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1. Introduction

The ATLAS and CMS experiments at the LHC recently discovdgBe®] the long-sought Higgs
boson with the mas®l ~ 126 GeV/c. The precision study of the Higgs boson’s properties would
require the construction of an energy- and luminosityire™ e collider [4].

With the sole exception of theE3 = 91GeV SLAC Linear Collider (SLC), ak™e™ collid-
ers ever built have been based on storage rings. Hge=2209GeV LEP collider at CERN is
generally considered to have been the last energy-froatier storage-ring collider (SRC). In-
deed, synchrotron-radiation energy losses, which areoptiopal toEg/R, make the construction
and operation of higher-energy SRCs excessively exper&ivergy-frontier lineae™ e~ colliders
(LC), which have been in development for over 40 years, ae from this limitation and allow
multi-TeV energies to be reached. Two LC projects are in aced stages of development: the
2E; =500GeV ILC [5] and the By = 500-3000GeV CLIC [6].

Nevertheless, several proposals [7, 8, 9, 10, 11] fd&E@=2240GeV SRC for the study of the
Higgs boson ire"e~ — HZ have recently been put forward [12]. Lower cost and reliamncérmly
established technologies are cited as these projectshayes over an LC. Moreover, it has been
proposed [8] that aBy = 240 GeV SRC can provide superior luminosity, and that thatfavaist”
collision scheme [15, 16] can be adapted to energy-fro®ie€Cs, allowing them to exceed the ILC
and CLIC luminosities even a3 = 400-500 GeV. Parameters of SRCs proposed in Refs. [7, 8]
are summarized in Table 1.

In this conference paper, which is based on [1], we examiaadle of beamstrahlungi.e.,
synchrotron radiation in the electromagnetic field of thepaging beam, in high-energy" e~
SRCs. First discussed in [13], beamstrahlung has beenstuelled only in the LC case [14]. As
we shall see, at energy-frontiere~ SRCs beamstrahlung determines the beam lifetime through
the emission of single photons in the tail of the beamstrahispectra, thus severely limiting the
luminosity. Unlike the LC case, beamstrahlung has littfe@fon the SRC energy spread.

At LCs, flat beams are employed to suppress beamstrahlurgip dedliding particle radiates
ny, = 1-2 beamstrahlung photons with the total energy averagid§e3of the beam energy. The
long tails of the beamstrahlung energy-loss spectrum ara pmblem for LCs because beams are
used only once.

In contrast, at SRCs the particles that lose a certain naatf their energy in a beam col-
lision leave the beam and strike the vacuum chamber’s widlis;fractionn is typically around
0.01 (0.012 at LEP) and is known as the ring’s energy acceptaBeamstrahlung was negligible
at all previously built SRCs because of their relativehgabeam sizes. Its importance consider-
ably increases with energy. Table 1 lists the beamstrahttnagacteristics of the newly proposed
SRCs assuming a 1% energy acceptance: the critical photogyefor the maximum beam field
Ecmax the average number of beamstrahlung photons per electrobgam crossingy, and the
beamstrahlung-driven beam lifetime. Please note that beaenstrahlung is taken into account,
the beam lifetimes drop to unacceptably low values, fromaetion of a second to as low as a few
revolution periods.

At the SRCs considered in Table 1, the beam lifetime due totla@oidable radiative Bhabha
scattering is 10 minutes or longer. One would therefore vilamtbeam lifetime due to beam-
strahlung to be at least 30 minutes. The simplest (but nahoipt) way to suppress beamstrahlung
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LEP LEP3 DLEP STR1 STR2 STR3 STR4 STR5 STR6
Ccr-w Ccr-w cr-w Ccr-w

