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Abstract luminosities. These comparisons can be not exaetrims

One of the main advantages of proposed by Pf numerical values, but we believe that qualietivthey
Raimondi “Crab Waist” collision scheme [1] is acstg are quite relevant.
suppression of betatron resonances excited by Hemm
interaction. Some qualitative explanations with euical SET OF PARAMETERS
examples, describing beam-beam resonances foretiife ~ For the basis we took the SuperB set of parametiers
collision schemes, were given in [2]. This papen && 15.11.2006, electrons being the “strong” beam (¥)Ge
considered as an “appendix” (additional illustrajido  and positrons — the “weak” one (4 GeV):
that one. We performed a number of full 2D betatrame

scans (beam-beam simulations) for different calfisi Table 1: Nominal set of parameters

schemes, so one can easily see how the beam-beamHorizontal beta £ (mm) 20
resonances appear and disappear, depending on th&ssrtical beta £, (mm) 030

colliding conditions. Horizontal emittance & (nm) 1.6
Vertical emittance & (nm) 0.004

INTRODUCTION Bunch length g, (mm) 63

. ) .| Energy spread og 10
Performing a wide range tune scans we cannot avoid Synchrotron tune (e+) v, 0.02

number of serious simplifications. First of all, @& main - S i

Damping decrements a;, 1.175-1

goal was to investigate beam-beam resonances only

lattice was represented as simple as possibleajlisear Circumference C_(m) 2250

2x2 block-diagonal matrix. We used the same diagonal Numboer of bunches N 1733 ;
noise matrix for all working points, providing thate Particles per bunch (e-) <N 3-52'160
generated emittances (without beam-beam) will Ise al | Particles per bunch (e+) wN 6.16-10
the same. Of course, this approach is not “reelistis Crossing angle (full) 8 (mrad) 34
near the main coupling resonance the vertical antt Piwinski angle 17 18
must grow. But we simply had no other choice, siatte “Nominal” tune shifts &, & 1.26, 3.09
these distortions very much depend on the actittda “Actual” tune shifts 0 & 0.004, 0.171
which we don’t know, especially taking into account Luminosity L 10°¢

huge number of working points tested for each scan
(about 40000). On the other hand, there is a clearThe definition of Piwinski angle and basic relagdor
advantage of such approach: we studied “pure” bearbheam-beam tune shifts are given below:

beam effects without any other nonlinearities, tiakes (9 NIZ, N

)

the results clearer and easier to understand. p=—*tg ) Ey O &0

One more important restriction is bound up with the g, \2 a0, 1+¢ & [@+¢)
fact that we performed “weak-strong” simulations. |
implies that in the “bad” working points the number 40,16
(luminosity, vertical blowup) are not correct. Gretother
hand, we don’t need exact numbers in the “bad"sarea | g,-6/2
need them only in the “good” ones, where blowup i
small, and “weak-strong” approach works well there.
Besides, we need to know where the “good” and “bad
areas are located in the space of betatron tunas, a
“weak-strong” simulations are quite relevant foristh Figure 1: Collision with a crossing angle.

purpose. , _
Also we should mention that Parasitic Crossings and YWe performed 2D tune scans for the following cases:

beam tails (lifetime) were not taken into accoudur » Head-on collisions, different hour-glass: supprdsse
main concerns were the luminosity and beam core (G<<B), normal @,=43), and enhanced>>4)).
blowup, their dependence on the betatron tunesndia  Collisions with small Piwinski angle: from 0.2 ta21
goal was to illustrate how the resonances excitgd b ¢ Collisions with large Piwinski angle and differg#t
beam-beam interaction depend on the colliding dgrd large (equal tar;) and small (equal to,/¢), with and
(hour-glass, crossing angle, Piwinski angle, Cradisty. without Crab Waist.

