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and the bunch crossing rate mayédxpressed interms of

Abstract luminosity
At 5 TeV center-of-mass energy, collectigfects are a f~21x104°T _R
prominent feature of electron-positron collisions, w2 (1+R)? '

contributing to backgrounds and energy-spread, and
suggesting a practical limit on tlebharge pebunch. To

circumvent such collective phenomena we examin
collision of neutral beams, with particular attention to the P=35x 102M Loy (&)L
effect of mismatch and instability. nooWo [1*R

whereo; ~ 6.7x10cn? is the Thomson cross-section.
gite powelP may be expressed as

1 INTRODUCTION where n is the efficiency of conversion of wall-plug
energy to beam kinetic energiinally, the colliding

The exploration of high-energy physics hageams serve to focus each other with foeagth ~o/D,,
progressed over thiast 50yearsonly by continuous and \here the disruption parameter is

inspired invention [1]. Today, blessedvith a surfeit of -1

predictions for the 5 TeV frontier [2], ware unable to D. =17x 10_2W_ZDGy

reach the energy required. The problem, for lireediiders y o Y E’EE

is this: toreachhigh luminosity with areasonablesite

power we must produce small beams in collision. Center-of-mass energyyminosity and site power
However, small beams interact collectively and pinch eaaonstrain all variables as functions éfandY (and R).
other [3]. Additional restrictions should beonsideredvith care; we

As a particle encounters the oncoming beam at thentatively considerthe following: (1) control energy
interaction point, its trajectory is bentand it radiates resolution in collision:d < 0.1 (2) controbackgrounds:
"beamstrahlung" photons, with a spectrgharacterized Y < 0.2. If weacceptthese constraints as equalities, all
by the parameter parameters, buR, follow directly. For example, at 5 TeV

W r2 center of mass energy, a useful evemate requires
T be luminosity oforderL ~ 1G°cm?s®. Perceivedbperating
(1+R)oyo, costs limitsP to, let us say, 500 MW. Witd = 0.1 and
Y = 0.2 one find®V ~1.6x10, 5, "0,0.1cm, D, 1.5x1C,
and other parameters as in Table 1.

Y =1.1x10?

the ratio ofaveragephoton energy to incident electron
energy.Herer, = 2.82x10" cm is the classicatlectron
radiusandN, is the number of particles pé&unch. The

quantityR = a,/0, is the aspect ratio of the beam at the Table 1 Naive collider scalings at 5 TeV.

IP, g, and o, are the rms spot sizes in collision, is the ~ -7 +1
rms bunch length, ang=E,/2m¢ is the LorentZactor o 5x10 n(l R)Cm
for an electron. f =1.4x10°R(1+R) ™ Hz

It is instructive toparameterizehe collider scalings _ 8 +
by Y. We abbreviate W=0,Y/ry. The average N, =5x10 n(l R) >
fractional energy loss of an electrondollision is given Ey = 1x 10_7|’]2(1+ %) m — rad
by [4]

The relatively long bunch length has implications.
For a linac operating with a pure sinusoidatelerating
waveform (.e, a conventional linac), the bunch length
constrains the linac wavelength Ao[J 530,/6'?, whered
Np, = 8.5><10_3WDUV E(l +R), is the percent rms energy sprez:;\d for the beam. The
EE momentum bandwidth of the final focus system [5]
constrainsd. For exampled ~ 0.2% implies alinac
operating atS-Band orlonger wavelengthsGradients are

-2
566 ><10‘5WY[1+ (1.5v)?/ 3] .

The number of particles per bunch is
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limited at long wavelengthsdue to breakdown and

and there were 16 longitudinal slices, with o)

trapping [6] and even at a gradient of 50 MeV/m, the linagarticles/slice/beam.

complex would occupy 100 km. These numhbmosld be

The charge separationinstability can be solved

relaxed, with non-interleaved chromatic correction, oranalytically (see next paragraphs) foruniform charge

harmonic rf energyspread compensation, or with a
breakthrough in the understanding of breakdown.
Regardless, the disruptiggarameter issufficiently large
that the beams would be violently unstable in collision.

One way out of thisdilemma is to relax the
constraint or, and accept and deal with the copiqaér
production that would result. In this case, oneould
contemplate a machine at wavelengths of gragdients as
high as 200 MeV/mand alinac 25 km long.There is a
secondalternative,andthis is the subject of theresent
work.

