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“History” of Longitudinal Instability _@g@%

Longitudinal instability of coasting beams or long bunches driven by
resistive impedance is of major concern in high intensity machines

Linear theory in 60’s: L.J. Laslett, V.K. Neil and A.M. Sessler, 1961

A.G. Ruggiero and V.C. Vaccaro, 1968 efc.

Keil-Schnell circle criterion
Numerous observations in many machines on appearance and saturation
predominantly for negligible or weak space charge effects; theoretical +
simulation models (overshoot etc.)

Specific interest in connection with Heavy lon Inertial Fusion drivers far outside
Keil-Schnell circle (space charge impedance of kOhm)

— Simulation claiming "self-stabilizing tails” (I.H., 1985)

— Recently observation in space charge dominated 6@.39,

* time domain in linear e-resistive channel at Maryland (J.G. Wang et al., PRL 1997) generating
separately localized slow and fast waves and observing linear growth

* in frequency and time domain in ESR+SIS / GSI with initially single modes driven by passive
RF cavity (G. Rumolo et al., NIM 1998, EPAC98 O. Boine-Frankenheim et al., PRL 1 999)
with observations and simulation in nonlinear regime
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Questions of interest - mavimveis

IS Em __:mmﬁ theory confirmed _u< mxcm:BmZm\V

« is linear stability :mommmméo

_+ what s the influence of the impedance a_m:__uc:o:
~ (over n) on nonlinear behaviour? ,

_ narrow-band vs. broad-band
— m_omom osmam _Scmam:om m_@:_dﬂ_omz 822
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Experimental Storage Ring for heavy ions at GSI -+ mawrmwics

Circumiference 108 m
Maximum Bending Power 10 T+ m

Magneis 6 Dipoles, 1.6 Tesla
. 4 Triplettlenses
4 Duplettienses

8 Sextupolelenses
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- Magnet Power Dipoles 3.7 kA at 1.6 kV
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ESR experiments with e-cooled C8* beam at 340 MeV/UE 5]

. . BEAM PHYSICS
- key to new understanding of space charge regime

« prior to the onset of instability Afg,
the beam adopts a very clean

Gaussian momentum

distribution due to e-cooling

* RF cavity (h=1) destabilizes /

beam (ecool on or off)

/ Slightly detuned cavity: the bearr

orows linstable

F o b bl bl

* current signal stored on
LeCroy digital analyzer -72

Strongly detuned cavity: the beam is
observed to be stable
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RF cavity detuning effec
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Comparison of observation and simulation PEAM PEYSICS

-17.4 kHz detuning: RF voltage is negligible

O in linear phase 0.8 (pC/m)
— experiment in ESR with electron “ _
cooled initially smooth beam (linear 0,7 parm Tl model)
phase!) with residual voltage on RF 0.6 \ ®
cavity gap ’ \ H .
— growth rate reduced by inductive 0,5 f
impedance ~ ReZ/(ImZ)"2 - in \m simulation o
agreement with simulation and 0,4 xperiment
analytical theory except for effect of 0,3 \M
residual voltage \m\
O in nonlinear phase new phenomena 0.2 \K
arise, and we have compared 0,1 o
experiment with Vlasov code | #&xm,m\_u\
(generally in agreement with PIC code) 0 0 50 100 150 200 250 300 350 400

time (ms)



noi_u.m:mo: of initial growth :SmmA o ‘. - BEan

L 2000 ¢ [mg]
|+. Ileasured rise times

£ Simulated rise titmes

The RF voltage of 300 V | 8
strongly modulates the beam for — Theoretioal curve of
small detuning | | .

150f

- growth is faster than predicted
by linear theory (experiment and
simulation)

- growth not m.x_uo:m:ﬁ_m_
(linear?) .,

s 16 15 20
Cavity detuning [kHz]




Influence of RF Modulation @%%

f M BEAM PHYSICS
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BEAM PHYSICS

<<m<m steepening o_mmo:_cwo_ <<m__ _u< PIC m:n oo_o_\im:: z:_o_ model

w:ﬁa_ w .
[ L [ [==1 " fluid model

25F : :

L5f I\ . - cannot explain maximum that self-
- 1 /,,,,,, ~ bunching reaches saturation

P e——pr ._omﬁ._,mw_c: | |
4]

6D

ESR experiment |

i PIC mmgc_mzo:
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Direct Vlasov solvers are advantageous for long-time studies BEAM PHYSICS

0 experiment: no measurements on momentum distribution during
evolution of instability - require simulation

0 Vlasov Solver: partial differential equation for distribution function f(z,p,,t)
integrated on a grid :

1D for longitudinal dynamics

uses 3D Poisson solver with transverse rms envelope equations
smooth distribution functions (on grid)

nearly no granularity

resolve fine structures in phase space

[ have gained better insight into evolution than with PIC (in good
agreement)



. (Landau damping) - memory effect

_<_o:=ﬁmm=_.m:um,o:mm_.m:_m:m<mm=oi=mcmm:omoﬁqmm_mmﬁcqmﬁ_.o= _@%um

BEAMP CcS

Vlasov Simulation
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Holes are continuously trapped in phase space BEAM FRYSICS

Line Density t= 0.360000 s

« wave is generated at lower
momentum edge

* the fast _:mﬁmc___c\ _m.mam to _,_o_m. 40 20 0 20 40
structures traveling in the direction of z [m] #v) [a.u.]
larger momentum (self-buckets) Line Density t= 0.450000 s

 result is a momentum broadening and ,W
slight deceleration of beam (energy -
£

»

source=longitudinal motion)

