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Abstract goal is to develop heavy-ion accelerators capable of ignit-
Elect loud d ise limit th ‘ ing inertial-fusion targets for electric-power producti@as
ectron clouds and gas pressure rise imit in€ periofz,y, o heating matter for the study of high-energy density

mance of many major accelerators. A multi-laboratory ef['ahysics. A set of parameters for accelerators currently in

fort to understand the underlying physics via the combine brvice or being considered as steps on the development
application of experiment, theory, and simulation is under ath toward HIF are: HCX, or High Current Experiment
way. We present here the status of the simulation capabili }Sre K+ beam 180. mA iO MeV, 4s pulse length): '

deve opment, based on o merge of the three-dimensiolliver (120 Bi beams, 1 A-2 kA, 1.6 MeV-4 GeV, 30
parallel Particle-In-Cell (PIC) accelerator code aNfhs-10 ns pulse length). The HCX, currently in opera-

the el_gctron cloud code POSINST, with add|t_|9nal funcfion at Lawrence Berkeley National Laboratory, is the first
tionalities. The development of the new capability follow:

“r0ad " g ibing the diff ¢ functional modul %ransport experiment using a driver-scale heavy-ion beam
a roadmap" describing the diterent functional mo ues[6]. It is designed to address important science questions

and ';]helrlflnter-reltatlonsr'\\llps,l ”:jat a:e ulgrpatetly nelgrtiﬂnd involving the optimum beam size and the preservation of
reach sefi-consistency. INewly developed Unclionalines g, haam quality during transport, while driver is the-full

clude a novel particle mover bridging the time scales b%ower accelerator needed to ignite the DT capsules.

::;?Segeeslﬁﬁég);& ngég;?&?ﬂb;gﬁﬂzgﬁe g?‘?;egg :The two codes possess complementary capabilities that
ule to track impact ionization of the gas by béam ions o%r? necessary but not sufﬂme_nF for se_lf-cons.|stent simu-
electrons. Example applications of the new capability tIatlons of HIF beams and their interactions with glectrqn
the modeiing of electron effects in the High Current Exper?3IOUd and desorbec_j gas. Newly dgvelopeq functionalities
) i include a novel particle mover bridging the time scales be-
iment (HCX) are given. tween electron and ion motion, a module to generate neu-
trals desorbed by beam ion impacts at the wall, and a mod-
INTRODUCTION ule to track impact ionization of the gas by beam ions or
electrons.

Electron clouds gnd gas pressure rise Iimi? the perfor- This paper presents the “roadmap” describing the differ-
mance of many major accelerators [1]. A multi-laboratorypt functional modules, and their inter-relationshipsitth
effort to understand the underlying physics via the comyre yltimately needed to reach self-consistency, the two
bined application of experiment, theory, and simulatioRodes WARP and POSINST that form the core of the new
is underway. The development of the simulation capabikjmylation capability, and new additional functionalitie

ity follows a “roadmap” describing the different functidna Example applications of the new capability to the model-
modules, and their inter-relationships, that are ultifyate jng of electron effects in HCX are given.

