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%.-/ PPPL The Paul Trap Siml_JIator Experiment (_PTSX)
PRINCETON Simulates Nonlinear Beam Dynamics
In Magnetic Alternating-Gradient Systems

LABORATORY
APurpose: PTSX simulates, in a compact experiment, the transverse nonlinear dynamics of

intense beam propagation over large distances through magnetic alternating-gradient transport
systems.

AApplications: Accelerator systems for high energy and nuclear physics applications, heavy ion
fusion, spallation neutron sources, and high energy density physics.
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Alternating-Gradient Transport Systems Use a
=nceion — Spatially Periodic Lattice of Quadrupole Magnets

PLASMA PHYSIC

LABORATORY for Transverse Confinement

Focusing-Off-Defocusing-Off (FODO) Lattice
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6)) PPPL SLACT1T ~ 3 km Length With About
PLASMA PHYSICS 3000 Lattice Periods
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HPPPL  spallation Neutron Source (SNS) Ring i 248 m
~asveeivscs  Circumference With About 24 Lattice Periods
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PHPPL FAIR at GSIi 1 km Circumference With About 80

PRINCETON

PLASMA PHYSICS Lattice Periods
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V) PPPL LHC 1T 27 km Circumference With About 200

PRINCETON

PLASMA PHYSICS Lattice Periods
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Average Transverse Focusing Frequency and
PRINCETON Phase Advance Characterize the Motion i

PLASMA PHYSICS
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k.(2): FODO lattice Emittance is a Measure of Beam Quality
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w, = 2p/T,Is the average transverse focusing frequency

S, = W/t Here, the vacuum phase advance, s, is 35A
k4(2): sinusoidal lattice The (x,v,) values of particles at the

location of the dotted line gives an
ellipse in phase space.
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PRINCETON PTSX is a Cylindrical Paul Trap
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PPPL
-/ PRINCETON Analogy Between AG System and Paul Trap
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Quadrupolar Focusing

SelfForces

Field Equations

: & & 3 a Guda
Vlasov Equation i M, xi£ + yi£ - 3, (s)x+ ﬂgi_ - &8 4, (S)y+ KBL.U f,=0
i kS X by ¢ MX +[Xi ¢ Y Wiy
The resulting ponderomotive force is a radial linear restoring force with characteristic frequgncy
1 : . [2_ for a periodic
mpr, f 2.2 20 waveformV/(t). 4.3 waveformV/(t) f i)

with fill factor h.



Smooth-Focusing Equilibria are
CABORATORY Parameterized by s

PRINCETON

e muiri+2qr3(r)e

q

g T

In thermal equilibrium, n(r) = n(O)exp

</

S
Poi ssonbs e%eﬁura lfijE - eqnlq( r) becomes a nonlinear equation for 7S that

s ~ 0.2 for SNS and Tevatron injector.

r 1§ e must be solved numerically.
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Global Energy Balance Provides a Method for
seorarore - INferring Temperature From the Radial Profile

PRINCETON

If p = n KT, then the statement of local force
balance on a fluid element can be — —~
. . Fo= mn/r
manipulated to give a global energy g
balance equation.

_ LN
mm/ r= gnE - KT—

H Fluid
ul
f “dr génnM/jr =gnE - kTH! Element
0 C M
N[o§ = _ = — 3 -
quZ R2 = ) 2 KT Fe= an F pressure — kKT H
O &

where R is the root-mean-squared radius and N is the
line charge.

Note that N and R are measured by integrating the
experimentally obtained density profiles n(r).

12
KT is inferred from this global force balance.



PPPL

PRINCETON
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ion source

ef (X V) =2 KGO0C - )

PTSX Apparatus

Paul trap electrodes

The PTSXcollector disk is a 5 mm diameter copper disk, held at
ground, that is mounted to a linear motion feedthroughand moves
alonga null of the time-dependentoscillatingpotential £V(t).

