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Renewed interest on dipole plasmas: RT-1 and LDX

* High-$ plasmas in Jovian magnetosphere
+ Ultra high-p plasma (effects of flow: f>1)
* Application to D-D and D-3He fusion

» Self-organization of plasmas in a strongly
iInhomogeneous dipole field:
inward "diffusion” driven by fluctuations

1987 A. Hasegawa, Comm. Plasma Phys. Ctr. Fusion 11, 147.
2013 Z. Yoshida+, Plasma Phys. Control. Fusion 55, 014018.

Ty WAl

Tokyo: RT-1 Proto-RT->Mini-RT->... MIT/Columbia: Levitated Dipole eXperiment
2010 Z. Yoshida+, Phys. Rev. Lett. 88, 095001. 2010 A.C. Boxer+, Nature Phys. 6, 207.
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NEW SOURCE OF|HIGHLY STRIPPED HEAVY IONS*|

J. D. Daugherty, L, Grodzins,f G. S. Janes, and R. H. Levy
Aveco Everett Research Laboratory, Everett, Massachusetts

(Received 17 January 1968)
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FIG. 1. Schematic diagram showing the basic fea-
tures of a suggested source of highly stripped heavy

ions.
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FIG. 1. Schematic view of the experimental setup.

a Non-Neutral Relativistic-Electron-Beam Ring

A, Mohri, M. Masuzaki, T. Tsuzuki, and K. Ikuta

Institute of Plasma Physics, Nagoya University, Nagoya, Japan
(Received 9 December 1974)

in a Toroidal Magnetic Field

A quiescent equilibrium state of a non-neutral beam ring may have been realized when
a relativistic electron beam (450 keV, 16 kA, 25 nsec) was injected parallel to a toroidal
magnetic field in vacuum. The longest lifetime obtained was 20 usec which corresponded
to 3000 revolutions of the electrons around the torus. The lifetime was limited by the ap-

pearance of an ion-resonance instability.
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Example of fluctuation measurements in RT-1
1: during and just after the electron beam injection

1, T TTTT 7T 1
el S
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L 4 © 20
= C “— .
.__1‘0-“ | | el 0
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frequency (Hz)

e electron injection: t=0-0.1s

 frequency power spectrum at (1) t=0.01s, during beam injection,
(2) 0.11s, just after stopping injection, (3) 0.2s, and (4) 0.6s.

o turbulence is selectively stabilized to form "stable confinement"
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image current (uA)

Example of fluctuation measurements in RT-1
2. long trapping, there are two trapping modes
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Another model to estimate the plasma shape:
use of a certain function form

80 ——————— 80—————— 80

levitation =
60 60 so " .M
40 40 40
20 20 20 =
5 0 5 0 5 0 )
~ N ~ £/
-20 -20 -20 electron gun
-40 -40 -401 |jevitated coil
-60 60 1 -60 —
o (a-1) - (a-2) - (a-3)
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
r{cm} r(cm) .-"{CITI}
16
e[ — (1] _ ®2)] o (6-3)
12 E | &
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40 60 80 100 40 60 80 100 40 60 80 100
r(cm) r(cm) r{cm)

 density profiles (1) during injection, (2) just after stopping injection,
and (3) just before the trapping ended, with assumptions of
n(r) — nor ¢ at z=0 and constant density on field lines



13



2 mv,2%/2
U B

J 2
0

magnetic moment u = vf/B

N gyro WM

\ Mirror point

magnetic flux »

\ Magnetic field line
YA
TS

n (n-1)

ﬂ P/ Tra,j>:tory of V) : :
/ trapped particle \ aCtIOﬂ |nteg ral

% J =jv,,ds



¥ u J

+ Particle orbit in a dipole field basically consists of three periodic motions,
making three adiabatic invariants as actions

» Adiabatic invariants are not always const.

ex) slow fluctuations break ¥ conservation,
while conserving x and J, causing radial
transport and acceleration of particles

* Collective behavior of particles under constant
such constraint makes macroscopic —
self-organization of plasmas —

2015 Yoshida Mahajan, Prog. Theor. Exp. Phys.
2019 Nishiura+ NF, 2015 Kawazura+ PoP, 2017 Sato+ PRE N

P atli Yhe
Trajectory of

/ trapped particle

\ Mirorpoint  2: hounce

“

* Breakdown of adiabaticity and orbit
chaos appear even without fluctuations

‘ _ J=|v,ds
t f th t | %@ Magnetic field linﬂ
or. asymmetry o | e sy§ em. | - Bora AP
High-energy positrons in dipole field 3: toroidal drift @ :JBdS ~P,



*» When the three adiabatic invariants are conserved, the Hamiltonian is

H=uw.-+]w,+¥Yw We, Wp, Wa-
HW¢ J b d gyro, bounce, drift frequencies

» According to Arnold-Liouville theorem, this system is integrable,
particles are trapped on periodic orbits in a dipole field

Number of first integral (independent
conserved quantity) > degree of freedom

» Non-linear term violates the adiabaticity of u, /, and ¥, through the
effects of fluctuations, asymmetry, orbit mode coupling, etc.