needed to reach self-consistency.
The new capability development is based on a merge “ "
of the three-dimensional parallel Particle-In-Cell aecel THE "ROADMAP
ator code WARP [2] and the electron cloud code POSINST we have established a list of different functional mod-
[3, 4], with additional functionalities. POSINST has beenyles, and their inter-relationships, that are ultimately
developed for E-cloud studies in high-energy acceleratoffeeded to reach self-consistency for the modeling of HIF
or storage rings such as the APS g, shortbunches 1 beams with e-cloud and gas, and have summarized it in
cm, well-separated 0.85 — 100 m, C' ~ 1.1 km, intense  a block diagram (see Fig. 1). We can imagine this as a
N ~ 5 x 10'%, high-energyEl ~ 7 GeV,y ~ 14,000) “roadmap” that we need to follow in order to develop our
or the PSR (single long proton bunchk, 60 m, C' = 90  simulation tools. The most basic block of the roadmap is a
m, intenseN ~ 5 x 10'%, low-energyE ~ 1.7 GeV, self-consistent PIC module that follows the beam through
v = 1.85). WARP is a multidimensional intense beam sim-an accelerator lattice with its self-field and images at the
ulation program being developed and used by the Heawyall. lons from halo that strike the wall can desorb neu-
lon Fusion (HIF) Virtual National Laboratory [5], whose trals and electrons that have enough time to reach the beam
p— ” o under th _ Che LS before the end of the pulse, and interact with it. The
of Ene;Z)\/Nth); um?je?;:yongalﬁgrn?;, L e BN o defm time-dependent motion of neutrals and electrons must be
W-7405-Eng-48, and DE-AC03-76F00098. tracked, then. The gas can be ionized by beam ions and
Tjlvay@lbl.gov electrons, and can produce new electrons and ions that must
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be tracked as well. All these particles can hit the walls and The self-consistent field is assumed electrostatic —
produce more neutrals and electrons. Finally beam iof®oisson’s equation is solved on a Cartesian mesh that
can reflect at the wall, and charge-exchange can occurnmoves with the beam. In a bend, the solution is altered
the gas. More details on the anaysis that led to the estatl-include the curvature of the coordinates. Complex con-
lishment of this roadmap can be foundin [7, 8, 9, 10].  ductor geometry can be included in the field solution us-
ing a subgrid-scale, or “cut-cell,” boundary algorithm to
afford a realistic description of the geometry while min-

| WARf%'g%;L%’ VO, o Herlected 9as module imizing the required grid resolution. Regions where the
., goom. f . emission  ambient physics or thg geometry require a small spgtlal scale can be
oy P resolved as finely as needed using Adaptive Mesh Refine-
Fy e \ lons gas transport ment [11]. In addition, a specialized refinement patch ac-
- W R c_omr_nodates space-cha_rge-hmned injection v_wth very fast
eleciron (ionization) harge rise time; near the emitting surface, the self-fields are cal
. source culated along independent one-dimensional lines normal to
N\ \ l the surface, with increasing refinement towards the surface
Le electron dynamics —W [11].
L | (full orbit; interpolated drift) A general set of finite-length, possibly overlapping, ac-

celerator elements can be specified, including quadrupoles
. o q " g ibi he diff ¢ . dipoles, accelerating gaps, and elements with arbitrary
Figure 1: "Roadmap” describing the different functional, i hole content, using a MAD-like syntax. Individual

modules, and their inter-relationships, that are ultityate elements can be defined and chained together into aggre-

needed to reach self-consistency for the modeling of HIEate elements, which can be further combined. A tool is
beams with e-cloud and gas. At the time of this writ

) X . ; ('{)rovided which converts a MAD format file into a WARP-
ing, most modules are operational, excepting the “reflectgd jape file. The fields of the elements can be specified at

ions” and the “charge exchange” modules that are still beg,, ¢ several levels of detail. At the simplest level, the ap
ing developed. plied fields are axially uniform within hard-edged regions,
and “residence corrections” are used in the particle mover
so that the particles receive a correct impulse from each
DESCRIPTION OF WARP AND POSINST  element independent of the number of times they “land”
within the element on discrete time steps. At the next
WARP level, the fields are expressed as axially dependent multi-

WARP [2] is being designed and optimized for heavy iorPole components. At the most detailed level, the fields are
fusion accelerator physics studies. It allows flexible agd d represented on three-dimensional grids. Electrostagic el
tailed multi-dimensional modeling of high current beamgnents can be included from first principles via inclusion
in a wide range of systems, including bent beam lines u&f the conductor geometry as a boundary condition in the
ing a “Warped” coordinate System (from which the Cod§0|uti0n of the self-fields. Another set of elements in the
derives its name)_ At present it incorporates a3-D descr"g:D and slice models SpeCiﬁes the locations and curvatures
tion, an axisymmetri¢r, z) description, a transverse slice ©f bends. These bends are not physical elements but are
(z,y) description, a simple envelope model used primarili,he appropriate coordinate transformations needed to fol-
to obtain a well-matched initial state, and envelope/flui¢Pw the beam around the bends. WARP handles particle
models used for scoping and design. collisions with any object in the beam line, including the

