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Beam theory studies at the US Heavy Ion Fusion Virtual National
Laboratory are focused on the dynamics and instabilities of high
intensity beams, and beam-plasma interaction.

o Instability study.
o Beam compression and final focusing.

o Chamber transport.



Nonlinear Kinetic Stability Theorem

e An important feature of intense beam propagation is the existence of a
stability theorem based on the nonlinear VIasov-Maxwell equations.*

e For a long, one-component coasting beam in the smooth-focusing ap-
proximation, the stability theorem expressed in the beam frame (6, = 0O
and v, = 1) states that any equilibrium distribution function f2(H) that
satisfies

0 .o
8—Hfb(H)§0

iS nonlinearly stable to perturbations with arbitrary polarization.

o Here, H = (p; + pj + p2)/2mp + mywsr®/2 + e;¢°(r) is the single-particle

Hamiltonian in the beam frame, and ¢°(r) is the electrostatic potential
determined self-consistently from Poisson’s equation.

e A necessary condition for instability is that the beam distribution function
have some nonthermal feature such as an inverted population in phase
space, or a strong energy anisotropy, or that the beam have directed
kinetic energy relative to background charge components.

*R. C. Davidson, Phys. Rev. Lett. 81, 991 (1998).
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Collective Instabilities in Intense Charged Particle Beams

One-Component Beams

e Electrostatic Harris instability (Tj,/T1, < 1)

e Electromagnetic Weibel instability (7j,/T, < 1)
Propagation Through Background Electrons

e Electron-ion two-stream (Electron Cloud) instability
Propagation Through Background Plasma

e Resistive hose instability

e Multispecies Weibel instability

e Multispecies two-stream instability
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Harris Instability in Intense One-Component Beams

e Electrostatic Harris instability* can play an important role in multispecies
plasmas with temperature anisotropy 1); < T7;.

e Harris instability is inherently three-dimensional and involves a coupling
of the longitudinal and transverse particle dynamics.

e Harris-like instability’ also exists in intense one-component beams pro-
vided the anisotropy is sufficiently large (Tj,/T1, < 1) and the beam
intensity is sufficiently large.

*E. G. Harris, Phys. Rev. Lett. 2, 34 (1959).

1. Haber, et al., Phys. Plasmas 6, 2254 (1999).
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Weibel Instability in Intense One-Component Beams

e [ he electromagnetic Weibel instability* can play an important role in
multispecies anisotropic plasmas and beam-plasma systems.

e However, the Weibel instability is not likely to play an important role in
one-component nonneutral beams:

— Constraints imposed by finite transverse geometry.

— Electrostatic Harris instability has a much larger growth rate in the
region where the Weibel instability exists.

“E. S. Weibel, Phys. Rev. Lett. 2, 83 (1959).
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Weibel Instability in Intense One-Component Beams

Assume axisymmetric perturbations (9/00 = 0) and transverse electromag-
netic fields with polarization

SEl = 6Eye, , 6B = 6B,é, + §B.6,

Analysis of the linearized VIasov-Maxwell equations leads to an infinite di-
mension matrix dispersion equation®

det{Dpm(w)} =0

which is valid for arbitrary normalized beam intensity

and temperature anisotropy Tj,/T1s. Here, @y = (4nipe? /ypmy)t/2 is the ion
plasma frequency.

*E. A. Startsev and R. C. Davidson, Phys. Plasmas 10, 4829 (2003).
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Weibel Instability in Intense One-Component Beams

In the limit THb/Tu) — 0, the maximum growth rate of the Weibel instability
is

th

(Imw)max = 0.85@]9,,%

for k2r2 > 1.

Detailed numerical analysis of matrix dispersion relation equation for finite Tj,
shows that the Weibel instability is completely stabilized whenever T, exceeds

the small threshold value T\Tz}f defined by

th 2~2
THb B W

=020 1
le 62
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Electron-Ion Two-Stream (Electron Cloud) Instability

e A background population of electrons can result when energetic beam
ions strike the chamber wall or ionize background gas atoms.

e Relative streaming motion of beam ions through the background elec-
trons provides the free energy to drive the classical two-stream instability,
appropriately modified to include the effects of dc space charge, relativis-
tic kinematics, transverse beam geometry, etc.