2Eq, GeV 209 240 240 240 240 240 400 400 500
Circumference, km 27 27 53 40 60 40 40 60 80
Beam current, mA 4 7.2 14.4 14.5 23 14.7 1.5 2.7 1.55
Bunches/beam 4 3 60 20 49 15 1 1.4 2.2
N, 10t 58 135 2.6 6 6 83 125 25. 11.7
gz, mm 16 3 1.5 3 3 1.9 1.3 1.4 1.9
&,NM 48 20 5 23.3 24.6 3 2 3.2 3.4
&,nm 0.25 0.15 0.05 0.09 0.09 0.011 0.0112 0.017 0.013
Bx, mm 1500 150 200 80 80 26 20 30 34
By,mm 50 1.2 2 2.5 2.5 0.25 0.2 0.32 0.26
Oy, Um 270 54 32 43 44 8.8 6.3 9.8 10.7
Oy, um 3.5 0.42 0.32 0.47 0.47 0.05 0.047 0.074 0.06
SR power, MW 22 100 100 100 100 100 100 100 100
Energy loss per turn, GeV 3.4 7 3.47 3.42 2.15 3.42 33.9 18.5 .4532
£, 10%cm 2s1 0.013 1.3 1.6 1.7 2.7 17.6 4 7 2.2
Ecmax/Eo, 1073 0.09 6.3 4.2 35 3.4 38 194 232 91
per electron 0.09 1.1 0.37 0.61 0.6 4.2 8.7 11.3 4.8
I|%/et|me(SR@|P) (S ~o  0.02 0.3 0.2 0.4 0.005 0.001 0.0005 0.005
Zeor, 1034 cm 2571 0.013 0.2 0.4 0.5 0.8 0.46 0.02 0.03 0.024

Table 1: Parameters of LEP and several recently proposed storageailliders [7, 8]. “STR” refers to “Su-
perTRISTAN" [8]. Use of the crab-waist collision scheme [18] is denoted by “cr-w”. The luminosities
and the numbers of bunches for all projects are normalizéitdotal synchrotron-radiation power of 100
MW. Beamstrahlung-related quantities derived in this pape listed below the double horizontal line.

is to decrease the number of particles per bunch with a shmexdius increase in the number of col-
liding bunches. As explained belo® max should be reduced ts& 0.001Eq. Thus, beamstrahlung
causes a great drop in luminosity, especially at crab-wai€Cs: compare the proposed and
corrected (as suggested aboy&), rows in Table 1.

To achieve a reasonable beam lifetime, one must make sneafitimber of beamstrahlung
photons with energies greater than the threshold er&rgy nEo that causes the electron to leave
the beam. These photons belong to the high-energy tail di¢laenstrahlung spectrum and have
energies much greater than the critical energy. It will B&adly shown below that the beam lifetime
is determined by such single high-energy beamstrahlungpplhpnot by the energy spread due to
the emission of multiple low-energy photons.

2. Beam lifetime due to beamstrahlung, restriction on beam parameters|[1]

The critical energy for synchrotron radiation

3%

wherep is the bending radius ang= Eo/mc®. The spectrum of photons per unit length with
energy well above the critical energy

dn 3may e
= \/ 2 21 \/_d (2.2)
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whereu = E,/E;, a = €?/hc.
Using these simple formulas, one can find the critical enefgyeamstrahlung photons (for
the maximum beam field) corresponding to a beam lifetime ah8tutes:

u=nNEo/Ec~85; E¢~ 0.1201Eq~ 0.1nE,. (2.3)

The accuracy of this expression is quite good for any SRCUseciadepends on collider parameters
(R, Eq, 0,) as well as on the assumed lifetime only logarithmically.
The critical energy is related to the beam parameters asifsil

Ec  3yreN
EO N C{O'XO'Z ’

(2.4)

wherere = €/m¢ is the classical radius of the electron. Combined with Eg, this imposes a
restriction on the beam parameters,

(2.5)

whereN is the number of particles in the beam,= ez/ﬁcz 1/137, andoy and o are the rms
horizontal and longitudinal beam sizes, respectivdlfiis formula is the basis for the discussion
that follows This constraint on beam parameters should be taken intmata luminosity opti-
mization.

