BROOKHFAVEN

NATIONAL LABORATORY

BNL-96700-2012-CP

Comparing new models of transverse instability with
simulations

M. Blaskiewicz

Presented at the International Particle Accelerator Conference 2012 (IPAC’12)
New Orleans, LA
May 20-25, 2012

Collider-Accelerator Department
Brookhaven National Laboratory

U.S. Department of Energy
DOE Office of Science

Notice: This manuscript has been authored by employees of Brookhaven Science Associates, LLC under
Contract No. DE-AC02-98CH10886 with the U.S. Department of Energy. The publisher by accepting the
manuscript for publication acknowledges that the United States Government retains a non-exclusive, paid-up,
irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others
to do so, for United States Government purposes.

This preprint is intended for publication in a journal or proceedings. Since changes may be made before
publication, it may not be cited or reproduced without the author’s permission.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, nor any of their contractors,
subcontractors, or their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or any
third party’s use or the results of such use of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof or its contractors or subcontractors.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



COMPARING NEW MODELSOF TRANSVERSE INSTABILITY WITH
SIMULATIONS'

M. BlaskiewicZ , BNL, Upton, NY 11973, USA

Abstract

Recently, Balbekov and Burov have produced an or-
dinary integro-differential equation that approximathe t
Vlasov equation for beams with wakefields and large space
charge tune shift. The present work compares this model
with simulations. In particular, the claim that certainégp

of transverse wakes cannot lead to mode coupling instabil-g
ities is explored <

INTRODUCTION

In most low energy ion accelerators the transverse

impedance is dominated by space charge, which derives S ]
from the mutual electrostatic repulsion of particles withi -6 . ' . . .
the beam. Space charge alone is purely reactive and does 10 -8 -6 -4 -2 0
not cause instabilities under conditions typical for a syn- Wo/[Wihreshl

chrotron [1]. The effect of space charge in conjuction with
other sources of impedance is unclear. In coasting bednigure 1: Real part of eigenvalues for the hollow bunch
theory space charge creates a large real coherent tune shilfet square longitudinal well versus step wake divided by
which overcomes collisionless damping and only a sma@ibsolute value of wake at threshold without space charge.
amount of transverse resisitance is needed to cause insthe space charge tune shiftAg),. = 4Q),. For negative
bility. In bunched beams, with wake potentials of ondpassive) wakes space charge stabilizes the beam.

sign only, the space charge force tends to stabilize the

beam [2, 3, 4, 5, 6]. Single sign wake potientials, such IAQ e

as those created by wall resistivity and matched stripline + (0) p(T)D(7,v)

beam position monitors always have the same sign, consis- A
tent with energy absorbtion by a passive device. The stan-  — 1AQs
dard convention is to take this sign as negative, [2] uses the p(0)

opposite_z convention, but this work will use the standarghere(, is the synchrotron tune\@,. is the space charge
convention. tune shift in the center of the bunch/ () is the wake po-
tential, andk is a positive constant that depends on particle

SIMULATION MODEL AND RESULTS energy, charge etc. The longitudinal potential) is taken

Take the azimutid as the timelike variable. Consider ato be parabolic, with/ = 72/2, or a square well. Divid-
bunched beam with matched longitudinal phase space digg through byQ, one sees that’(7)/Q, and AQ ./ Qs
tribution ¥ (7, v) wherer is arrival time with respect to the determine system stability.
synchronous particle and = (1/Q)dr/df. Setp(r) = The origin of bunched beam stabilization from space
J dv¥(r,v) and normalize so thaf drp = 1. Assume a charge can be seen most easily in the air-bag square well
bare tuneQ, and take the time dependence of the dipolgodel [7, 2]. In this model the RF is approximated by a
density to beD(r,v,0) = exp[—i(Qo + AQ)#]D(r,v), square potential well. All the particles have the same syn-
with tune shift small enough to neglect coupling betweeghrotron amplitude so there is a well defined synchrotron
betatron sidebands. Then, tune,Qs. The chromaticity is zero and the wakefield is a

step function. With these assumptions equation (1) reduces
. oD dU 0D to a set of linear, ordinary first order differential equato
—IAQD(7,v) = Qs {”_ N __} with constant coefficients. The problem requires numerical
solution, but the solutions are exact for practical purgose