e EXxperimental evidence for two-stream instability in proton machines such

as the Proton Storage Ring (PSR) experiment at Los Alamos National
Laboratory.
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Electron-Ion Two-Stream (Electron Cloud) Instability

e Instability is three-dimensional in nature, with strongest growth exhibited
by dipole-mode perturbations with azimuthal mode number m = 1. This

iIs a common feature of experiments, analytical theory, and numerical
simulations.

e 3D nonlinear delta-f simulations by Qin, et al., using the BEST code,
have investigated detailed properties of this instability for a wide range of
system parameters. Simulations use a smooth focusing model in which
the electrons are confined in the transverse plane by the (excess) space
charge of the beam ions.

e Detailed analytical investigations of linear stability properties have also
been carried out for arbitrary multipole perturbations about a Kapchinskij-
Vladimirskij (KV) distribution with step-function density profile.
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Electron-Ion Two-Stream (Electron Cloud) Instability

As a simple example, consider dipole-mode perturbations about a KV distri-
bution. Assume cold beam ions with axial velocity V, propagate through a
stationary electron background (V. = 0).

Dispersion Relation

[(w—k:V3)? — wpllw® — wl] = wi |
Definitions
1 r?2 2 Yo
- ~f b b'"b ~4
c 4 7“1% mee b
1 1 72
s = e )
b 'w
w2 = l%mbAzb (1 . fﬁ>
2 Zyme 7 2
where

f = fractional charge neutralization

~ 2 D
R (47Tanb e;

1/2
Wpp = ) — ion plasma frequency
YoTp
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Electron-Ion Two-Stream (Electron Cloud) Instability

Growth Rate Reduction Mechanisms
e AXxial momentum spread in the beam ions.
e Proximity of a conducting wall.
e Reduction in fractional charge neutralization.

e Rounded beam density profiles

— Spread in transverse oscillation frequency.

=== The Heavy lon Fusion Virtual National Laboratory s ==*=:j { E %FFFI-

m “‘-\-I



>PPPL. Outline

=  Self-similar symmetry if required for focusing the entire beam pulse.

= Longitudinal Dynamics.
O Self-similar solutions for un-neutralized beams.
O Self-similar solutions for neutralized beams.
O Pulse shaping

= Transverse Dynamics and Final Focus.
O Non-periodic lattice and adiabatically-matched beams.
O Time-dependent lattice for deviation from self-similar symmetry.
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%Eﬂ: Need Self-Similar Symmetry To Focus the Entire Beam Pulse

= a, b, \, g5, and g, for different Z are generated by the same solution through a
one-parameter group transformation admitted by the envelope equations

= It is easy to check that the following scaling group is a symmetry group of the
envel ope equations.




>PEPL Lie Group Symmetry Analysis

-

The systematic method for finding ssimilarity solutions (group-invariant solu-
tions) for PDEs isthe Lie group symmetry analysis.
Two types of point symmetries can be used.

O Classical point symmetry, which transfers a solution of the PDEs into an-
other solution.

O Non-classical point symmetry, under which a solution isinvariant.

The symmetry groups of both types are determined by the corresponding in-
finitessmal generators.

O Classical point symmetry: linear and algorithmically solvable dertmining
equations. Infinitessimal generators form aLie algebra.

O Non-classical point symmetry: nonlinear and non-algorithmically-solvable
dertmining equations. No infinitesimal Lie algebra.

Once point symmtries are found, similarity solutions can be derived straightfor-
wardly.



Longitudinal Dynamics — 1D fluid model

=~ In the beam frame;

@
ot
ou., Ou, €?qg O\ K,z
_|_

ot U 0z -

op.

+ U,

ot

my> 0z  my3

Ip-
0z u

my3\ 0z

0 (continuity),

0 (momentum),

0 (energy).

= Nonlinear hyperbolic PDE system

= The energy equation is equivalent to

d (pz
dt " \3

) =0,



%Eﬂ!‘: Self-Similar Drift Compression for Neutralized Beams

= Drift compression for neutralized beams modelled by the 1D Vlasov eq.

af of
ot v Z@z

= The general solution is afunction of two trivial invariants,

f(t,z,v,) = f(0,z —v,t,0,) .

= A class of salf-similar drift compression solutions can be more easily con-
structed using Courant-Snyder invariant

where z;, = (dz/dt),_, and vpg is an effective thermal speed.



