, in Sec.
toroidal geometry which causes the magnetic field to bdV the data are presented, and Sec. V is a summary.
smaller further from the major axis. In 1970, Wak#&]
showed that these locally trapped particles do not drift in the Il. WARE'S DRIFT
usual way in response to the toroidal electric field used for

energy from the azimuthal electric field. This results in the"change in a solenoid having a radiusthat is smaller than

orbits being asymmetric with respect to the midplane bethe particle coordinate. The magnetic vector potential may
cause the particles have more energy at one end of thes divided into two partsi, o= 2rB, which arises from the
bounce orbit than the other. Ware’s analysis showed that thgniform confining field Bz; and A, s=1(r2/r)B, which
center of the bounce motion moves radially at the velocCityarises from the field, within the solenoid. The canonical
v, =E4/B, whereB;, is the axial component of the magnetic angular momentum is

field at the midplane ané&, is the azimuthal electric field.

The guiding center drifE X B/B? gives a different value of Py=r(muv,+eAy)=r{mv,+ %e[rBz+(r§/r)Bs]},

the radial drift speeé ,B,/B?. For the tokamakB ,> B, and (1a
the guiding center drift formula gives a drift speed of ap-

proximaterEgBZ/Bg that is much smaller than the true drift
speed. The guiding centers drift at tiex B/B? rate, but
there are additional contributions to the radial drift spee
from the unequal drifts at the orbit tips. Careful measure- - 1 2

ments of toka?nak transport often shovfa radially inward flux Po=rodmugget 26lgB,+ (1/gdBslh, (1D

[2], but clear identification of Ware’s drift has been difficult \yhere 4 is the guiding center coordinate ang,y is the
due to the many transport processes that occur simultggzimuthal velocity of the guiding center. This velocity con-
neously. Ware's drift may be expressed as a mobility,  sists of the azimuthal guiding center drifeslectric, inertial,
=v,/E,=B;*, and in this form it is a transport coefficient and magnetic gradienand the azimuthal component of the
in the neoclassical theofy3, 4. motion along the field line. The equation may be averaged

Our experiments are performed in a deviée-7] Fig. 1,  again over a bounce period to obtain
which has the conditions for observation of the drift: axisym-

metry and locally trapped particles that are not free to en- Py=rgod Mo (,,doc+%e[rdoch+(r§/rd09 Bsl}, (10
circle the major axis. The device is similar to the cylindrical

Malmberg-Penning trap in which electrons are confined rawherer 4. is the radial coordinate of the drift orbit center
dially by an axial magnetic field and confined axially by andv 4 4o is the azimuthal velocity of the drift orbit center
negatively biased electrodes at the en@s9]. Ware [1]  which is the sum of azimuthal drifts.

pointed out that the increased drift rate would also apply to The mechanical momentummu, in Eq. (1a is much
electrostatically trapped particles. The azimuthal magnetismaller than the electromagnetic part of the momenter,
field makes Ware’s drift different from the guiding center since the Larmor radius is much smaller than the radial co-

wherev , is the azimuthal electron velocity, ardandm are
the electron charge and mass, respectively. This equation
dmay be averaged over a cyclotron period to obtain
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4 Bo FIELD COILS whereys= 71 2B is the flux from the current in the solenoid.
Conservation of A, requires, from Eq(1c),

sEEEN - msmmEE ANNUL
T E——= ::::E‘::: GRIDS Faod AT goc/dt)B,= — 2r2(dBg/dt) =T 4oy, 3
- - H
:-.‘: i which implies thatdry,./dt=E,/B, which is Ware’s drift
E x OUTER velocity. This velocity varies inversely with the radius be-
== i CYLINDER cause the loop voltage7@ E , is independent of radius. The
— 554/ PROJECTED drift displacement may be found from conservation of en-
] (] oraIT closed flux
==
== r2=r2—AylmB,, (4)
— it - INNER
== / CYLINDER wherer is the final radius of the orbit centar, is the initial
- i radius andA¢ is the flux change. Equatidi3) may be found
wnnsuns E GRID from Eq.(4) by taking a time derivative and using Faraday’s
EE law. In the experiment, both the drift and the displacement
4 i_l FILAMENT are observed, however, only the displacement is measured
SOLENOID guantitatively.
| The radial component of theéXx B drift is outward at one
A) end of the device and inward at the other thus giving the drift

orbit a finite radial width when projected onto the plane
[Fig. 1(A)]. This radial width may be found from a detailed
e — consideration of guiding center drifts. The momentum paral-
lel to the field line,mv,, is reversed at the tip of the drift
orbit by the time integral of the force from the confining
electric field:

/ —va”:f q(EZBZ/B)dt, (5)

where the integral is taken from the midplane to the orbit tip
and back to the midplane. The forgd, results in a radial
guiding center drift and the time integral of this drift gives

@ the radial drift displacement responsible for the full width of

the drift orbitr 4,

B)

FIG. 1. (A) Schematic diagram of the annular trap. Electrons are

trapped by negative potentials on the end grids. The trapped eleqrhijs drift orbit width may also be obtained from Ed.b) by
trons are secondarigs created by energetic electr_ons passed thro%ing that the azimuthal part of the guiding center motion
the tr’ap from the flla.ment at one end. After being displaced byalong the field linep,B,/B, changes sign at the orbit tips
Ware's drift, the con_flned electro_n; are dumped onto the annulaénd thus implies a change 'i@c- Equationg1b) and(6) also
collectors by removing the confining potential at that end. Not., oy give the width of the drift orbit in the tokamak
shown are the Helmholtz coils for the axial field) Computed L . - .

. o ¢ whenB, is interpreted as the poloidal field at the midplane.
orbit of an electron at low magnetic field8{=B,=2 mT) that Ware’s drift may also be found from a detailed consider-
shows the Larmor radius and the drift orbit width. In this view the . - . ) S
cylinders are tipped forward and the scale is approximately théf’mon of guiding cente'r dr|ft§. The sign mf‘ IS Q|fferent at .
same as ifA). the two_ends of the drift orbit thus the radial displacement in

Eq. (6) is outward at one end and inward at the other. The
ordinate r. The mechanical momentum remains smalleracceleration of the electrons Iy, results in the magnitude
when the equation is averaged, thus conservatioR pfs  Of v being greater at one of the two orbit tips. This up-down
equivalent torA, remaining constant at the particle’s loca- asymmetry results in drift orbits that do not close and repeti-
tion. For axisymmetric systems, the enclosed fic) is  tions of the unclosed orbit leads to drift of the orbit center.
related to the vector potential through= y(r)/27r, thusin ~ The increase imv, caused byE, during one of the two legs
Eq. (1c) conservation of A , requires that the drift orbit cen- Of the drift orbit is 2y(E¢B,/B) 712, Wherery, is the time
ter remain on a surface enclosing constant flux. to complete half an axial bounce. From @), the differ-

The azimuthal electric field from the changing flux is ~ ence in the displacements at the two orbit tips is

2(EQB§/BZBZ) 712 and the orbit fails to close by this amount.

Eo=—(dys/dt)/2mr = —3(r/r)(dBs/dt), (2)  Repeated orbits result in an average drift r&(B2/B?B,.

rd=J (E,B,/B?)dt=2muvB,/qBB,. (6)
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This contribution to the orbit center drift adds to the guidingms which is the characteristidR time of the solenoid. The

center drift and the total radial drift is magnetic field made outside the solenoid at the plasma loca-
tion is less than 1% of the applied fieR),. A five-turn coll
v, =E,B%B?B,+E,B,/B>=E,/B,, (7)  placed around the outer cylinder measures the loop voltage
induced by the changing flux.
which is Ware's drift velocity. The sign of the solenoid flux is usually in the direction to

It is interesting to contrast the behavior of axially trappedreduce the flux and the plasma is displaced outward, result-
particles with those that are free to circulate about the axignd in a region of zero density near the inner cylinder. The
In the betatron, the application &, from a changing flux displacement is determined from the density profile mea-
causes acceleration rather than a drift. The particles encircured by dumping the electrons onto a set of five concentric
the axis with a Larmor radius that encloses the changing flux@nnular electrodes at one end. Each annulus spans 4.8 mm.
The flux within the orbit is increased with time and the axial AS the displaced plasma boundary moves across an annulus,
magnetic field at the particle’s location is adjusted to give &he charge observed on that annulus is reduced. The col-
constant radius of gyration. ConservationRyf requires that  lected charge becomes zero when the boundary has moved
muv , should change to balance the changeei,. On the  Past the annulus. The inner boundary of the plasma remains
other hand, for particles in the annular Penning trap and foflistinct as the plasma is displaced outward and the flux nec-
trapped particles in the tokamak, the Larmor orbit does no€ssary to displace the plasma past any annulus is easily de-
enclose the changing flux and the tangential velocity of gyfermined. The outer boundary is displaced inward when the
ration about field lines is fixed by conservation of the mag-Sign of the flux change is reversed. This boundary becomes
netic moment. Thus the change A, is balanced by a indistinct for displacements greater than a centimeter. Thus
change in the radial location of the guiding center. For cir-for positive flux change, useful data are limited to motion of
culating particles in the tokamak, however, the orbit enclosefe outer boundary past the two outermost annuli.