The discrete-particle models in WARP combine thdipe wall, beam source components, diagnostics (Faraday
particle-in-cell (PIC) technique commonly used for plasm&Ups, etc.).
modeling with a description of the “lattice” of accelera-
tor elements. In 3-D and R-Z, WARP is a time-dependerpos' NST
plasma code - the particles are advanced in time and the
self and applied fields are applied directly to update the POSINST [3] models a thin slice of electrons at a fixed
particles’ momenta. The calculation can follow the timedocation in the machine subject to their own self-field,
dependent evolution of beams, or can efficiently be useahd to the field created by the bunches passing through
to study steady-state beam behavior in 3-D or 2-D R-Z bi. The distribution of electrons is modeled as a collec-
solving for the self-consistent field only infrequently or b tion of macro-particles while the effect of the charged-
using an iterative method. The transverse-slice model article bunches is modeled as a chain of external, prede-
s-dependent, and is effectively a steady-flow model (s fined, kicks applied to the macro-electrons. The possible
the axial coordinate). The beam can be initially generatesburces of macro-electrons are: (1) photoelectron emis-
from one of several general distributions or from first prinsion, (2) secondary electron emission, (3) residual gas ion
ciples via space-charge-limited injection from an emjtin ization, and (4) stray beam particles striking the vacuum
surface. chamber walls. The macro-electron self-field is computed



by summing the contribution from the charges from eitheis physically correct for large as well as smallAt. The
all macro-electrons, or from the charge on the nodes ofdxift is physically correct as the drift component wfis
grid on which the electronic charge density has been dgz. Finally, the parallel dynamics is correct as the full
posited. The boundary condition is either open or a peparticle push in the direction of the magnetic field is re-
fectly conducting pipe (surface charges included) with eltained along with the,V B correction. The algorithm is
liptical or rectangular geometry, and a possible antecharpresented in more details in Ref. [8]. This new interpola-
ber. tion scheme preserves a physical gyroradius for any value
The secondary electron emission routines developed @f w.At, which is a significant improvement over the stan-
POSINST, and repackaged into the CMEE package [12Jard Boris mover [13] which causes particles to gyrate with
that is distributed by Tech-X, are based on a detailed prob-radius that is large compared to the physical gyro orbit at
abilistic model of the secondary emission process and ala@gew.At, as noted in Ref. [14]. Thus, it is well suited for
described in detail in Ref. [4]. The model relies on a broadimulating particles that move through regions of strong,
phenomenological fit to data for the secondary emissiomeak, and no magnetic field such as we have in HIF accel-
yield (SEY) and the emitted-energy spectrum, which arerators.
used as inputs to the particle simulation.

Gas module
NEW FEATURES Impact of energetic ions with surfaces can lead to des-
New inter pol ated mover orption of neutrals. At high energies, characteristic of

the HIF application, electronic sputtering is the dominant

Self-consistent simulation of electrons and ions requirggaechanism. In electronic sputtering, the incident enérget
simulation of electrons in the quadrupole magnets as wafin transfers kinetic energy to electrons in the medium,
as in the gaps between magnets, and running the simuighich transport the energy to the surface and to the impu-
tion long enough to simulate the passage of the ion beamities adsorbed in the lattice. The desorption yield degend
This results in a broad range of time scales, ranging fron energy and angle of impact, as well as material proper-
the electron cyclotron period(~'' — 107! s) through ties and surface history.
the ion beam transit time (~" — 10~° s) through a fringe  Because the dependence of the yield is difficult to char-
field or a series of lattice elements. The shortest electretterize for real surfaces, in the initial model the yield at
cyclotron period is typically one to two orders of magni-normal incidence is specified by a phenomenological quan-
tude shorter than the next-shortest timescale, usually thig/ v;,. The angular dependence of the yield is then char-
electron bounce time in the combined beam-potential angtterized by the impact anghe whered is measured from
magnetic wells. the surface normal. The enhancement of the yield at large