%Eﬂﬂ: Density Inversion Theorem

= For agiven self-similar line density profile, the corresponding distribution func-
tionis

()

B _l /\b(t)zb(t) /OO 8h(Z2) de
B . 0z 7

™ ZpoUT0

= For the family of self-similar line density profiles

As) = wlonzy) = { MOUSTS 2t

O n=1and\ ~ 1— Z2 thedistribution function f ~ /1 — y when y < 1.

O n=1/2and X\ ~ /1 — Z2 fisaflat-top function of y.
O n < 1/2, the distribution function diverges near y = 1.

1 M(®)z(t) (1 \n—1/2__I'(n)
T ZbOU;O (1 X) INGERYY)

0, x >1.

, x <1,




%.P.EE.': Density Inversion Theorem

= Another family of self-similar line density profiles

At 2) = M(D)h(Z2) = { Ab(t)(lo,_zzt)i .Z <1,

( 1 Mz®) 2n— 1/2F 1/2—2n)
T ZpoUT0 \/771X ['(1-2n)
f(X):< 4n F(%a% 275_2n7X)}7X§17
0, x > 1.

= F(3,3 — 2n; 3 — 2n; x) —hypergeometric function.

= 2n > 1 — arbitrarily flat line density profiles.
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= PPPL

g

Example: Pulse Shaping with Compression

= For the case of a beam being shaped but not compressed, o = 1 and V(¢ =
1) = 0. When o > 1, the beam is simultaneously being shaped and compressed,

andV(¢=1)<0.

= Initial pulse shape A(z) = 1 — 2" and final pulse shape Ar(z) = (135/32)(1 —
92%) are plotted in (). Theinitial velocity V' (z) isplotted in (b).

4 | 135 2
Ap(z)=—(1-
(&)=, 1= 92)

| Z

A(z)=1-2"

(a)
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>PPPL Correction for Deviation from the Symmetry

= To focus entire beam pulse onto the same focal, the self-similar symmetry con-
dition need to be satisfied.

= Self-similar drift compression scheme satisfies the symmetry condition for the
line density.

= It is difficult to guarantee the symmetry condition for the transverse emittance
due to the complex dynamical behavior.
O Longitudinal compression

O Non-periodic transverse focusing lattice and final focus magnets.
= However, in most heavy ion fusion systems, the transverse emittance is small.

= The deviation from the self-ssimilar symmetry condition due to the transverse
emittance can be treated as a perturbation.

= Deliberately impose another perturbation to the system to cancel out the pertur-
bation due to the un-symmetric transverse emittance.



%Eﬂ' Time-Dependent Lattice for Entire Pulse

= However, the emittance in general issmall but not negligible, and does not scale
with the perveance.

= In fact, during adiabatic drift compression, the emittance scales with the beam
size i.e,e, ccaande, o b.

= Self-similar symmetry condition can’t be satisfied.

= Vary the strength of four magnets in the very beginning of the drift compression
for different value of = such that the self-similar symmetry holds at s = s;.

= Numerically, the necessary variation of the strength of the magnets is found by
a 4D root-searching algorithm.

= A small perturbation in the strength of the magnets introduces a small envelope
mismatch in such away that the self-similar symmetry is satisfied at s = s.
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Transverse Dynamics for Central Slice
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SPPRL Envelope dynamics for the z/z,(s) = 0.968.
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Time-Dependent Lattice for Entire Pulse
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System of Equations

aa':e + [ (ne\7€)= 0,

Per (VU D)pz - (B Vx B)
ot C
-~  4jre =
X B= V.- nV ,
C o (L <) c ot
% E= — 1 9B

Cat
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Steady- State Results (current flow)

Beam propagates in the y-direction,
beam half length |,=15¢/ w, ;
beam radiusr, =1.5¢/ w, ;

beam density n, isequal to the
background plasma density n,;
beam velocity V,=c/2.

density

Shown arethe normalized eectron

density n/n, and the vector fields
for the current.

Direction of propagation

FOR MORE INFO...
http://hifnews.Ibl.gov/hifweb08.htmi
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Analytic theory of chamber transport: excitation of
plasmawaves by beam depends on bunch length

density

5,=0.5, l/r,=10,n,/n =05 &)= 2V /w,, b)l =6V, /0, ,c)l,=20V /w,.
Red line: ion beam size, brown lines: electron trajectory in beam frame
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Ion Beam Interaction with Background Plasma

Candidate Instabilities
e Resistive Hose
e Multispecies Weibel

e Multispecies Two-Stream
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Resistive Hose Instability

Assumptions
e Step-function density profile.
e Transverse electromagnetic dipole-mode perturbations
SE' =6E.8., 6B =6B,8, + 6Byey

e Charge neutralizing plasma background

Z n?(r)ej =0

j=b,e,i
e Partial current neutralization

sz — _fm(ﬁbebﬁbc)
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Resistive Hose Instability

Dipole-mode perturbations with
SE.(x,t) = E.(r) exp[i(8 — Qz/V}, — wT)]

where Q2 = w — k,V}.