the changing flux and the azimuthal velocity increases which An alternate diagnostic is the current to the inner and
may lead to “runaway” electrons. outer cylinders occurring during the displacement. The inter-

pretation of these signals requires careful consideration of
image charge$10]. Outward displacement of electrons re-

sults in a decreased image charge on the inner cylinder. The
The device, Fig. @A), differs from the Malmberg- current from this cylinder to ground is recorded and has a

Penning trag8,9] by having an inner cylinder, open to air, SI9n opp_osite to that_ for the collection of e_lectrons. At the
containing(i) an air-core solenoid for changing the flux en- Outer cylinder, there is a signal corresponding to the collec-
closed by the plasma, ani) conductors for creating an tion of (_—:‘Iectron.s_ bu_t this is reducedlln magnitude by the
optional azimuthal magnetic field. The geometry of the ex-decreasing positive image charge which flows to ground in
periment is cylindrical rather than toroidal which simplifies the same wire.
analysis. Electrons are contained in the annular region be-
tween the inner and outer cylinders. The flux surfaces are
cylinders and the field lines are helices. An axial field of
0-15 mT is generated by Helmholtz coils and an azimuthal In Fig. 2 are oscillograms showing operation of the ex-
field of 0—9 mT is generated by six conductors along the axiperiment withB,=15mT andB,=0. The filament bias po-
with return conductors spaced 60° apart azimuthally. Theential is removed at 0.3 ms to stop the filling of the trap. At
rotational transform between ends is approximatetywhen 1.4 ms, 60 V is applied to the solenoid creating a reduction
the axial and azimuthal fields are eqiiglg. 1(B)]. The radii  in flux. During the flux change there is a loop voltage of
of the concentric cylindrical walls are 25 and 48 mm and~0.3 V that goes to zero at the peak in the discharge current.
their length is 150 mm. The loss of electrons along field linesWare’s drift causes the electrons to move to greater radii,
is prevented by annular grids at the ends biased-30 V.  which results in currents of opposite signs being recorded at
An electron beam of 150 eV from a filament at the end isthe inner and outer cylinders. Figure 2 shows the current
passed through the trap to create secondary electrons by imellected at the outer cylinder for both inward and outward
pact ionization of~2x10" " Torr of background gafl0].  motion. The sign of the current reverses with reversal of the
At this low pressure, the time scale for collisional transport isflux change. The current is smaller in magnitude for outward
several tens of milliseconds which is much longer than thenotion as a result of the electron collection being partially
duration of the experiment~3 mg. The electron energy canceled by the change in the image charge. At 3.1 ms, when
distribution has been measured by the retarding potentidhe loop voltage has gone to zero, the charge is dumped onto
method[11] and the tail of the distribution indicates a tem- the annuli. The total charge is typicaltyl0 pC, the volume
perature of 2.5 e\[6]. between the cylinders is approximately 7803crthus the
The azimuthal electric field is made by means of a centrahverage density is-10° cm™ 2.
air core solenoid with a radius of 17 mm, length of 250 mm, Figure 3 is a set of histograms showing the radial distri-
and with 220 turns. A capacitor discharge causes the soldsutions of charge measured by dumping the electrons onto
noid current to rise t6<200 A in 0.5 ms and creates a field the annuli. Distributions are measured with successively
of <22 mT (<2X 10 ®Whb) within the solenoid. During the larger flux changes. The histograms show that the plasma is
rise of the flux there is a loop voltage §f0.3 V lasting 1.5 displaced toward greater radii when the enclosed flux is de-

Ill. APPARATUS

IV. EXPERIMENT
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2000
Filament bias, 150 V/div
= 1000 -
E
s 0
Flux change, 10 uWb/div 1000 ] ‘ } ‘ : ‘

25 20 -15 10 -5 0 5 10
Flux Change [uWb]

Loop volts, 0.2 V/div
v for B,=9 mT wherer is the boundary location. The close pairs of

FIG. 4. Plot of the change ir? as a function of the flux change

) points mark the highest value at which charge is seen at the given
Outer cylinder current, 10 nA/div location and the lowest value at which charge is absent. The data
for negative flux change is from the outward motion of the inner
boundary and the data for positive flux change is from inward mo-
tion of the outer boundary.