H=,Ll(1)C+](l)b+lzu(1)d+NC

V 1990 Murakami, Sato, Hasegawa, PoF

» For high energy positrons, gyro and bounce motions easily couple, which
means there are only two constants of motion, H and P, ~¥ (axisymmetry)

We numerically and experimentally investigate the chaotic behavior
of positrons from Na-22 isotope in a dipole field



* Positrons are injected from a Na-22 source located at the edge of
the confinement region of RT1 2016 Saitoh+, PRE

guide rail

| lifting magnet

* In a dipole field generated by a ring
| current of 250kA (R=0.25m), orbit is

! calculated by numerically integrating

"mpositron source

1 keV E(ymV) =q(E+ v xB)

“~positron orbit

100 keV
pogitron orbit

» Relativistic adiabatic invariants:

/,- 00
Nalmﬂ

inner confinement

region 21)2
superconducting szvadl =/ VBJ_dt

magnet
J =]yv||ds

= [Bas

guide

transfer tube and 0} ..
power supply
cables

coil lift

RT1 (Ring Trap 1), super-
conducting levitated dipole
of Uni. Tokyo, Japan

2006 Yoshida+ PFR, 2010 Yoshida+ PRL




a to pumps * Particle motion consists of
gyro + bounce + toroidal drift

uperc?nductingi Toroidal motion is realized by
Y\ magne .
\ the curvature and grad-B drift

* Orbit properties are different

Desition according to particle energy
source
» 1keV: periodic, return to Na-22
source after one circulation
. « 100keV: non-periodic motion
100 ke\-positrondrbit' 0-375
e+: broad energy
0 0.5 Torm) 1.5 spectrum up to 543 keV

Top view of RT1, including typical orbits
of positrons injected from Na-22 source

from: ETHZ
wekisite

0 250 540
Energy of the emitted positrons (keV)

Probability of emission
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* 1 and J are conserved
for 1 keV positron

* motion is periodic

* gyro and bounce
motions are separated

* g and J are not conserved
for 100 keV positron

* motion is non-periodic

» gyro and bounce
motions are overlapped

¥ iIs always conserved
due to the asymmetry
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Poincaré plot of orbit in the phase space for different pitch angles for
positrons of kinetic energy 1, 20, and 100 keV

» Considerable ratio of positrons from Na-22 source exhibits chaos
In the geometry of the RT1 levitated dipole

* Such particles may have long orbit (i.e., long trapping time) in RT1
before annihilation by recombination at the source



uand J are NOT conserved
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fraction of positrons

averaged flight length (m)
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0.8
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1 keV |4
U R 20 keVH
E N e Yoy | === 100keV]|:
. . X Ex |1
- flying e+ vs. flight \ .
Clength, 3~i 3
-_Iqigially 20,000 e+ | g
g 9 4 .
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107" 10° 10" 102 103
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- effects
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- Energy distribution
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1 Flight length of single patrticle:

* e+ In periodic motions return to source
just after single gyro/bounce motion

| * positrons with chaotic orbits make multiple

toroidal circulation with longer flight time

DLoss channels of e+ in dipole trap
10 T T T T 1 T

source

SC coill

target

loss ratio at each channel
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particle balance inside
the hollow cloud

* Na-22 source size (I'y,,ce) lImits the flight time

* with a source of r .. = 0.5cm (-> averaged flight time: 50 us) and100 mCi
(3.7 GBQ), a hollow could of ~1x10% positrons are steadily generated

* if 1% of e+ from the source are transported inward by rotating wall, and
assuming 1000 s trapping time, N, ~10%0 is expected in strong field region
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* Positrons injected from a 1 MBq (27 uCi)

well reproduced the experimental results

*» Target probe at the opposite side detect e+
by coincidence measurements of 511 keV ys
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Na-22 source at the edge confinement region

» Orbit calculations including the chaotic effects
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» Classification of low energy e+ orbit type in a weak dipole field

Pure dipole config.
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Broad "chaotic orbit" region exists between "regular" and "untrapped" orbit
regions, depending on injection parameters and coil configurations.
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* Poincaré plot for various injection conditions

Pure dipole config. Separatrix (dipole + levitation coil) config.
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* Even low energy e+ (~10eV) orbit can be chaotic

 Effects of separatrix (L coil)
enhance chaotic orbit
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» Some particles in chaotic
orbit exhibit long flight time
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* Parameter dependence S
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Orbit type blue: regular, green: marginal, red: Effects of separateix, by adding a:0%, b:10%,
chaos for different kinetic energy and pitch angle, c¢:15%, d:20%, e:25%, f:30% of floating coil current
when the dipole field coil radius is a:7.5, b:10, to the levitation coil current.

c:12.5, d:15, e:17.5, f: 20cm. (color contour is similar to (a)).
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