Dispersion relation is given by

~2 3D
wpbﬁb
Q2 —w

J1(kprp) r2 4 r?

le(ﬁprb) r2 — 7"5 ’

5 = —HKpT
g

where

1_
w% — Ewpbﬁl?(l - fm) )

BiwTy
(1 —iw/ve)

fﬁg(w)rg =
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Resistive Hose Instability

Illustrative Example
e 1 kA, 2.5 GeV cesium beam.
o iy, = 3.4 x 1011em=3; beam radius r, = 1lcm.
e Zero plasma return current (f,, = 0).
e For 7. =1 eV and 7. = 1012¢m =3 we obtain:
o, = 3 x 101?571 (conductivity)

2
TOpT;

=5 10~ 2s(magnetic decay time)
C

Td =

e Resulting growth rate is

I'mS2 = 0.13wg

where wg = 9.2 x 10°%s71.
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Resistive Hose Instability

Growth Rate Reduction Mechanisms

e Proximity of a conducting wall.

— Increasing g = (1 — 7"—5)_1.

T
e Increasing the value of |w|/ve.

e Decreasing the value of fractional current neutralization f,.

— Stabilizing influence of By.

e Rounded beam density profile.

— Reduces number of resonant beam particles.

e Increase electron temperature.

— Higher plasma conductivity.
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Resistive Hose Instability

Instability growth rate is reduced by increasing values of |w|/v. and by the

proximity of a conducting wall, i.e., increasing g = (1 — ﬁ)_l.

2
rw
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Beam modeling and simulation play important roles in the
research projects at the US Heavy Ion Fusion Virtual National
Laboratory.

o Algorithm and code development.
a Large-scale parallelization and visualization.
o Simulation and experimental observation.

o Simulation and theoretical predication.



Numerical modeling poses formidable challenges

 Challenges in accelerator modeling include
v’ efficient but detailed description of applied fields
v' time-dependent space-charge limited emission in 3-D
v 107 - 108 particles, ~ 103 steps, > 100 cells in x and y, 1000’s
in z
v multi-beam effects
 Challenges in chamber modeling include
v complex physics models
v' dense plasma; need implicit hybrid model

v' large grid, esp. for multi-beam runs; 107 - 108 particles

1 Comparisons with experiment can be difficult

v' quadrupole focusing = sensitivity to diagnostic locations
v' diagnostics are typically projections of phase space



Time scales in driver and chamber span a wide range

depressed
betatrtﬂ b_etatron
In driver Tpb electron drift
] ~ out of magnet
transit I t;
attice
electron thru period
cyclotron fringe F—— | beam
in magnet fields pulse residence
| | | | | | | | | | |
| | | | | | | | | | |
12 11 10 9 -8 -7 6 5 4 -3 -2 1 0
- pulse |, o m Iog_ of timescale
pe Tpi residence in seconds
In chamber 'pb

Scale lengths range from electron gyroradius in magnet ~.01 mmto Iy oo, ~ 1
mm, to beam radius ~ cm, to machine length ~ km's



HIF Computer Codes

The HIF Virtual National Laboratory has developed a suite of computer codes for modeling beam injection,
acceleration, transport, and focusing in induction accelerators and transport in a fusion chamber. Our goal
is an integrated, detailed, and benchmarked source-to-target beam simulation capability.

WARP An electrostatic code with envelope,
PIC, and Vlasov models to examine beam
injection and transport.

LSP An implicit electromagnetic PIC code
with a particle-fluid electron model for modeling
high-density plasmas.