So, the most informative are comparisons of difiere We tried to keep the nominal set of parameterdaseas
pictures (scans) and the numbers of maximumossible. However, for head-on and small Piwinsigle

U7
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collisions we had to change some parameters inr dode L
obtain acceptable tune shifts. The idea was to kieeg

value close to the limit in “good” areas, in thiase the 05
pictures of resonances will be the most clear and
informative. It should be noted that collisions it
changed parameters were not optimized for themselve
we made only minimal changes to get the “corre€t”
value. As we did not take into account PCs, the bemof
bunches was wused only for the total luminosity

0.6

calculation. We assumed the samg, b all our 0.2

simulations, that obviously was very optimistic fozad- |

on and small Piwinski angle collisions. The ideaswa o L2

compare single bunch luminosities, but renormalized ’ o o !

the total luminosity as for SuperB. Figure 2c.0,=/3, inverse horizontal blowup
HEAD-ON AND HOUR-GLASS The X-Y betatron resonances appear due to thecaeérti

. . beam-beam kick’s dependence on the horizontalgbaidi

First of all, 5y must be increased by a factor of 20 tQyordinate (amplitude modulation). The horizontidkk
match the bunch lengttAlso, we decided to have the 554 gepends on the vertical coordinate, but fer ftht
same §,/f3, ratio, the same bunch length and buncheams this dependence is much weaker. The lumjnosit
current. If the emittances would be also the sathe, plot combines both the vertical and horizontal hips
“nominal” &, would not change as well. But we need tgyut for high-order resonances it is better to |a@ikthe
reduce them to acceptable values, let's §g0.07. To vertical blowup plot. Resonancesu.+ M-y, =K (L, M
achieve this, we increased both emittances by arfaé _ even numbers) are shown on F|g 3, red lines teufj'
44. In this cas&,=0.0286, and the same crossing angle dirder, green — 'Sand &' orders. All these resonances are
34 mrad would result in Piwinski angleg = 0.6. clearly seen on Fig. 2.
Simulation results for the “nominal” hour-glasg;4,)) ay
are shown on Fig. 2 (a,b,c). The “geographical map”
colors are used there: red corresponds to the mawim
luminosity, blue — to the minimum.
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Figure 3: Resonance lines up tddder.

Hour-glass effect appears due to Collision Poir®)(C
longitudinal shift for particles with non-zero Zawlinate.
Here CP is a point where a particle meets the ceffitde
opposite bunch, see Fig. 4.

4
Central slice of the Central slice of the
0. weak” bunch * “strong” bunch
¥
N A\ ——caoliision Point (CP)
o_ < B
U : By
Z-coordinate of the /v P
0 particle in its own
frame (“weak”)

Figure 4: Hour-glass effect

Sincef, has a minimum at the I8, increases when CP
is shifted. Synchro-betatron resonances appeataltiee

° oz o4 oo o8 : vertical betatron phase modulation at CP and aog#it
Figure 2b:g,=f3, inverse vertical blowup modulation €, dependence on CP). Strength of these
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resonances strongly depends on synchrotron ture: th *
larger — the worse. On the other hand, the verbiettron
phase averaging over the Interaction Region (IRYlte 05|
in high-order vertical resonances suppression. Bitioun
results for suppressed hour-glass are shown 0B F&gp).

0.6

1

Figure 5b:g,=£,-3, inverse vertical blowup

Here luminosity decreases due to geometrical faetiod
synchro-betatron resonances become much strongee: m

i satellites, wider resonance lines. So, we canmat &iny

° 0.2 0.4 0.6 o8 1 working point without strong vertical blowup. Takiinto
Figure 5a:0,=83,/100, Lnax = 3.17-16 account the beam tails, situation looks even worse.
Actually it means that the beam-beam tune shifeegs

the limit and must be decreased.

SMALL PIWINSKI ANGLE

In collisions with a crossing angle the horizontal
coordinate of CP (in the strong bunch’s coordirfeaene)
depends on its longitudinal coordinate, see Figh$.a
result we obtain amplitude modulation of both hornital
and vertical beam-beam kicks by the particle’s
synchrotron oscillations, thus exciting strong dyioe
betatron resonances. One more important consequénce
the crossing angle: it breaks the X-symmetry, se th
betatron resonances-+ M-y,= K with odd L numbers
appear. In particular, low-order resonancgst 21, = k
As we can see, luminosity increases due to georaétri Pecome very strong.
factor and resonance lines become thin, sinceythehso- _
betatron satellites disappeared. On the other haede | Cenalsice ofne e e
high-order resonances become visible, since thécaer /
betatron phase averaging disappears, so a pdiiele a |4 W _w _
“solid” kick in a constant phase. Simulations fohanced \ 4,,, é:?f:ﬁ':?éfrgég"
hour-glass effect are shown on Fig. 6 (a,b). frame

0 0.2 0.4 0.6 0.8 1

Figure 5b:0,=43,/100, inverse vertical blowup

Collision Point (CP)

1

/V

Z-coordinate of the X-coordinate of CP in
e particle in its own the “weak” frame
frame (“weak”)

Figure 6: Collision with a crossing angle.