» broad band impedance nature of

space charge modifies results 40 —20 0 20 40

z [m] f(v) [a.u.]
Line Density t= 0.540000 s

5 1.4F 7 trapped hole
/W.L._.O” 3

0.6k, . . :
—_ 2 2
<1E 1
E o} 0
[2'._ |‘_
v IN- ----- -llN

\:&Nmo 0 20 40
new hole z [m] f(v) [a.u.]
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- Overshoot and long-time behaviour T e

Momentum Spread Change

) | I L L A B B _I_In_,l_\_f_x_lw._lu.hL
circle criterion threshold 3.0 P g
A , o : i z ijA v _ {no impedance at n >1) |
B 8¢ ? \}\)\Jﬁ
o = _ =
AL H
> g ”
S 280 S
S | , L o /e 1
Gaussian distribution function - : Maxwel i
threshold - 1.5 F ]
1.0 I “ i S _ FORN B T I.

0.0 Dm 0.4 0.6 0.8 Ao 1.2 1.4

Due to ReZ>ImZ Gaussian i ot [s]
threshold (in Ap/p) only 20% lower - .
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Purely resistive impedance: broadening effect BEAM PHYSICS

« typical behaviour at high energy

« layers of self-trapped buckets generated at
lower edge of momentum space with strong
progressive filamentation

* results in broadening (to lower momenta)
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- ImZ>>ReZ on one harmonic (n=12) only i
| . c‘unm“ <u,~ - : | | | | |
) Line Density t= 1.50000 ms
m S 0 1 2
1 . . z [m]
\r-/./ | ) ) . Line Density t= 2.50000 ms
-3 —2 |%¥ 2 3

isolated impedance on imaginary axis .
degrades beam quality by single z [m]
_‘_N—.BO—.:O __._Jm._”mcm:.ﬂ< , Line Density t= 3.50000 ms
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Self-stabilization by tail with dominant space charge impedance ' °--%

* assume ReZ<<ImZ and very dense, initially unstable beam: U

in 1985 we claimed self-stabilization occurs with tail to smaller momenta(l.H., 60 LBC
“Suppression of Microwave Instabilities”, Laser and Particle Beams, 1985) /

* broad-band nature of space charge impedance is crucial to obtain
this stabilization by coupling to higher order modes (cutoff, where
Z/n drops to zero)

* also applies to 3.08«35 instability at high n

m”.w

! 10+

3 | 5 ] 5
0 100 200 300 400 500
z

2100

T 4200.C

tail ._._ 1

0 100 200 300 400 500
2



Vlasov simulation of self-stabilization @@%

Line Density t= 1.27500 ms

‘confirmed by recent Vlasov
simulation |

c\

50 faBC
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Influence of Impedance Distribution BEAM PHYSICS

« for initial linear behaviour single harmonic relevant

« for nonlinear behaviour distribution of impedances essential
(coupling between modes)

* stabilizing tails require broad-band nature and gentle drop
of space charge impedance near cut-off frequency

* assume broadband machine impedance has similar effect
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Near stability boundary

GIS

BEAM PHYSICS

quadratic unstable,
but Gaussian stable



« stabilizing tail also valid here

« initially _umﬂm_oo._ﬁ (unstable)

|

Line Density t= 25.0000 ms

0 30
z [m]
Line Density t= 50.0000 ms

50 100

z [m]

Line Density t= 75.0000 ms

BEAM PHYSICS

.m:::_mao: of marginally ::mﬁm_o_,mw&ﬂ:r:ao:m : S

f(v) [a.u.]



Balanced impedance (ReZ~ImZ) (555

BEAM PHYSICS

N N I%K N w

similar to ESR experiment: layers of holes
traveling through momentum space




zo:::.mm_. _.u:mmm strongly modified by m_om‘n.m.. charge @mgm

_: :o:..:mm_. _u:mmm some new ﬂmmE_jmm m_unmmq
« nonlinear steepening Qmmﬁmﬁ phase velocity for short waves)
. @m:mﬁmﬁ_o: of lower (Fermilab work) and higher harmonics
"« overshoot modified by space osmam n__m:__uc:o: E:o:o: :oﬁ

simply broadened ”
“» only for mainly resistive impedance Aoﬂ negative mass):
AQ_U\ P vmdﬂ_sm_ AQ _u\ Uv_:;_m_AQ_u\ _u vﬁ:ﬂmm:o_a

- for balanced _BUmam:omm (dp/p)?na CaN be mBm__mﬂ but m_0<<_<
growing : S

+ for dominant m_omom charge impedance: Ao_n\_ov;m_ E_o\nvs;_m_
(fwhm) but tails developing towards lower momenta;

« often no thermalization of fluctuations by Landau QmBE.:@ |

« close to stability boundary we find 30833 in line current _
‘affecting BTF and mo:oEQ Q_m@:om:nm in m_m they dissapear
after ~ 200 ms.
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Conclusions BEAM PIYSICS

Presently reached good agreement experiment-simulation

— limited comparison since detailed momentum space information only from
simulation

In nonlinear regime complex behaviour:

— operation in unstable regime possible for ReZ<<ImZ

— credible long-time simulation not trivial (smoothing by IBS?)
diagnostics: density fluctuations due to initially unstable behaviour may
persist and influence Schottky noise measurements

more systematic measurements planned






