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Abstract ideal plasmas.

o A . Other experimental observations of the longitudinal in-
The longitudinal instability in the long-wavelength rangeis , ... .
. . . . “stability at GSI show the recurrence of the self-bunching
observed experimentally at GSI. Two different simulation . SR
mplitudes and ‘spike’ like structures on the current pro-

schemes (Particle-In-Cell and direct integration on a gri .
. : le. In order to understand the phenomena observed, ki-
are employed to understand the long time evolution of the . . :
. o netic simulation codes, based on the Vlasov-Fokker-Planck
instability. : . : .
equation, were developed. The simulation of the long time
evolution initiated by the instability is complicated by the

1 INTRODUCTION presence of space charge. It is a well known fact that space

Above a certain threshold beam intensity the interactioph@rge together with the noise inherent to typical Particle-
of a coasting charged particle beam with the electroma%;r-"ce” (PIC) codes leads to artificial heating in these codes
netic fields induced in ring environment can lead to selfl9]- Therefore a direct ‘noise-free’ integration method was
amplification of a initial current perturbation. This longitu-implemented, in addition to a usual PIC code, in order to
dinal instability leads to a rapid blow-up of the longitudinalStudy the long time evolution of the observables.
momentum spread. Longitudinal instability appears to be

one of the main limiting factors in both longitudinal beam 2 KINETIC DESCRIPTION

quality of intense charged particle beams and the achievEété

L ; ) o = wp be the angular frequenay, the velocity of the
ment of very short bunches in ring machines. For h'ghéynchronous particle arty + A6, andvg + v. the angular

energy beams in circular machines this phenomenon hgaq.ency and velocity of a nonsynchronous particle in a
been studied extensively by means of analytic theory, Kiy,g machine of the radiug. The coordinates in a system

netic S|mulat!on and experiment for many years [1, 2, 3]co-moving with the synchronous particle are
Several studies focused on the ‘overshoot-phenomenon’,

the dependence of the final phase space blow up on the = RAG
initial momentum spread [4, 5]. In the framework of the ’
heavy ion fusion driver study [6], the high intensity up- The kinetic description is based on the Vlasov equation
grade at GSI [7] and possible high current proton storagi@r the distribution functiorf (z, v., t) written in the frame
and buncher rings for different applications new interesgomoving with the beam

arose in the effect of space charge on the longitudinal in- P 5 5

stability. The evolution of the instability can be effected of + uz—f - ﬂEZ / =0, (2)
crucially by the presence of space charge, this was first ot 0z yom " v

pointed out by I. Hofmann [8] who showed by means of with the frequency slip facton = 1/42 — 1/42, the
kinetic simulations that the destructive effect of the lonrelativistic factory, = 1/(1 — 33)*/2, By = vo/c, the total
gitudinal instability in the short-wavelength regime (‘mi- longitudinal electric fieldE. (z,t), the ion chargg andm
crowave’ instability) on a space charge dominated beam ise mass. The line density is given by

suppressed. This stabilization was addressed to the cou-

pling bgtween higher modes up thg the cut-off frequency pr(z,t) = q/oo fdv, 3)

¢/b (b pipe radius,c speed of light) introduced by space o

charge. Experimental efforts at GSI focused on the instabil- pertrhations on the beam current cause electric fields,
ity in the long-wavelength range (wavelengths much longelc(ing back on the beam. The coupling between the beam

than the pipe diameter) caused by the resistive impedangg the ring environment is described in terms of the ring
of the RF cavities in the Heavy lon Storage Ring ESR anﬁ’npedanceZ”(w)

Heavy lon Synchrotron SIS. In the long-wavelength range
a broader spectrum of possible collective excitations can B 1
be expected than in the short-wavelength range. In a recent B.(w) =~ 2TR Z) (@) I(w) (4)

storage ring experiment at GSI with a space charge dom- |t e deal with coasting beams only, it is sufficient to

inated ion beam it was discovered that longitudinal instagnly account for the current amplitudds at harmonics
bility leads to long living coherent structures on the beary, — ., of the revolution frequency,

[10]. Obviously the instability excites a nonlinear wave
structure, similar to BGK-like (Bernstein-Green-Kruskal) L )
waves [11] caused by non-linear Landau damping [12] in In = 500/0 pr(z,t) exp(inz/R)dz. (5)

v, = % = RAG. 1)

z




Eq. 4 then simplifies to

1
En. = ——— 271,
~ 2R (©)

We consider a narrow band impedance only, with an
eigenfrequency tuned exactly to a fixed harmonic number
h