To deal with this large range of time scales in a unified (near grazing incidence) is possibly due to the enhanced
manner, we have developed a mover for electrons that intgfackscatter of ions, as calculated by Molvik using SRIM
polates between full electron dynamics and drift kinetic§9]. These backscattered ions result in an increase over the

Specifically, it interpolates in the velocity perpendietia  normal yieldY; by nearly a factor of 2 near grazing inci-
the magnetic field. Schematically, the velocity is updategence,

in a conventional manner,

Yo _ 1+1.82 x 10~ *exp(5.160), (3)
dv dv Yo
Vhew = Vold + At N + (1 - Oé) N . . .
dt ) 1 orents dt uVB whered is here measured in radians.
(1) The model for the energy and angular distribution of the

and the particle position is updated using an effective vetesorbed neutrals is based on molecular dynamics calcula-
locity which is an interpolation of this updated velocitydan tions. The energy dependence in this model is taken from
the drift velocity: a classical calculation [15]:

Ve = b(b-V) + av, + (1 — a)vy. ) B 2UE 4
f(E) RN TIER (4)
The first equation denotes an update of the velocity un-
der the combined influence of electric and magnetic fieldy ) A :
- . .. fion energy, and’; is a normalization constant. The exci-

(Lorentz force), to which is added a rotation of the Veloc't){ation enerav can be estimated from
in the plane ofv andB such as to effect theV B accel- 9y

hereU is the surface binding energ¥,... is the excita-

eration of the parallel velocity that is needed in drift ki- dE/dx

i i i - Eexc ~ ) (5)
netics (. is the magnetic moment). In the second equa nar?
cy

tion, v4 denotes the drift velocity (sum of electric and mag-
netic drifts),« is an interpolation parameter, ahe B/B.  wheredE/dz is the stopping power, is the atomic den-
For the particular choice of interpolation parameter=  sity at the surface, and,y,; is the radius for energy depo-
1/[1 + (w.At/2)?]'/2, the radius of the gyration motion sition. This model was verified experimentally by Berhold



and Wucher [16]. The cumulative distribution function is MODELING OF THE HCX MAGNETIC

given by SECTION
Jo f(E)dE"
F(E) = = F(EaE" (6) We study electron effects in the magnetic section of
0 HCX [18], shown in Fig. 2. A suppressor ring electrode,

Inverting for E, we can obtain the equation to generate Egrrounding the beam after it exits the last quadrupole mag-
4 from a sequence of uniformly distributed random Numpet, can be biased to10 kV to prevent ion-induced elec-

bers,0 < R < 1 tron emission off an end wall (a slit plate) from reaching
E R+ RV? the magnets, or can be left unbiased to allow electrons to
U 1-Rr (7)  be emitted from the end wall and to flow into the mag-

nets. There is also a series of three clearing electrodes,
labeled (a), (b) and (c) on Fig. 2, in the drift regions be-
f(0) = Cycos?(8), (8) tween quadrupole magnets, which can be biased positively

. o ..to draw off electrons from between any pair of magnets.
where(Cy is a normalization constant. Because of the dif- . ;
The current that flows in and out of these clearing elec-

ficulty in inverting Eq. 8 analytically, we invert it via a

Monte Carlo rejection scheme. First, an angle is obtainet[]oOIeS IS mo_nlto_red m_the experimentand is compared W_'th
from a uniformly distributed random numbg, € (0, 1), simulations in Fig. 3, in the case where the suppressor ring

8; = 180(R1, — 1/2). Next, a second random numbez; electrode was left grounded to allow electrons to propagate
i; comparedzto ik d'istribu’tion@it it R2; < cos?(0;) th e:n upstream, and the three clearing electrodes were biased to

the angle is accepted, otherwise it is rejected. The nemtrdgg TOV' Forhqt(?[_nve?r;ence(,jwe Il?bel fhe_ elec'ironf]_(l:reate:j by
created by the gas modules are injected into the simulati% © beam hitling Ihe end wall as “primary’, while We 1a-
as macroparticles and their trajectories, including their el the electrons created by the primary electrons hitting