BEST A nonlinear perturbative PIC code for lon source Chamber

, , o P Accelerator|Bunch T
studying questions of beam stability and halo & injector = transport | | '39!
formation. 3 ES / Darwin PIC and moment models | EM PIC L rad -

WARP: 3d, xy,:rz, Hermes _' thp hydro

beam ions electrons
- - EMPIC,” &, Viasov

LSP BEST  WARP-SLV

Track beam ions consistently along entire system
Study instabilities, halo, electrons, ..., via coupled detailed models

) 100 200

— emittance growth and beam : e, <)
beam propagation in chamber steering waves on beam



HIF is at the forefront of beam and plasma simulation

The novel feature of BEST is its use of the so-called &f method, in which
equations for deviations from a known, unperturbed, but in general time-
dependent beam equilibrium are advanced. When perturbed quantities
are sufficiently small, this approach has several advantages over
conventional PIC codes.

8¢ e,/ pang, (107

4-D SLV simulation

Semi-Lagrangian Vlasov beam
simulations advance the phase-space
density on a multi-dimensional grid. Such
methods, currently under development,
offer the promise of a large dynamic
range. In contrast with discrete-particle
methods, Vlasov methods represent the
low-density parts of phase space with
fidelity similar to that of the main beam, Source simulation with AMR

e
i
1)1

3-D &f code BEST shows structure of
two-stream mode

X thus facilitating study of the physics of | /
beam halos. 0.15] 'i_'_;ine grid patch around source
0.10 and follows edge of beam
In collaboration with NERSC, we are pioneering the use of 0.05¥
Adaptive Mesh Refinement (AMR) in 3-D beam and plasma s T L7 777 7T
particle simulations. The AMR technique, originally 0.0 0.1 0.2 0.3 0.4
developed in fluid mechanics, provides a “numerical zoom” — high resolution

capability that gives high resolution only where it is needed, low resolution + AMR

allowing a major reduction in the size and cost of
computations. Sample calculations show a fourfold reduction
in computational cost with nearly identical results.




Prototype AMR implemented in WARPrz

- Higher speedup obtained with a “true”

-0.007
dynamic AMR implementation £oom,,
0.06 0.006
0.10 0001 | 0.005
0.0008
0.04 -0.004
0.0006 =
0.05 E 0.003
nooog O
0.0002 002 no%e
0.00H . 0.001
0.0 0
0.00
0.0
10qp —— Low res. —— Medium res.
| w —— High res. —— Low res. + AMR

°
©
£0.8 |
£
£
B

o .
(0))
T T T

o andY ‘I 0 '1‘ | AL ] all (b A " g [
. ¥ M Ay {‘J‘(,‘\ ik !lW«! “, \“““‘,‘"‘“l“,(]x"‘n“‘.u ‘J ! |“‘1U“‘1‘“ .}Mll
2
204 HPA\N s omapemibAss bbb
4 4 / \A Mdatoandcdud Dot ko ol WP ) o ! o kL
ﬂoe I v \‘\q AR o o o i
0.2 ! ' ! '

0.0 0.1 0.2 0.3 0.4

In this case: speedup ~11.3



WARP simulations model STS-500 experiments using
10-cm-diameter K* alumino-silicate source

Rise time

Current at Faraday cup

0.006} :
—— Experiment

| —— Theory

0.004

0.002

|
2. 3. 4,

0. 1,
108
Resu{ depends critically on

Mesh Refinement

Phase Space at End of Diode

Warp simulations

it}
-0.05

zwindowl = 3.7240e-01, 4 1240e-01, =lope= 1.7224

" sTsS00: 8181518

J.-L. Way

warp r2

=2

‘I_ Step 1000, T = 1.7578e-8 =, Zbeam = 0.0000 m

0

Experimental results

Phase Space File = 032316208

4% € g = 227 1-mm-mrad
5 [94% 48 <L<0Gps)

(simulations by
I. Haber, J-L.
Vay, D. P. Grote)



3D WARP simulation of HCX shows beam head scrapping

Rise-time t = 800 ns
beam head particle loss < 0.1%

‘\W

L\\\

00 . III1!0‘II‘1.5 IIIETOI
z (m)

Rise-time t =400 ns
zero beam head particle loss

‘h m I

I\

« Can we get even cleaner head with faster rise-time?

* Optimum?