Zen = Ry6(h — n). @)

The electric field induced in an rf cavity and acting back el
on the beam is called the ‘beam loading’ field. The space -6 -4
charge electric field acts in addition to the ‘beam loading’
field. Below the cut-off wavelengtrb (pipe radiush) the
longitudinal electric space charge impedance is given by

2L
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with Z, = 377 Q and the factoly = 0.5 + 21n(b/a)
(beam radiusz). We can account for electron coollng
and intra-beam-scattering (IBS) by adding a Fokker-Planck —
term to the RHS of the Vlasov equation (Eq. 2)

Figure 1: Stability curve for a Gaussian velocity distribution
together with the Keil-Schnell stability circl&: ESR exper-
iment with a ¢t beam ¢, = 1.1 - 10, 340 MeV/u, 0.3
mA) interacting with one RF cavityK;=1300f2) tuned to

Lsn = —

dj 0 [(F, 0?
4 o (Z1)+ 052, © ,
vz A Yz U+iV|=3F (13)
with the electron cooling forcé’. and the diffusion co-
efficient D. The threshold momentum spread following from the

Keil-Schnell criterion is
3 REVIEW OF THE LINEARIZED THEORY
qu A
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Fmc2B82vn| | n (14)

. . . . . 2
It is convenient to introduce a scaled impedance according Oth,ks =
to

Fig. 1 shows the stability diagram for a Gaussian ve-
210q 7 7 locity distribution together with the Keil-Schnell circle.
V+il = —5———(Re (—) +ilm (—)) (10) The operating point A in Fig. 1 corresponds to the ini-
mme? fgyolnlo n n tial beam parameters used in the ESR experiment [10].
Therel.65 x 108 C%* ions at 340 MeV/u were cooled to
o = 1.1 x 1073, interacting with one RF cavityR,=1300
Q) tuned close tm = 1. The space charge impedance is

with the momentum spreadand the average currefy.
For a beam with negligible momentum width|6F+:iV| >
1 the coherent frequency shitiw = w — nwy of a mode

with harmonic numben is [13] Zse = —i700 2.
2
(%) —U—iV (11) 4 NUMERICAL INTEGRATION SCHEMES

. _ ._ Linear theory can provide us with the initial rise time of

with dw/wo = —0.5n0. The instability growth rate fol-  the instability. In order to make reliable predictions of in-
lowing from Eq.11is herently nonlinear experimental observables like the final
momentum spread and the self-bunching amplitudes we
m(Aw) = msw (VU2 +V2 - (12) have to go beyond linear theory and integrate the Vlasov-

Fokker-Planck equation, together with the self-consistent
For a space charge dominated beam we reqUisg >  electric fields numerically. Two different numerical inte-
L. In all cases wherdJ + V| < 1 one must use the ap- gration schemes are employed, which are described in the
propriate velocity distribution function to evaluate the disfollowing.
persion function forAw in order to determine the effect of
linear Landau damping on the instability. Landau dampmg 1 Particle-In-Cell Method
provides a region of stability for sufficiently sméll +:V/|.
The most conservative stability criterion is represented b@ur PIC code is a general tool to study the longitudinal
the Keil-Schnell circle (F of the order of unity) [13] dynamics of space charge dominated coasting or bunched



beams under the influence of the ring environment repre- In the code external fields can be added at this point
sented by a general impedangg(w) and arbitrary exter- to perform various bunch manipulations. The total elec-
nal RF fields. tric field, including the focusing fields, defined on the grid