teraction with the walls, are tracked using WARP’s particléhe vacuum pipe surrounding the magn_ets as "secondary”.
pusher. Two simulations were performed, one with secondary elec-

trons OFF and one with secondary electrons ON.
The primary electrons created at the end plate and propa-
gating upstream can enter only two quadrants of the fourth
The gas produced by the gas module can be ionized pyst) magnet, because of the sign of thex B drift, and
the beam ions or by electrons. We track these events usifien drift upstream. It is expected that most of the elec-
the following procedure: trons that reached the entrance of the fourth magnet will
1. deposit the gas density onto a grigl be lost in the clearing electrode (c) which is biased-at
kV. Applying the same reasoning to electrodes (b) and (a),
2. lookup fromn, the local gas density,, at particle it js expected that the current collected will be larger on
positions, (c) than (b), and (b) than (a). The first assumption is in-
deed confirmed by both the experiment and the simulations
where the averaged current collected on (c) is about ten
times that collected on (b). We also note that the role of
the secondary electrons is vital in the simulation to recove
the experimental signal. On the other hand, while less cur-
4. getNiyy = Int(N) and Nrae = N — Ning, r€SpPeC-  rent is collected on (a) than on (b) in the simulations as
tively the integer and the fractional parts of the numoriginally expected, more current is collected in the exper
ber of events, iment. We also observe that while the agreement is better
for (b), there is less current collected in the simulaticst ju
after the head and at the tail of the pulse. We believe that
these discrepancies are due to a combination of beam halo
6. for each of theN;,, events, create macro-ions andscraping and gas ionization. Measurements are underway
macro-electrons resulting from ionization. to identify causes and adjust the simulation parameters ac-

We have assumed that the gas reservoir is large enough &idingly, making use of the newly developed gas and ion-

the cross-section for gas ionization is small enough theat tzation modules.
depletion of gas due to ionization can be neglected.

Since it is computationally costly to generate random CONCLUSION
numbers, and since the probability of ionizing gas is small
for each time step, the array of incident particles is scdnne We are near completion of a new capability that follows
with a strides that is set by the user, and multiplying a “roadmap” describing the different functional modules,
by s. Typical values fors are10 < s < 100. In order to and their inter-relationships, that are ultimately neetted
ensure that the whole array is scanned aftéme steps, reach self-consistent modeling of ion beams with e-clouds
the scan starts at positionod (7, s) at the;*" iteration. and gas. Newly developed functionalities include a novel

Similarly, the angular dependence is taken to be [17]:

| onization module

3. compute the number of evem§ = n,ovAt occur-
ing during the last time stef¢, whereo is the cross-
section of the event andis the relative velocity be-
tween the incident particles and the gas,

5. pick a random number < R < 1; if R < Ngac,
incrementV;,; by 1,



particle mover bridging the time scales between electron o, Current history at Clearing Electrode (a)
and ion motion, a module to generate neutrals desorbed by E 'I\

beam ion impacts at the wall, and a module to track impact &QOO - "
ionization of the gas by beam ions or electrons. Compar- = |
isons of simulations using the new capability with HCX
measurements have provided encouraging results and weg oo

are working toward getting even better agreement using the :
newly developed modules. The new capability is also being-0.03: 2‘ 4‘ ‘ .
applied to the modeling of high-energy physics accelesator : time (s) " 106
19].
[19] 0.010 Current history at Clearing Electrode (b)
T Quadrupole magnets ' ‘ ‘ ‘ -
l QQ05 ¢
i (c) Suppre::‘.sor <
{ _'l (.000
v [ - ¢ —
K —a—| from r
beam | i e —0.005}
! i ‘{; k ]
! - : -0.010 : ‘ : : : ‘ -
Clearing electrodes 0. 2. 4. 6 6.
time (s) 10
Figure 2: HCX in region of 4 quadrupole magnets, with Current history at Clearing Electrode (c)
clearing electrode rings between magnets and a suppressor : ‘ ‘ ‘ ‘ ‘ ]
electrode ring after the last magnet. 0.00
<
-0.02
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