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Constraints on plasma compensation of beam-beam effects in muon colliders
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We obtain necessary conditions for the plasma compensation to work in muon colliders. To this end, we
analyze the suppression of beam fields by the plasma, collisional diffusion of the return plasma current,
possible beam filamentation, and dynamics of plasma ions. We show that a good compensation requires very
short beams and allows little freedom in choice of the plasma density.
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[. INTRODUCTION wherem s the electron mass,is the light velocity, and is
the elementary charge.

A plasma can sustain extremely large electric fields. Due It is convenient to characterize the plasma compensation
to this ability, various applications of plasmas to high-energyby the ratio of tune shifts with plasma&) and without
accelerators have been intensively studjéd-3]. Among plasma §;). The smalleré/ &, the better compensation. For
them there are the wakefield acceleration, passive plasntaund Gaussian beams, optimum plasma thickness, and ide-
lens, plasma guiding of beams, photon acceleration, andlized model of plasma behavior, this ratio[®§
plasma compensation of beam fields at the interaction point

of colliders. Here we consider the plasma compensation as ¢ 1 8In(kZo?—1)+1
applied to multi-TeV ultimate muon collidef4]. T~ . (4)
Earlier the plasma compensation was first studied as a S0 Ko 4w In(kgor—1)

possible means of beamstrahlung suppression in linear

electron-positron colliderg5,6], and it was realized that the Consequently, to achieve a given rai@, we need, at least,
plasma density required for good compensation is too high in

future_collid_ers; higher than the de_nsity of conduction elec- kpo = Vag(éy/€), (5)
trons in solids. Later the suppression of beam-beam effects

in circular colliders was considerdd], but degradation of \ypere
the beam lifetime due to plasma turns out to be unacceptable

for proton and electron machines. Here we derive necessary 8 In(£0/6)+1
conditions for the plasma compensation to work in muon as~1+ 27As00s) T 2
colliders and show that these conditions are difficult to sat- 4\ In(&g/€)
isfy. We analyze only the requirements imposed by the

plasma compensation itself and leave aside the trade-off bés a factor of the order of unity.

tween the luminosity increase and the plasma-induced back- The plasma neutralizes the electric field of the beam much
grounds since the latter will be considered elsewh@&e better than its magnetic field. It is uncompensated magnetic
Also, we ignore the questions of multiturn beam stability asfield that makes the dominant contributiongoThe electric

(6

affected by the plasma. field is v/c times smalle{9], wherev is the longitudinal
velocity of plasma electrons. However, the electric field al-
Il. SUPPRESSION OF THE BEAM FIELDS ways pushes plasma ions radially away from the beam
axis[9].

The plasma can efficiently neutralize the electric and
magnetic fields of the beam if the following conditions are
fulfilled [5-7]:

Let us rewrite inequalitiegl) and(5) in terms of number
of particles in each colliding beanNg), beam size §, , ),
plasma ion densityr(), ion charge stateZ=n./n;), and

Ne>nNy, 1) “ion” skin depth

koo >1. ) K:cﬁ: [ me
P w, 47n;e?

Heren, is the electron density in the plasnmg, is the beam
density (the sum of beam densities in the case of several _ ) _
beams, o is the rms beam radius, g is the reciprocal For Gaussian beams, we have the maximum beam density
plasma skin depth related to the plasma electron frequency
w, as follows: Np
P
Np
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Ny \FNbre}(gi
e
Ne T Zofo,

wherer, is the classical electron radius. Then Ed) be-
comes

2N,
0'20'r2> ;?re}(gi , (9)

and Eq.(5) turns out to be

SN

[ll. COLLISIONAL DIFFUSION OF THE RETURN
CURRENT

(10

When the beanfor two opposite beams in our casen-

PHYSICAL REVIEW E 63 036503

i 2kbot(él &)
NCOI:O'ZCVe| p Era(dg §0 -1, (14)

we can neglect the heating of plasma electrdrid and put
the velocity of plasma electrons equal to the drift velocity of
the electron fluid:

v=bgcny/ng. (15
The factorbye (0,1) appears because at the beam periphery
plasma electrons move slower than at the beam center. Sub-
stituting Eq.(15) into Eq.(13), we can rewrite the condition
of admissible magnetic diffusion in the form of the limitation
on beam dimensions