In the PIC scheme the beam is represented by a numBgtt2t/? must be interpolated back to the particle positions
of macro-particles interacting via space charge and the ririg update the longitudinal and the transverse velocities
impedances. Due to the random character of this approach

the fluctuation level of the observables in time and space pITAL oyl = ﬂEﬁAt/zAt (18)
often exceeds the fluctuation level of the real beam. The Tom
fIgctuatic_m in.herent to the PIC simulatio.n can cause_artifi- +3LFZAt n \/le
cial heating, if the number of macro-particles per cell is too Yom
low or the resolution of the grid is not sufficient. On the
other side we can take advantage of the simulation noise oA ot = LE@At/?At (19)
and use the PIC code to predict the structure of the experi- Yom
mentally observable Schottky noise spectrum. q 3
PIC codes are well established in theoretical plasma +%—meAt+ \/ §Dx,yAtR2,3

physics, where they are used routinely to study various non- _ )

linear kinetic phenomena [9]. In one-dimensional applica- Here we added an electron cooling folégv) and intra-
tions one usually requires the grid spacing to resolve tH@éam scattering following [14].D, . are the diffusion
Debye lengthfz < Ap), otherwise numerical instabilities constants and, » ; are random numbers.

cause substantial artificial heating [9]. In an ideal plasma The simulation noise inherent to the PIC scheme has the
the phase velocity of electron plasma waves decreases tHpdesired effect that it artificially heats the beam. On the
lower wave lengths. Waves length of the order of the Deby@the_r side we can take _advantage of thls_swn_ulathn noise to
length correspond to phase velocities close to the therm@fiedict the Schottky noise spectrum, which is an important
electron speed and are strongly Landau damped. TherefdtgPerimental observable.

the Debye length can be regarded as the lowest scale length

in a ideal plasma. For longitudinal space charge waves orfe? Direct ‘Noise-Free’ Integration ona Grid

beam in a conducting pipe below the cut-off frequency the\, more elegant, but also more elaborate way to solve the
coherent frequency shift depends linearly on the harmonig|asoy-Fokker-Planck equation is the direct integration on
number (Eqg. 11). Therefore the phase velocity is indeper&-grid in longitudinal phase space, v..). This approach is
dent on the wave length and all wave lengths dow2itb  ojse-free’, if we disregard the computer noise for the mo-
need to be resolved, in order to avoid unphysical heatingnent. The direct integration has the advantage of equally
For the time step one has to choase < Az/vmax With  good resolution everywhere on the grid, whereas in the
vmax being the maximum velocity to be resolved. PIC code it can happen that there are not enough macro-

In our code macro-particles are loaded randomly iyarticles in a certain phase space region to resolve a kinetic
(z,y,z) phase space. For the purpose of purely longituphenomena (see for example [15]).
dinal studies it is usually sufficient to evolve the longitu- |n qur integration scheme the full time step is split in
dinal particle coordinates only and leave the transverse Cggveral steps. First the Vlasov part is evolved by means of
ordinates unchanged. The particle pusher is divided inige well know time splitting scheme described in [16]. Let
several steps. First the position of each particle in space j§; pe the simulation time step, then the splitting scheme
updated: for the Vlasov part is:

Step 1.
rt+At/2 _ rtht/Z — VtAt (15)
- . I f*(Z:Uzat+At):f(Z_UzAt/Qv'U:at) (20)
The updated positions are interpolated on a grid in order

to form the charge density(r, z). The space charge field Step 2.
E;(r, z) is calculated from the charge density and Pois-

son’s equation assuming cylindrical symmetry (2,00t + AL = f* (2,0, + —LL E*At,t + At)
Yom
EOVEiJrAt/Z — thrAt/Z (16) Step 3.
The beam current in the frequency doma(w) is cal- Fzva, b+ A = (2 — 0. At/2, 0., 1)

culated from the time domain by using the time history of
previous current values. We can then use the general formpe interpolation is done by means of cubic splines. The
(4) to obtain the beam loading field in the frequency dogpace charge field and the beam loading field are updated

main using the fast Fourier transformegg () and Eq. 6
_ 1 ® Vo *
By (w) = 5 72 (@)I(w) a7) B, = =5 5ZnPin (21)



In the case of the Vlasov equation, that means in the . | ameaocity Distribution
‘collision-free’ case,f(z,v.,t + At) is the final distribu- E——
tion function. For the Vlasov-Fokker-Planck equation we
still have correctf for the friction and diffusion terms. Let
f} be the distribution function resulting from the Vlasov
step at a grid point,; = jAwv along the velocity axis. The
final distribution functionf;“\‘t is calculated by using the
time implicit scheme. This completes the time step.