Inward drift

creased. The solid line shows the location of the inner
plasma boundary calculated from Hd).

Figure 4 shows the change rrf as a function of flux

Qutward drift

Annulus #4, 3 pC/div change for an axial field of 9 mT. The flux is increased in
. . . . . 2500 =)
0 2 4 6 8
Time [ms] 2000 1
=
FIG. 2. Oscillograms showing operation of the experiment. The £ 1500 -
filament bias is removed at 0.3 ms and at 1.4 ms the flux is changed, =
creating a pulse of loop voltage during which current is recorded at 1000 -
the outer cylinder. This signal is reversed when the polarity of the
flux change is reversed. At 3.1 ms, the charge is dumped onto five Bo=0mT
concentric annuli. The signal at the fourth annulus from the inner 500 . .
cylinder is shown. 0 10 20 30
A) Flux Change [uWb]

-8
-6
Charge
(arb. units)
2
-0
500 T T
Flux change 16 - 3 radius 0 10 20 30
(LWDb) N (mm) B) Flux Change [uWb]

FIG. 3. Histograms of the collected char@ebitrary unit$ as a FIG. 5. (A) The square of the radius of the inner boundary as a

function of radius and of the absolute value of the flux within the function of the absolute value of the flux change By=0 and for
solenoid. The solid line is the displacement of the inner plasma,=9 and 15 mT(B) Data as in(A) with B, increased to 9 mT.
boundary corresponding to constant enclosed ffirx (4)]. The solid lines are from Ed4).
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24 son of data forB,=0 [Fig. 5A)] with that for B,=9 mT
= B,=15mT [Fig. 5B)] shows that the azimuthal field has negligible ef-
31 18 o r 4 fect on the displacement. This point is illustrated more
. ) clearly in Fig. 6 which shows the flux change required to
2 42 s gmT s displace the boundary the width of three anr@#.4 mmn).
= This figure includes points from all nine data sets and the
; 6 solid lines are the flux changes calculated from &g. The
T flux changes have the expected linear dependence upon the
04 . . . . axial field B, and are independent of the azimuthal fiBlgl.

If the drift distance were determined by the guiding center
drift formula rather than Ware’s drift, the required flux at
By [mT] B,=9 mT would have increased a factor of 2 Bg was

. . increased from 0 to 9 mT.
FIG. 6. Flux required for a displacement of 14.4 mm for three

values of axial field(9, 12, and 15 mY and three values of azi-
muthal field(0, 4.5, and 9 mY. The solid lines are the flux changes V. SUMMARY

from Eq. (4). An annular version of the Malmberg-Penning trap has

been used to investigate the particle drifts arising from an
small steps of 1.4Wb in order to tightly bracket the value azimuthal electric field created by a changing flux in a sole-
at which the plasma boundary is displaced past each annuluseid on the cylindrical axis. Conservation of canonical angu-
The close pairs of points in the plot are the last value of fluxar momentum requires that the electrons remain on a flux
change at which electrons were seen and the first value gurface. This requires that the bounce-averaged particle loca-
which electrons were absent. For inward displacement, thgons (the drift orbit centersshould move radially at Ware’s
location of the outer boundary is used and for outward disdrift velocity rather than at the slower guiding center drift
placement the inner boundary is used. The data show thgelocity. The application of an azimuthal magnetic field al-
expected linear relationship between the change in the squaigws the guiding center drifE,B,/B? to be distinguished
of the radius and the flux chang&q. (4)]. The measured from Ware’s drift E,/B,. The drift distance is determined
flux changes are systematically about 8% lower than the cakxperimentally by dumping the electrons onto a set of five
culated flux changes in all data sets. This difference is nogoncentric annuli. Comparison of data sets taken over a wide
considered significant and may arise from an error in thqange ofB, and B, shows that the drift distances are very
calculated relationship between the flux change and the dhearly that determined by Ware’s drift and are significantly

agnostic signal for the solenoid current. different from that determined by the guiding center drift
Additional data were taken at axial fields of 9, 12, and 15g|gne.

mT and azimuthal fields of 0, 4, 5, and 9 mT. A subset of
these data that omitdor clarity) the middle values of the
fields is shown in Fig. 5. The displacement at a given flux
change is smaller at the higher value of axial field because The authors acknowledge valuable discussions with John
the smaller displacement encloses a larger flux. A compari€ary, Scott Parker, Qudsia Quraishi, and Earl Scime.
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