1/4
4&(&/&))) BN 1z g

W\/;adA z

We retain all numerical factors in formulas to avoid accumu-

0,0,< (

ters the plasma, it inductively generates the plasma returlation of errors.
current. This current provides an approximate local compen-

sation and the exact integral compensation of the beam cur-

IV. BEAM FILAMENTATION

rent. Due to electron-ion collisions in the plasma, the area of . . , .
the return current broadens, and the local compensation be- €0!d beams in the plasma are subject to filamentation.

comes worse. This is the well-known phenomena of the di

fusion of a magnetic field into a stationary conductsee,

e.g., Ref.[10]). Electron-electron collisions do not change
the return current and affect the field diffusion only via hea
ing of plasma electrons. Quantitatively, the magnetic diffu-

sion is described by the equation

B, ¢? AB
gt Amo” o C

11

whereB; is the azimuthal magnetic field of the return cur-

rent, o is the plasma conductivity, andl is the Laplacian.
The plasma conductivity can be expressed in terms
electron-ion collision frequency,; or electron velocity:

nee? my3

0-_ - —1
Mvei 47AZ€?

(12

whereA is the Coulomb logarithm.

To obtain the required compensation, the plasma has to

reduce the magnetic field of the beafp/(2£) times. The
factor of 2 appears here because the electric iblat makes

half the contribution t&,) is always perfectly eliminated by

the plasma. Then, as follows from Ed.1), the beam should
be short:

2¢ 1 9B. 0, agAZe€co,

B. ot ¢c 3 2

—> 13
§o Bc dt ¢ muv oy 13

¢.This phenomenon, known as a manifestation of Weibel in-

stability, was studied in detail in application to plasma wake-
field acceleration. It was four[d 2] that the beam is stable if

t.the transverse component of its thermal velocity satisfies the

condition

- mny, (17)
v c\/ )
bl ’me,u,ne
wherey andm,, are the relativistic factor and rest mass of
the beam particles, correspondingly. As follows from the
derivation of Eq.(17), for two counterpropagating beams

0}his formula is also valid at least by the order of magnitude.

Assume that theB function at the interaction point is
equal too,. Then

Upr Oy
< "o, (18
and the stability condition reads
4
o, aim Nb 2
o, yeMm,Z "o 19

wherea;~1 is a numerical factor.

V. MOTION OF PLASMA IONS

In the presence of an ultrarelativistic beam, a small radial
electric field appears in the plasma. This field balances the
magnetic force exerted on plasma electrons moving axially

Here the constanty~1 comprises possible errors intro- in the incompletely neutralized magnetic field of the beam

duced when we estimate the derivativesBy. Since the

[9]. The electric field always pushes plasma ions out of the

“number” of electron-ion collisions during the beam pas- beam region. When the ion density near the beam axis re-

sage is

duces to zero, any compensation of the beam fi¢idgh
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electric and magnetjcdisappears. Here we write out the
limitation to beam parameters imposed by the dynamics of
plasma ions.

The typical value of the radial electric field is

logo(02/Api)

AV

v v eno, aen
E~—-B~—- 5T (20 2
c C (kpoy)®  Kkpoyne

where the numerical facta;~1 reflects an uncertainty in 0 0.5
determination of. This field shifts plasma ions radially by a
the distance~- o, in the time
M Oy K&
i~ \ Zep (21) E
whereM; is the ion mass. For the compensation to take place h%
we need 2
0'z<biCTi, (22)
whereb;~1. Substituting Eqs(20), (21), and (8) into Eq. 0 05 L0 15 20 25 30
(22), we obtain b logyo(0r/Api)
am 1/6 FIG. 1. Graphical representation of the limitations for plasma
o> — | N3 13523 (23  densities 5107 cm ® (a) and 5<10°° cm ™ (b). In the shaded
r 2 b 'e T . . X
277 Z M, areas all the inequalities are fulfilled.
Thus, for a good plasma compensation, the beam should hgg. 1) can be found by substitution of the minimum
wide enough. [determined by Eq(23)] into Eq. (16). It equals
. 133/ /12 1/6, 5/
VI. COMBINED LIMITATIONS N 6bi13b§4 MllsNglzréngis @)
Let us consider inequalitie®), (10), (16), (19), and(23) TzA ai1/6a$/4A1/4 Z58(¢4 1)V '

together and choose the most important ones. We take the

following parameters as a reference point: whereM is the ion mass number.