WARP simulations of the UMER electron gun reproduce
some features of the observed velocity space

Beam velocity distribution emerging

from the gun, measured as a phosphor

screen image of the beam after
passage through a small hole (simulations by I. Haber / R. Kishek)



Harris Instability in Intense One-Component Beams

0.1
008 |
Ty 006 |
Tib 004 |
002 |

05 06 07 08 09 1
S
b
Longitudinal threshold temperature T,’lfgl normalized to the transverse temper-
ature T, for the onset of instability plotted versus normalized beam intensity

Sp = cf)pb/Qw%.
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Harris Instability in Intense One-Component Beams

F (p,) (normalized)
o
N

10 8 6 4 -2 0 2 4 6 8 10
1/2
pz/(Tllbmb)

Plot of average longitudinal momentum distribution Fy(p.,t) at time ¢t = 0O
(thin line) and ¢t = 150wJ71 (thick line), for normalized beam intensity s, = 0.8

and ﬂ’b/TJ_b = 0.02.
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Harris Instability in Intense One-Component Beams

T

-10 .

In |6nb/ﬁb|

-15f .

200
0 50 100 150

@t

Time history of the normalized density perturbation dnmax/ny for s = 0.8 and
THb/Tb — 0.02 at fixed axial position z and radius r = 0.37y,.

=== The Heavy lon Fusion Virtual National Laboratory s ==*=:j { E %FFFI-

m “‘-\-I



Electron-Ion Two-Stream (Electron Cloud) Instability

BEST simulations have been carried out for 3D perturbations about distri-
bution functions (j = b, ¢e)

—~

n; HJ_'
£ (r,p) = L exp (- —2)G;(p:)
J 27T’ijjTJ_j ( TJ_]') J ?

For the beam ions, take Gy(p,) to be a drifting Maxwellian centered at p, =
vy V. FOr the background electrons take G.(p,) to be a Maxwellian centered

at p, = 0.
Illustrative Parameters

Linearized §F simulations for 2.5 GeV cesium ion beam with

—~ T Te
f===01, —“ _=11x10°%, —% _=247x10°
np YWwmy Vs, UAYS
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Electron-Ion Two-Stream (Electron Cloud) Instability

log| én,/n,|
I
T

1

5 10
coft

Time history of perturbed density dn;,/n, at a fixed spatial location. After an

initial transition period, the m = 1 dipole-mode perturbation grows exponen-
tially.
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Electron-Ion Two-Stream (Electron Cloud) Instability

8¢ (Arbitrary Units)

~

The z—y projection (at fixed value of z) of the perturbed electrostatic poten-
tial d¢(x,y,t) for the ion-electron two-stream instability growing from a small

initial perturbation, shown at wst = 3.25.
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Electron-Ion Two-Stream (Electron Cloud) Instability

1.0[
0.8k ]

0.6 4

M)/ %

0.2 4

ool . . . oy
0 2 4 6

Ap, /p,, (10°)

The maximum linear growth rate (Imw)max Of the ion-electron two-stream
instability decreases as the longitudinal momentum spread of the beam ions
increases.
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Vo {106 m/s)

V. (105 m/s)

Drift compression with pulse shaping

phase space at stagnation shows good end control
« about 12% of charge at stagnation is in ends
* large velocity swings during shaping introduce nonuniformity
* high final emittance may result from this nonuniformity

t=0 t=0.9us t=21us
2.85

15000 5
aoopo P
10000 _E- -E
S e
259 :;u =
= 2.8
20000 -
5000
10000
2.6
1] 1]
- L1 2 4 L
z(m) zim) z (m)
=29 us f=4.6us t=54 8

Vo (108 mfs)

Z (m} zim)

1.5e+05

TelS



Preliminary LSP simulations for a modular IFE driver show
neutralized compression and focusing in a 100-m plasma column

%o T T
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Pulse energy: 140 kJ

Energy ramp: 200 - 240 MeV
Current: 3—140 kA

Beam radius: 10cm — <5 mm
Pulse duration: 210— 5 ns

Run shows filamentation,
but 92% of beam still
falls within the 5 mm
spot needed for a
hybrid distributed
radiator target

Other LSP simulations are
playing a major role in scoping
out the "NDCX" experiments to
begin in the near future

(Simulations by D.Welch & D. Rose)




LSP 1s used to examine in some depth NDC

instability and transport 1ssues

With plasma plug
With plasma plug and RF Plasma 100% neutralization

With plasma plug
With plasma plug and RF Plasma 100% neutralization

NTX*
MEASUREMENT

6-mA, 254-keV,
2-cm K* beam,
with L = 1m

LSP
SIMULATIONS

LSP is being benchmarked in plasma
*See Th.I-5 P. Roy heutralization experiments on NTX
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