It can be shown that the beam lifetime given the above canditis determined by the emis-
sion of beamstrahlung photons with energies a facter 66 greater thagE,).

3. The beam energy spread

In Ref. [1], the rms beam energy spread due to beamstrahlasgcampared to that due to syn-
chrotron radiation in bending magnets. It was shown thahigsrwith large energy acceptance the
energy spread due to beamstrahlung could be larger tham @R; thowever, the lifetime is always

determined by the emission of energetic single photons.

4. Head-on and crab-waist collisions[1]

In the “crab waist” collision scheme [15, 16], the beamsidelat an anglé >> oy/ g, in contrast
with the usual head-on collisions, whefle< oy/0;. The crab-waist scheme allows for higher
luminosity when it is restricted only by the tune shift, ceerized by the beam-beam strength
parameter. One should work at a beam-beam strength parasnedéier than a certain threshold
value,~ 0.15 for high-energy SRCs [7].

In head-on collisions, the vertical beam-beam strengtarpater (hereinafter, the “beam-beam
parameter”)
_ Nrefy __ Nreoy

&= 2nyoyoy . 21myoyoy

In the crab-waist scheme [15],

for By ~ 03. (4.1)

5 — NreB? . 0 49
Y= a0, or By~ oy/8. (4.2)

4
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The luminosity in head-on collisions

N2 f N fyéy,
~ ~ : 4.3
4110y 0y 210y (4.3)
in crab-waist collisions,
N2 f N NZByf NnyEy (4.4)

" 2moy0,0 T 2moxoy0, 2By

In the crab-waist scheme, one can m@e< o, which enhances the luminosity by a factor
of 0;/By compared to head-on collisions. For example, at the prapliakan SuperB factory [16]
this enhancement could be a factor of 20-30.

5. The beam energies where beamstrahlung isimportant [1]

Using Egs. 4.1 and 4.2 and the restriction in Eq. 2.5, we fiechtinimum beam energy at which
beamstrahlung becomes important. For head-on collisions,

Vinin = (0'1’70'022)1/25 o) (5.1)
min — y .
for crab-waist collisions,
12 3/4
o — [ 2219B) 5;/1/4. (5.2)
3Mredy 0y &' gy

In the crab-waist scheme, beamstrahlung becomes impatamtich lower energies because
By < 0. This can be understood from Eq. 4.2: smafgcorresponds to denser beams, leading to
a higher beamstrahlung rate.

For typical beam parameters presented in Table 1, bearhsttahecomes important at en-
ergiesEp = 70GeV forete storage rings with head-on collisions; when the crab-wsiseme
is employed, this changes to the more stBgt> 20GeV. All newly proposed projects listed in
Table 1 are affected as they are designedsfpr 120 GeV.

6. Luminosities for the head-on and crab-waist schemesin a
beamstrahlung-dominated regime [1]

Now, let us find the luminosity? when it is restricted both by the tune shift (beam-beam gtren
parameter) and beamstrahlung. For head-on collisions,

(Nf)N Nreo; N a
~ ~ =k=01ln— 6.1
dmioyo,’ Y 2myogo,’ 0o, L 3yre2 (6.1)
andoy =~ ,/€,07. This can be rewritten as
N f)ko: Kreo?
o~ ND 2 &L oy~ /0 (6.2)

4110, ~ 2nyoy’
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Thus, in the beamstrahlung-dominated regime the lumipadsifproportional to the bunch
length, and its maximum value is determined by the beam-bstaength parameter. Together,
these equations give

2/3 1/3
& Nf /0.1na 2méy 7 (6.3)