When increasing the crossing angle, luminosity and
actual tune shifts decrease due to geometricalorfact
Betatron resonanceg + 21, = k become stronger since
they need X-asymmetry. On the other hand, “old”
betatron resonances (as for head-on) become weicer
g > 4 the horizontal coordinate of CP (in the strong busic
0 0.2 0.4 0.6 0.8 1 coordinate frame) now depends more on the paricle’
Figure 6a0;=43,-3, Lmax = 1.62-18 longitudinal coordinate and less on its horizotiatron
coordinate. See the simulation results on Fig., b(a).
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Figure 7a:p= 0.2, lnx= 2.38-18
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Figure 7b:¢= 0.6, Ly = 2.05-16"
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0 0.2 0.4 0.6 0.8 1

Figure 7c:p= 1.2, ln= 1.61-1&

LARGE PIWINSKI ANGLE
In general, it looks like the larger Piwinski anglehe

worse, but forp >>1 we need to change the concept of |
CP, and this makes a difference. Indeed, for large

horizontal separations (in units of) the vertical beam-

beam kick drops as 17Rwhile the horizontal one drops

as 1/R. It means that for the vertical kick theteewof the
opposite bunch becomes not so important and carmobe

seen at all by the particles with large longitudina

displacements due to large horizontal separatibnsTCP
has to be defined in a different way: itthe point where
a test particle crosses the longitudinal axis of the opposite

beam. In particular it means that the X-coordinate d&# C

in the “strong” frame is always zero, by the defom.
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Collision Point (CP) ~ Central slice of the
“strong” bunch

Central slice of the
“weak” bunch

IR, no vertical kick X-coordinate of CP in
outside this area! the “weak” frame

Figure 8: Collision with large Piwinski dag

Now we simply return back to small emittances #ad
as specified in Table 1, thus obtaining Piwinskglan
¢=18. For the beginning we did not changeand keep it
equal to the bunch length — just to see the effédhe
new CP concept. However, we decreased the bunch
current by a factor of ten in order to keep acdeljgtéLine
shifts. Since the distance between IP and CP ikgitdg
as compared tof, the vertical beam-beam kick’s
dependence on the particle’s X-coordinate beconeeg v
small. This makes X-Y betatron resonances much areak
than even in the ordinary head-on collisions, dge%

0 0.2 0.4 0.6 0.8 1

Figure 9: Luminosityp=18, 5= o,

The next step is decreasing tfg to its “nominal”
value (see Table 1), to fit the overlapping ardac&the
shift of CP due to X-betatron oscillations becomesv
comparable with3, the vertical betatron phase at CP and

1
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Figure 10;3,= 0.3 mm, kya = 1.6-16°
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& are strongly modulated, thus exciting X-Y betatrorbetatron phase advance from the first sextupofgeRand
resonances again. Actually, this is rather simitar then from CP to the second sextupole remains ta/be
synchro-betatron resonances exited by the housglator all the particles independently on their X-cdioate.
effect in head-on collisions. Simulation results ahown This feature allows increasing the beam-beam tumi¢ s
on Fig. 10. Here all the parameters are the santistad by a factor of about 2.5! Thus we return to the mah
in Table 1, except the bunch current which was cedu bunch current (see Table 1). Simulation results ther
by a factor of 2.5 to get acceptable tune shiftihgut nominal waist rotation are shown on Fig. 12.
Crab Waist). If we compare Figures 7b and 10, tlhek
rather similar, but there are some differenceghin case
of large g the horizontal synchro-betatron resonances ar
enhanced, while the vertical ones are suppressedi$4
well as horizontal betatron ones. As for X-Y betatr
resonances, their strength and width also chargjade  °°
the sources are different. For smailit is an amplitude
modulation of the vertical kick, coming from its ..
dependence on X-coordinate. For laggthe main source
is the Y-betatron phase modulation, plus amplitud, , |}
modulation coming from§, dependence on X-coordinate
(due to hour-glass). Il oS ena
Finally, we introduce the Crab Waist (CW), whictiki ~ °: o: o+ os s :
the vertical betatron phase modulation. Accordtng[2] Figure 12: CW = 1, hex= 1.03-1