-\ (1)
+V/ £\p(t)
[
2 8eV,(t 8eV,
a i) =228y, = S
f mor, mpr, f
I
z=- L z=0
Plasma length 2m Wall voltage 140V
Wall radius 10 cm End electrode voltage 20V
Plasma radius ~1cm Frequency 60 kHz
Cesium ion mass 133 amu Pressure 5x10-10 Torr 13
lon source grid voltages <10V Trapping time 100 ms




Studies of Beam Modes Begin with Expressions

PRINCETON

A osics for Several Modes
Dipole mode: W. =W
5 : e+ X - A i:O
) X+y X
Breathing mode: 2 10 N e _
WB:Z%%-—S8 gy - oty D
¢ 2+ Y~
Using KV distribution and
Quadrupole mode: o 3 %‘)1/2 </smooth focusing approximation.
W, = 2Wq%- —S0
¢ 4 =+
% 2w,
g Yo 2f, =3 ~16.08kHz
20 20
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s~0.23 f, = —~15 13kHz
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The Modes Can Be Excited Using the Beat
PLASHA PHYsics Frequency Between f,and f;

A Sum-of-sines is applied to arbitrary function generator
V(t) =V, sin(2ef t) + aV sin(2ef t)

where f, is near f, Nf__,.
A Typical Operating Parameters

V.~ 140V &V ~0.7V (0.5%V, )

fo ~60kHz f, ~varying

2f, ~16.083kHz U erturbaton = 30MS
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Beat-Method Frequency Scans With Different
PRINCETON Initial Amounts of Space-Charge Attempt to Find

PLASMA PHYSICS

LABORATORY the Space-Charge DependenCe

Change of on-axis density under different perturbation amplitudes
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Using a Second Arbitrary Function Generator to

PRINCETON
PLASHA PHvsics Break the Quadrupole Symmetry
ar 9 1%
f(r.g)= a C, 8 codng) A =7 iV (¢)codng)
C'w~ 0
’(A\lttlz (iVi’;ﬂl[r}gg) :1/-1\ Zla dépé)le is applied as (1,41, 0), then
A=l A3 o 167
A= 0.333
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A perturbation (14, -1, 1,-1), can be decomposed as
(1+d/4, -1-d/4, 1+4d/4, -1-d/4) + @/2, 0,-d/2, 0) + /4, d/4, d/4, d/4) and then
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= 1/3 +d/12 significant because the contribution of

each term is proportional to (rjp)"A,.



As Expected the Dipole Noise has a Larger Effect

PRINCETON T N .
PLASMA PHYSICS h h Q d p I
TN an the Quadrupole Noise
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Using the arbitrary function generators, the dipole noise and the 18

guadrupole noise can be considered separately.



PRINCETON
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On-axis Charge (pC)

Investigating the Statistical Nature of Noise

Applied to One Electrode

Variation With New Waveform Generated for Each Shot
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Time Series and Histogram of On-axis Charge
PRINCETON
rasvapivsics - Measurements for 200 Sets of Random Numbers

On-Axis Charge (pC)
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As before, this is a predominantly the result of the dipole perturbation.
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Amplitude

Fix the Waveform and Manipulate the Spectrum to
See How the Noise Acts By Coupling to the

PRINCETON

PLASMA PHYSICS
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Example with Modes
Before 10% noise
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1786 lattice periods = 30 ms A 33.3 Hz resolution
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On-Axis Charge (pC)

0.5

0.0

Noise Applied to One Electrode Damages the

PRINCETON Beam Through
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One Set of 0.5% Noise Applied to One Electrode
A Notch Filter Removes Frequencies from Zero to f kHz
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On-Axis Charge (pC)

Mode

One Set of 0.5% Noise Applied to One Electrode
A Notch Filter Removes One Frequency Component
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The Lattice Can Be Reordered to Remove the
PLASHA PHYsics Component at the Mode Frequency
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