4\ 3 yraey

2/3

1/3 [ BTIY°reé
Ozopt = &' ( Olnzy> - (6.4)
Similarly, for the crab-waist collision scheme,
_ (NHNB, NreBZ N —k~017 Y (6.5)
27TGXGyGZ y= myoxo,0;” 0x0; T 3yre? '

andoy ~ /&By. Substituting, we obtain

Nk kel
- -5,

oo, Ty, Oy ~ 1/ &Py. (6.6)
The corresponding solutions are
2/3 1/3
&~ Nf /0.2na 2méy 7 (6.7)
4\ 3 yraey
2/3
1/3 37-[V2refy
By.opt = < 01na ) : (6.8)

We have obtained a very important resuit:the beamstrahlung-dominated regime, the lumi-
nosities attainable in crab-waist and head-on collisiaespsactically the samen fact, the gain
from using the crab-waist scheme is only a factor 88 2- 1, contrary to the low-energy case,
where the gain may be greater than one order of magnitudehisaeason, from this point on we
will consider only the case of head-08 < oy/ ;) collisions.

From the above considerations, one can find the ratio of thmnlsities with and without
taking beamstrahlung into account: it is equabtgo; opt for head-on collisions anfl,/Byopt for
crab-waist collisions and scales 3/5E§/3 for y > Vmin.

In practical units,
Oropt 26 (&) R, (6.9)
mm 123 \nm 100GeV) '

For example, forgy = 0.15, n = 0.01, Eg = 100GeV and the vertical emittances from Table 1
(¢y = 0.01 t0 0.15nm), we getr, opt = 2.5 t0 6.4 mm.
According to Eqg. 6.3, the maximum luminosity at high-ene&Cs with beamstrahlung taken

into account 23 13
2 2
v h N2f th <01na> ( Z€y> ’ (6.10)
4oy oy 4n 3 yragy

whereh is the hourglass loss factof,= n,c/2mR is the collision rateR the average ring radius,
andny the number of bunches in the beam.
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The energy loss by one electron in a circular odit= 47€?y*/3R,. Then, the power radiated

by the two beams in the ring
cNn,  4€?y*cNn,

P =20E 2R~ 3R (6.11)

SubstitutingNn, from Eqg. 6.11 to Eg. 6.10, we obtain

2/3 1/3
o=ty (1) ()"
e y
or, in practical units,

¢ 100hn23g;"° P 2R\ Ry 613
10%4cm2s1 "~ (Eo/100GeV)1%/3(g, / nm)1/3 <1OOMW> <100km> R (6.13)

Once the vertical emittance is given as an input parameterfivd the luminosity and the
optimum bunch length by applying Eq. 6.9. Beamstrahlungthadeam-beam strength parameter
determine only the combinatioN/oy; additional technical arguments are needed to fhand
oy separately. When they are fixed, the optimal number of biswhes found from the total SR
power, Eg. 6.11.

In Table 2, we present the realistic luminosities and beararpaters for the rings listed in
Table 1 after both beamstrahlung and the beam-beam paraaneteaken into account. The fol-
lowing assumptions are made: SR powet 100 MW, R,/R = 0.7, the hourglass factdr= 0.8,
the beam-beam paramet§r= 0.15, the energy acceptance of rings= 0.01; the values of all
other parametersy, & andp) are taken from Table 1.

LEP LEP3 DLEP STR1 STR2 STR3 STR4 STR5 STR6
cr-w  cr-w  cr-w  cr-w

2Eq, GeV 209 240 240 240 240 240 400 400 500
Circumference,km 27 27 53 40 60 40 40 60 80
Bunches/beam ~2 ~7 70 24 53 240 36 45 31

N, 10! 33 5.9 2.35 3.9 4. 0.4 0.34 0.6 0.65
gz, mm 8.1 8.1 5.7 6.9 6.9 3.4 6.7 7.8 9.6
Oy, Um 1.4 11 0.53 078 078 019 027 036 0.35

Z,10%cm2s1 047 031 0.89 0.55 0.83 1.1 0.12 0.16 0.087

Table 2: Realistically achievable luminosities and other beampatars for the projects listed in Table 1 at
synchrotron-radiation powét = 100 MW. Only the parameters that differ from those in Tableglslhown.