1

0.8

g

Now let us consider an amplitude modulation of the
vertical beam-beam kick caused by #emodulation at
the CP. The vertical tune shift depends on bothakie
and “strong” betas, as follows:

e B 0

Véys B

Here in the numerator we have “wealg;, and in the
denominator — “strong” beam size. Without Crab Wais
both betas at the CP are actually the same, tferelice
is negligible whenf << 1. It means thag, scales as
(B,9"% In the CW schemg,, = congt at the CP, sd,
scales asf{¢) "2 that is inverse dependence of the one
Figure 11: Crab Waist scheme. without CW, see Fig. 13. This means that if the sivai
rotation is smaller than the nominal value, the ke
modulation should decrease while some phase maatulat
appears again. From here we can conclude that there
some optimum waist rotation angle, as a compromise
(1 L m, my, 10 between amplitude and phase modulations, whichldhou
M _(o 1) ( j E{v 1) (2) depend on the other parameteés  etc.). Usually the
where the first matrix corresponds to the drift spdrom (;g':]lqr?nuarrvlﬁjesomewhere in the range of 0.6 to 0.Be
IP to CP, L being the drift length, the last matrix '
corresponds to the sextupole, considered here théna
linear lens, and in the middle is the unperturbedrixam
from the sextupole location to the IP. For thisemprbed | e
matrix we have m = 0O, sincen, = 0 at the IP andp, =
n/2. As a result we get M= 0 as well. On the other hand,
considering the “new” lattice (sextupoles include
can write the standard formula for,j/

M, =B, /By eosdu,y) - ay, Bin(aw,))  (3)
wheref,, and ay, are the beta- and alpha-functions at th&igure 13: “weak” and “strong” betas at the CP viW.

CP. Since it is the waist at the C#, must be equal to
zero, so we get casfy,) = 0, resulting iMp,y = n/2, that In order to check the Crab Waist idea we performed

is exactly what we wanted. In the other words,wbetical  special simulations withouf3,s modulations. This was

the transport matrisM (see Fig. 11) from the entrance of
the first sextupole (point 1) to the CP (point 2@rtical
betatron motion only, can be written as:

m21 m22

Bs at the CP
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achieved by increasing3s by a factor of 100 and
decreasing the “strong” vertical emittanggby the same
factor, so the vertical beam size was not chanigetihese
conditions the optimum waist rotation must be shifto
the nominal value, and it was completely confirnisd
our simulations. These rather specific simulation$,
course, were not realistic, as the “weak” and ‘a0
beam parameters were very different. The only geed

to demonstrate how the X-Y betatron resonances are

suppressed by the Crab Waist. The luminosity tuwaas

for these conditions without and with Crab Waise ar

shown on Fig. 14 (a, b).

1
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—

Wﬁ,

0.4

Figure 14b: CW=1, withouyB,s modulations.

0.6 0.8 1

As one can see, without Crab Waist removing Me
modulations did not help at all, but with Crab Waits
results in actual vanishing of all X-Y resonandég still
can see the resonances + 2y, = k, but they became
rather weak (note the color!). Though they look eyid is
simply due to a very large tune shifi: = 0.17. Also, this
is the reason of “shifting” the resonances down.

Finally, we performed a tune scan for the nomie#lcs
parameters with the optimal waist rotation, see. B

become larger for CW=0.8, especially the ones ctose
half-integer resonances.

1

0.4

0.4

Figure 15: CW=0.8, }ex=

0.6 0.8

1.05.18°

CONCLUSIONS

We performed a number of beam-beam simulations for
different collision schemes. The main sources ainbe
beam resonances which affect the equilibrium pagic
distribution were recognized, and the luminosityneu
scans allowed their clear visualization and idésdtion.

The collision scheme with large Piwinski angle and
Crab Waist looks the most promising, since it matkes
X-Y modulations much smaller as compared to head-on
collision scheme, thus the beam-beam ligjitcan be
significantly increased, that was confirmed by theent
experimental results obtained on DAFNE [5].
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