At
t+At _ gt t+At t+At
fj _fj+M(Fj+1fj+1 _Fj—lfj—l ) (22)
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5 SIMULATION OF THE LONGITUDINAL
INSTABILITY

0.6

The instability growth time and the long time evolution of

the self-bunching amplitudes were measured in a experi-

ment in the ESR [10]. After the cooling of the beam the

eigenfrequency of the RF cavity was tuned near to the rev-

olution frequency, resulting in an operation point close to ) i)

A in Fig. 1. The beam current signal from a longitudi- 40 20 0 20 40 5 2 1 0 1 2

nal beam monitor was sampled with a high resolution and @ lm v /el

stored over 1 s. The instability growth times as a function

of the cavity detuning as well as the self-bunching profile&§igure 2: Time evolution of the line density and velocity

up to the first wave steepening phase were found in goddistribution obtained from the Vlasov-Fokker-Planck simu-

agreement with PIC simulation results [10]. lation of a &+ beam in the ESR interacting with one RF
Our recent work focuses on the collective dynamics goveavity at n=1.

erning the long time evolution of the instability. The main

tool is the Vlasov-Fokker-Planck simulation described ear-

lier. First we reconsider the ESR experiment. In the SIMs¢ructure can be regarded as a quasi-stationary, traveling

ulation we start from the operating point A in Fig. 1, aS-Bernstein-Greene-Kruskal (BGK) [11] wave, well known
suming a initial Maxwellian distribution function. The grid from plasma physics. Due to the presence of the resis-

size chosen isV. x N, = 512 x 200. In the simulation i 2 ure stationary BGK solution cannot be reached,
we ignore the re3|duql RF ypltage p_resent_ in the €XPETkyen in the absence of IBS. The ‘holes’ cause local cur-
ment. Therefore the instability rise time will be slightly o perturbations that continue interacting with the resis-

lower than in the experiment. The cooling time chosen igq impedance. After the first saturation stage a new ‘hole’
400 ms, which is much longer than the instability rise time; the distribution function develops (see Fig. 3)

The initial equilibrium momentum spread together with the From a simulation theory standpoint it is interesting to

cpolmg time gives us the equilibrium IBS diffusion coeffi- compare the direct integration result with the correspond-
C|en_t. . ) ) . ing result from the PIC simulation, usil§ ~ N, x N,
Fig. 2 .ShO\.NS .the_t|me evolution of thg line de”S'tY andmacro-particles. The evolution of the averaged velocity
the velocity distribution. In agreement with the EXpermenyistribution is nearly the same in both codes. Nevertheless,
tal observations the simulation shows a remaining coheregfy p|c simulation shows the subsequent formation of hole
signal on the beam. The velocity distribution does not CONstryctures, accompanied by small scale ‘bubbles’ (see Fig.

verge to a stationary function either, but shows remainingy a1 cannot be observed in the Viasov-Fokker-Planck
fluctuations of the characteristic ‘foot’ towards lower ve-gi. \1ation and in the experiment. Additionally it is diffi-

locities. ult to distinguish between the effects of artificial diffusion

Th? s!mu!at|on engble_s us to '09" Into the details 0<cf‘md ‘real’ intra-beam-scattering in the PIC simulation.
the distribution function in the longitudinal phase space.

In Fig. _3 snap shots qf the dlstrlbutlop fuqctlpn fto- 6 SUMMARY

gether with the line density and the velocity distribution

are shown. The instability first saturates by trapping partifhe longitudinal instability below transition and in the
cles in the self-excited potential. The resulting hole strudeng-wavelength range was studied by means of two differ-
ture has a life time of about00 ms, before it starts to ent kinetic simulation schemes. The results can be related
smooth out due to intra-beam scattering. The excited hote recent experimental observations in the SIS and ESR at
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0.360000 s

Velocity Distribution

Velocity Distribution

Velocity Distribution

Line Density t=

0.630000 s

Velocity Distribution

GSI shown a remaining coherent signal on the beam. It was
pointed out that for a space charge dominated beam the
long time evolution of the longitudinal instability is gov-
erned by hole structures in the distribution function. These
‘holes’ show up as long-living coherent structures on the
beam current and pronounced peaks in the Schottky spec-
trum. It was mentioned that for space charge dominated
beams the more elaborate direct ‘noise-free’ integration
scheme becomes more appropriate than the PIC scheme.
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Figure 4: The distribution function together with the corre-
sponding line density and velocity distribution obtained from
the PIC simulation of a € beam in the ESR interacting with
one RF cavity at n=1.
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