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PTSX Produces a Quite Different Kind of Plasma

n ~n =0.1-1x10"cm™
NSTX T~T =1-4keV
B=06T

n ~n =0.1-1x10"cm™
T~T =5-20eV

MRX
B =0.1-0.5kG
n~100cm”, n =0
PTSX T =0.1-0.5eV

B =0




Is It Really a Plasma? Yes, | think So

Because, Ron

Moses, itis a
nonneutral plasma.

See my book.

Criteria for plasmas For PTSX plasma

1. Ab << L 1*. Ao ~ 0.88 cm, Ro ~ 0.85 cm
2. No>>>1 2. Np~ 2.6 x10°>>>>1

3. wprt>1 3. wp~ 34 kHz, 7>1 sec

* For A, << R,, space-charge-dominated; for A >> R, emittance-dominated



PTSX Simulates Intense Beam Propagation

in a Compact Laboratory Setup ~PPPL

Theoretical Background Experimental Realization
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A Paul trap configuration to simulate intense non-neutral beam
propagation over large distances through a periodic focusing
quadrupole magnetic field

Paul Trap Simulator Experiment to Model Intense-Beam Propagation
in Alternating-Gradient Transport Systems

Ronald C. Davidson, Hong Qin, and Gennady Shvets Erik P. Gilson,* Ronald C. Davidson, Philip C. Efthimion, and Richard Majeski
Plasma Physics Laboratory, Princeton University, Princeton, New Jersey 08543 Plasma Physics Laboratory, Princeton University, Princeton, New Jersey 08543, USA
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Purpose: Simulate the nonlinear transverse dynamics of intense beam
propagation over large distances through magnetic alternating-
gradient transport systems in a compact experiment.

Applications: Accelerator systems for high energy and nuclear physics
applications, high energy density physics, heavy ion fusion,
spallation neutron sources, and nuclear waste transmutation.




An Intense Beam i1s a Nonneutral Plasma in the

Beam Frame ~PPP
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s (space) >t (time)

Intense Beam Propagating in
Periodic Focusing
Quadrupole Magnetic Field

H (x,y,X,Y,9)

1, , 1
=§(X “+y"?) 5K (S)(X* = y*) +y(x,y,s)
Self-field potential

Nonneutral Plasma Trapped in
Time Varying
Quadrupole Electric Field

+V Vo (t)
z=- L z=0
H, (XY, % Y.t)

1 2. 1 s
=M, (Y5 + My (0C —y7) +ed* (x, v, 1)
Self-field potential



Paul Trap Simulator Experiment (PTSX)
Apparatus ~PPPL

PRINCETON PLASMA
PHVSICS LABDRATORY

Pressure 10-10~108 Torr
« Trap Time 1~100 ms
« Density 10° ~10% cm-3
 ENnd Electrodes (DC)

36 ~ 150 V
« Central Electrodes (AC)
f<100 kHz , V., <400V

04m 2L=2m 04m
z
lon source Charge collector
+V \ +V, (1) / +V
Central electrode set
Source end Diagnostic end
electrode set electrode set



How Paul Trap Confines Plasma?
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Radial direction: Ponderomotive force Axial direction:
DC potential well
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Smooth Focusing Frequency, Vacuum Phase Advance,
and Normalized Intensity Parameter Characterize the

cton %F P F l
F )l W N . |
PRINCETON PLASMA
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Smooth focusing
period, 2n/w,

o/f 5/f 10/f / " 15/f 20/f

The smooth trajectory’s phase advance

during 1 applied focusing period | @ to avoid instabilities.
o =—<o0,_
f
a)Z
Normalized intensity parameter |S = 2;2 <1l to confine the space-charge.
q

s ~ 0.2 for Spallation Neutron Source.



lon Sources

Cesium lon Source

For LIF diagnostic
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Diagnostic 1: Faraday cup
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To assure boundary condition

First Faraday Cup Second Faraday Cup
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Diagnostic 2: Laser-induced

Fluorescence (LIF) Diagnostic SPPPL

To do in-situ measurement of radial ion density profile

PRINCETON PLASMA
PHVSILS LABORATORY

Argon lon Pump Laser

Wavemeter

Optical Isolator

Dye Laser

Optical Fiberx

= LiNe Generator
-t DEAM Shutter

Entrance Window

Collection Optics Reentrant Flange

CCD
Camera

[ 1

/ Mac

Beam Dump
'2‘5..:; 7
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Diagnostic 3: Capacitive Pick-ups

SELE

FFT

To detect collective oscillation (Quadrupole mode)

) B4E20VA0-Geries Qaciloszope

Low pas High gali -

Buffer _
filter amp I
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Experimental Simulation of
Beam Propagation Over Large Distances

%i'PHIﬂ[ETUI’I PLASMA
PHYSILS LABORATORY

ldentifying operating regimes for stable beam propagation over large distances,
including a minimum beam degradation of beam quality and luminosity, is
important for future accelerator application (e.g. ILC main linac ~ 11 km)

3.0 r 3.0 . 3.0 :
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the PTSX simulation o collisions and;
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Experimental Verification of
Smooth Focusing Approximation

é:i‘munmun PLASMA
PHYSILS LABORATORY

For sufficiently small vacuum phase advance, average effects of a periodic
focusing quadrupole fields on beam’s equilibrium, stability, and transport
properties can be effectively described by an equivalent uniform focusing field

Different waveforms for the quadrupole focusing coefficient with
same smooth focusing frequency o, = 52.2kHz
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Experimental Observation of
Initial Beam Mismatch

;"PHII’I[HUH PLASMA
PHVYSILS LABDRATORY

When initial injected beam radius is not equal to the final equilibrium radius in the
focusing channel, there are oscillations in beam envelope

Good agreement with
3D WARP simulation
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Experimental Observation of

Fast Pulsation of Beam Envelope

SELE

When a beam propagates through the periodic focusing quadrupole field, there is
fast pulsation of beam envelope with same periodicity of focusing channel

Pulsatlon of beam
envelope with f
(3D WARP simulation)
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Experimental Observation of
Collective Oscillation of Beam Envelope

When a beam is perturbed by temporarily changing the amplitude of focusing
field, beam envelope starts to oscillate. The degree of resultant beam mismatch
depends on when the amplitude is restored

;"PHII’I[HUH PLASMA
PHVYSILS LABDRATORY
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Random Error Induced Beam Degradatio

Experimental Verification of

%i'PHIﬂ[ETUI’I PLASMA
PHYSILS LABORATORY

In real accelerators, there are always unavoidable errors on components. Random
errors act as a continuous supply of free energy, which results in irregular
mismatch oscillation of the beam envelope, halo formation, and emittance growth

Error limits in quadrupole focusing
gradient for components in SNS

Components Limit on error
MEBT 1.732 %
DTL 0.5%
CCDTL & CCL 0.25 %
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Transverse Beam Bunch Compression

Experimental Studies of

;"PHIH[EWH PLASMA
PHYSILS LABORATORY

Applications of present- and next- generation accelerators require transverse
compression of the charge bunch to a small spot size at the target location

Theory
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Experimental Observation of
Longitudinal Debunching of the Beam

;"PHIH[EWH PLASMA
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Due to the space charge force and two stream interactions, initially bunched beam
becomes debunched and uniform

Initially, half of the trap is filled with beam
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