\I/(T,’U)/dle(T, v1), Q)

i (r,v) The coherent tune shiftAQ) are real below the instabil-
T T /dTlW(T - 71)/d”1D(71’”1) ity threshold and come in complex conjugate pairs above
T threshold. Figure 1 show the real tune shifts, in units of the
*Work performed under the auspices of the United States Drepat synch.rotron tune versus the wake strength in units of the
of Energy magnitude of the threshold value for no space charge.

T blaskiewicz@bnl.gov From the figure it is clear that the threshold wake po-



tential with this amount of space charge is about 9 times

higher than the threshold without space charge. The behav- 12 | ' ' ' ' |

ior for positive wakes is similar to that shown in Fig 2 of

[6] whereas that reference did not consider the threshold fo 6r ]

negative wakes. Figure 4 of [3] considers negative wakesy 4r T

though there is a sign difference in the axes between his‘sz 2 7

plot an mine. Also, my plot shows coupling betweenthe 02 0 /\/\/\,\,_
. . . o

and -1 synchrotron modes while his, for a gaussian bunch2 -2 - v .

starts with coupling between the +2 and +3 synchrotron% 4 L i

modes. Itis difficult to come up with a numerical compari- = 6L |

son of Burov’s thresholds and mine, but some stabilization 8L |

due to space charge is present in both works. The ques-

tion is whether this behavior is generic, extending to other 1(2) i . . . . ]

bunch shapes and wake potentials. Given the importance
of this problem the author chose to undertake a fairly sys-

10
time (ns)

15

20

tematic simulation campaign.

The simulations used the code TRANFT [8]. Onlysinglei:i ure 2: Wake potentials used in the simulations. The

bunch phenomena are considered so the transverse voltarlg% : . :
uneh p agnitudes are in the same ratio as the threshold values for
kick is given by

the smooth bunch
Tb

Va(z,t) = / [aWy(T)Ip(t — 7) — Wo(7) D (t — 7)] dr,

—Ty

(@)
whereT, is the full bunch length}¥;(7) is the detuning -
wake [9, 10, 11]W,(7) is the usual transverse wake po- -4
tential, andD,.(¢) is the instantaneous dipole density. Note g’ 6
that D,.(t) is the product of the instantaneous current andtﬁ

the instantaneous value of For space charge o 8
;5 -10 | step,smooth
Zol res,smooth
Wa(T) = ——5—5506(7) 12 - step,square —— 7
2rf3"y"a 14 L res,square —— i
hi res, smooth
whereZ, = 3779, ¢ is the distance the beam travels be- -16 - step,hollow —— —
tween updates; = v/c, vy = 1/+/1 — 82, a = 20, is the 18 L L L L L L L