2 NEUTRAL BEAM COLLISIONS

We considetuminosity production bycollision of
two neutral beams, each consisting of teepropagating
€" and e beams. We pussidethe issue of initialstate
tagging. Parameters we have in maré o,=0, = 0, ~ 2
nm, B, ~ 220um, &, = &, ~ 1x10" m-rad,f ~ 550Hz,
eN, ~ 2nC. Corresponding two-beam parametars o ~
1,Y ~ 3x10, n ~ 1%. As acheck ofconsistency, we
take note of théide limit [7], arising from synchrotron
radiation in the final focus,

17
Cepy O
360 Fl”,E—Z

« = 3gn g

17

e
F2/7’

ny ﬁ
= QISVHKH

where the functiofr depends on the optics, and is of order

unity. The bunch length is subject ) < B, and the
uncompensated disruption paraméer 1.4g, (um).

We consider next, what collective limits arise in thi

system. As noted by Balakinand Solyak[8] and
Rosenzweiget al[9] neutralized beams inollision suffer
from achargeseparatiorinstability. A minute deviation
from neutrality is amplified as the like-charge beamsyzel
each other. This effect needs to be
quantitatively, and a strong-strong, multi-particle

simulation has been written for that purpose. The

following sectiondescribeghat simulationandthe work
that has been done to date to verify it.

3 INSTABILITY OF NEUTRAL BEAMS

We employ aparticle-in-cellsimulation based on a
three dimensional gridvith chargeallocation by area
weighting in the transverseplane, and solution of

Poisson’s equation in the transverse plane. The transverse

algorithm isdescribed in referencg¢$0, 11], and is best

evaluated

density beams with the assumption that the bemfius
is constant through the collisioandthe simulation has
been tested by cqmaring results with thisanalytical
solution.

t=z=0
+z >
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Figure 1: Configurationand coordinates for the
calculation. L. and L, are right-handed coordinatéisat

move with the beams. The figuredsawn atthe start of
the interaction.

Let R, andR, denote the transverse separations of the

beams moving to the righand left, respectively. The
equations of motion, derived from Gauss’ Law for
uniform beams, are

d°R, 8D -~  d°R,

R
where L is the full length of the beamd) is the
disruption given by

D=

_8c¢’D &
12

reNpL
2
YOr

3

and g, is the beam radius. Let, and L, denote

coordinates that move with the bunch as shown in Fig. 1.
SThe equations ofmotion can be rewritten irterms ofL,

andL,as
2 2D
a2 Ri(LyLr) =77 Re(Lp o),
02 ~ D&
oz Rrbe L) =5 Ri(bs Lr).

These equations can be solved byaplace

transformation. For example, the equation for the Laplace

transform ofRy with respect td.y is

- . (eoL, 0, 1% ., . [kpL,0O
r(Ly,P) =Tro COS*ELTP[H"Z—DID 0 S'”*‘HLT;E

[2D(L /X /)

L,
+ [dx, sinh gﬁ +1R } ,
{ ¢ SINE—=2="H R+ Rio

suited for approximately round beams which is the case g qre p is the Laplace transform variablend the

interest. The modification of previous work for this Papeg bscripts

is that the simulation hakeenmade strong-strong by
splitting the beams into a number of
longitudinally. For the resulteeported inthis paper the
azimuthal bin size war/8, the radial bin size was 061

"0" denote initial values.

) For the specific case where the centroids of the right
slice§noving beamsare offset from each other by 2,

R0 =Ryp=Rio=0; R;p =2A. Substituting into the
above equation
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Tr(Lsp) =

,
2ACOSFHWE.

which can be inverse transformed after expanttiregcosh
in a Taylor series to give
Ly Ly [Fn

axRiLil) =14 Z ((2%1)|) %DTTD

100
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Figure 2: Centroid separatiamrmalized tothe initial
offset for the right moving beams thatere initially
offset. The circles are from the simulaticandthe solid
curve is the analytical result.

Figure 3: Centroid separatiamormalized tothe initial
offset for the left moving beams thatere not offset
initially.  The circles are from the simulation,and the
solid curve is the analytical result.

The separation of the Ieft moving beams for this case is

L, |-rD2 _

1
sx Rl L) = 55 DUD Z @ny (2n 2)! D11

Note that the last two equat|ons are exact solutions.

These two equations can be cqared with
simulation results. Figures &xd 3show the results for
the case of foD = 5 and24/gy = 0.05. The simulation
and calculation are in good agreement. We consider this to
indicatethat the simulation igorrectandcan be used to
study tolerances for realistic situations including Gaussian
profiles and unequal charges.

4 CONCLUSIONS

Collision of neutral beams permits operation in a
region of IP parameter space¢hat, for simple e+e-
collisions would correspond t&', 6 >> 1. With neutral
beams much larger emittances, higher bunch charges, and
shorter wavelength linacs may be contempla@antrol
of 2.5 TeV neutral beams in collision are likely remuire
an uncompensatedisruption parameterD < 10, and a
correspondingly short bunch length.

We havedeveloped andested a simlation that can
be used tomake quantitative estimates of tolerances in
neutral beam collisions.
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