(24) We haveo, ,~0.05 cm for the above parameters. This
value is much smaller than any conceivable bunch length.
ne=n~5x10%2cm=3, X, ~2.4x10°%cm, (25 Using heavier metals as the plasma cannot save the situation
et B ’ because of the very weak dependence of on M. Multiple
M;/m~13x10", Z=1, &/é=10, (26) ionization of the ions, which is possible at typical energies of
plasma electrons, makes, 5 appreciably shorter. More ac-
which corresponda a 5 TeV muon beam and conduction curate calculations of the magnetic diffusioay), electric
electrons of liquid lithium as the plasma. Then the abovdield in the plasma &), ion dynamics ), or Coulomb

Np=5x10" T =m,y,/m~10,

inequalities can be rewritten as logarithm (A) will not noticeably change the expression
(32), because the dependenceaf, on the corresponding
0205/K2i>4-7>< 10°, (27 coefficients is weak. Possibly, a more accurate analysis of
the plasma conductivity at different radlh{) can change the
o/ Xpi>3.5, (28)  numerical factor in Eq(32), but unlikely more than an order
of magnitude.
ozgr/x§i<3><105, (29 As we see, the only way to make the plasma compensa-
tion work in muon colliders is to abandon the liquid metal
af/(azxgi)>0.06, (30) plasma in favor of lower density plasmas. Inverting E2R)

and neglecting numerical factors of the order of unity,
o/ Xpi>10. (3D
3/10 _6/5
In derivation of Eqs(27)—(31) we have putA =3, by=0.5, oi™ M,
andag=a;=a,=b;=1. The areas determined by inequali- 2M AN 1S
ties (27)—(31) are shown in logarithmic scale in Fig(d). It
is seen that, for the plasma compensation to work, the beamwe find that, foro, ,=0.3 cm and all other parameters of
should be very short. The maximum beam leng@tbint A in Egs.(24)—(26), the ion density should be

(33
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ni~5x10° cm™3 (Xpi=2X 10 5 cm). (34) For o,=0.3 cm, we have&,<0.4. Thus, for reasonably short
bunches the plasma cannot save from too high tune shifts.
The map of all limitations for this density is shown in
Fig. 1(b). In comparison with Fig. (B) it gives an idea how VIl. CONCLUSION
the limitations change with variation of the plasma density.
For a fixed bunch length and a variable plasma ion density,
determined by Eq(33), we deduce from Eq23) that

We obtain several necessary conditions for the plasma
mpensation to work in colliders. To this end, we analyze
the suppression of beam fields by the plasma, collisional dif-
fusion of the return plasma current, possible beam filamen-
1/2 1/5, /5, _4/5 > . s
o 0.17Y%( &, 16) " Poya (35  tation, and dynamics of plasma ions.
' M 3/10 ' For the ultimate muon collider, the most importélimn-
iting) effects are the diffusion of the return current and the

Thus, the longer the bunch, the wider it should be. Substitutmotion of plasma ions. To avoid the ion motion, the beams
ing o, ,=0.3 cm into Eq.(35), we obtaino,~1 um. We  must be wide. To avoid the diffusion, the velocity of plasma
see that the bunches longer than several millimeters are uflectrons must be rather high, which requires a high density
acceptable since they are to be too wide. The decrease of tigé the beams. With the beam radius fixed by the ion motion
p|asma density below the value of H64) is also unaccept_ I|m|t, the beam denS|ty has to be increased by decrease of the
able for this reason. beam length. _ .

In the ultimate muon collider, the plasma compensation For parameters of the ultimate 10 TeV muon collider, the
makes sense only i£<&n,~0.1. Let us determine the required beam length is no longer than several millimeters.

filled. For round beams, density, that is of the order of%610?° cm™2 in our case.
However, for reasonably short bunches the plasma cannot
Nyr o0, save from too high tune shifts.
fo=—— . (36)
4l o
Substituting Eq(35) into Eq. (36), putting é£=0.1, and ex- ACKNOWLEDGMENTS
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