0o 1 2 3 4 5 6 7 8
AQSC/QS

radius of a uniform equivalent beam. The wake potential
from space charge i/, (1) = Wy(7)(1 — a?/b?) whereb
is the radius of the beam pipe. For the work here | approx-
imatea/b = 0. For numerical implementation the deltaFigure 3: Threshold values of the wake potential scaled
functions are replaced by gaussians of widthand the by the magnitude at threshold without space charge versus
calculations are done on grids with spacifig- /5. Two  space charge tune shift.
different bunch shapes were used, a square bunch of full
width 12 ns at base and a smooth bunch with current profile
I(t) = Ipear(1 — t?/7%)%5 with 7 = 6 ns. Three different than for no space charge, but significanctly smaller than the
wake potentials were studied and are shown in Figure 2. threshold forAQ,. = 3Q,. Note that doubling the number
Several simulations were run using 10° turns,~ 10°  of macroparticles has little effect. The dark blue and black
macroparticles and 19 space charge kicks per betatron @s#ves in Figure 3 show thresholds for square bunches in
cillation. The dependence of the wake strength versumear RF and square well, respectively. For both these
space charge tune shift is summarized in Figure 3. Thepace charge stabilizes the beam, but the improvement for
two red curves show the threshold for the step wake ( retthe square bunch in the linear RF show signs of turning
curve in Fig 2) versus space charge tune shift in units afver. The green and magenta curves show the thresholds
synchrotron tune. The curve startingat in Figure 3 cor- for smooth and square bunches with the green resonator
responds to a non-passive wake that requires an amplifigrake in Figure 2. There is some small improvement for
The red curve starting at1 corresponds to the wake po- small space charge tune shifts but things turn over quickly
tential of a long matched stripline. F&xQ ;. < 3Qs space and thresholds are soon smaller than without space charge.
charge stabilizes the beam. Figure 4 shows the growth ratée light blue curve is for the smooth bunch with the high
versus wake strength for the step wake with a smooth bunéfequency wake; the dark blue curve in Figure 2. For this
for AQs. = 6Q. The threshold wake potential is largerwakefield space charge always reduces stability.
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Figure 4: Growth rate versus wake strength for a step wake -7 . . .
with a smooth bunch foAQ,. = 6Q,. Results for 125,000 -1.5 -1 -0.5 0
and 283,000 macroparticles are shown. Growth rates for Wo/lWinreshl
125k particles and no space charge are shown for compari-
son. Figure 5: Real part of eigenvalues for the hollow bunch

in a square longitudinal well versus resonator wake (green
curve in Figure 2) divided by absolute value of wake at

Some_ of the res”'FS in Figure 3 are in qualitative a9 reshold without space charge. The space charge tune shift
ment with Figure 7 in [3]. For space charge tune Shlft?S(PQ — 40

that are not too big, space charge stabilizes the fast hea
tail instability. However for larger tune shifts space dmear
destabilizes the beam. The earlier work [2] stressed single 4 ' '

sign wakes like the red, blue and black curves in Figure 3. 2 -
For these parameter regimes space charge is more consis-
tently stabilizing. However, the growth rate measurements 0k

in Figure 4 are compelling. The stabilizing effect of space

charge is not monotonic with the size 8fQ),., even for »
single sign wakes. Also, from Figure 1 itis clear thaty -4 ¢ =
the coupling leading to instability can occur between the<
0 and -1 synchrobetatron sidebands. The coupling is not
limited to the positive sidebands as considered in [3] and 8 F =
[6]. To explore which modes couple more fully consider

Figure 5. For a resonator wake (green curve in Fig 2) and a
12ns hollow bunch, the mode coupling occurs between the  -12 ' '

m = —3 andm = —4 synchrobetatron sidebands. Figure -1.5 -1 -0.5 0

6 shows the comparable set of curves for the high frequency Wo/|Wihreshl

resonator wake. In this case the coupling occurs between

them = —7 andm = —8 synchrobetatron sidebands. Figure 6: Real part of eigenvalues for the hollow bunch in

The threshold wake for the high frequency resonater is ira square longitudinal well versus high frequency resonator
creased for the hollow bunch, which is opposite to the bewake ( blue curve in Figure 2) divided by absolute value of
havior of the light blue curve in Figure 3. This means thawake at threshold without space charge. The space charge
the hollow bunch model overestimates the benefits of spatine shift iSAQ . = 4Q)s.

charge and this model cannot be relied on for design esti-

mates. At this point it appears there is no substitute for , , ,
extensive simulations [7] V.V. Danilov, E.A. Perevedentsev, 15th linternatiol@dn-

ference on High Energy Accelerators p1163 (1992).
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