Comparing Tables 1 and 2, one can see thaEgt2240 GeV, which is the preferred energy for
the study of am = 126 GeV Higgs boson, taking beamstrahlung into accountr®te luminosi-
ties achievable at storage-ring colliders with crab-wadslisions by a factor of 15. Nevertheless,
these luminosities are comparable to those at the #4gs ~ (0.55-07) x 103 cm=2s~ ! at 2y =
240GeV [17]. However, atB) = 500GeV the ILC can achiev& c ~ (1.5-2) x 10**cm?s71,
which is a factor 15-25 greater than the luminosities aelfilevat storage rings.

7. Waysto increase luminosity of high-energy storagerings

7.1 Linear-ring collider with energy recuperation

At linear colliders, beams are used only once; one shouldlace new beams from zero to the
maximum energy for each beam collisions; therefore, LCsrarg energy-ineffective machines.
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Storage rings are much better in this respect; howevergatthiéam energies they also need huge
electrical power to compensate for SR energy losses. Asfight, these problems can be partially
overcome in the collider scheme shown in Fig. 1. In this saheafier the collision at the interaction
point (IP), the electron (positron) bunch is deceleratethénsecond half of the linac down to the
energy of about 15 GeV, makes one turn in the ring, then isleiated again—and the process is
repeated over and over again (for minutes) as in conventtoeage rings but with much smaller
SR losses (proportional ®*/R per turn).

E~10-20 GeV
R~0.5 km
2E_0=240 GeV

=]

Figure1: Linear-ring collider with energy recuperation

If n is the energy acceptance of the ring, the maximum energy abgahlung photons
should benE (not nEp). This reduces luminosity” by a factor of(E/Eg)%/® ~ 0.25. However,
thanks to much lower SR losses, one can incréabby a very large factor, and thus increase the
luminosity by 1-2 orders of magnitude.

Unfortunately, there are many stoppers which make thismsetimpractical:

e The required refrigeration power for the linac working ie tontinuous mode is about 150—
200 MW (assuming an acceleration gradientof5 MeV/m,Q = 2 x 10'°) [18].

e Parasitic collisions of beams inside the linac. One canrstpahe beams (the pretzel
scheme), but beam attraction would lead to beam instasiliti

e The transverse wakefield problem for beams shifted from xige a

e The energy difference between the head and tail becomegeptable after deceleration
(beam loading helps during acceleration but is detrimedhigihg deceleration).

Thus, this idea looks interesting but technically impoesith C schemes with recuperation were
considered in 1970s [19] and were also rejected then.

7.2 Charge-compensated (four-beam) collisions

The idea to collide four beamgf(e~ with e"e™) is more than 40 years old. Beams are neutral
at the IP, so there are no collision effects, which sounds. ni& four-beame™e~ collider, DCI,
with the energy E ~ 2 GeV, was build in 1970s in Orsay [20]. There were hopes thelieam
collision scheme would increase the luminosity by a factat@D—nbut the result was confusing:
the maximum luminosity was approximately the same as intie@m collisions. This is due to the
instability of neutrak™ e~ beams [21]: a small displacement of charges in one beamteatiarge
separation in the opposing beam and subsequent developitegam instabilities as in two-beam
collisions. The beam-beam paramefgattainable at DCI was approximately the same as without
neutralization.
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A similar four-beam approach was considered in 1980s feglirtolliders in order to suppress
beamstrahlung [22]. However, simulation and theory hawvshthat the kink instability that
develops in collision limits the luminosity to a value thatlower than in two-beam collisions
because the pinch effect is absent; beamstrahlung is sggutenly at rather low luminosities.
For these reasons, the idea of charge neutralizatieneit colliders was dismissed. Why are we
discussing it again?

The above-mentioned beam neutralization exercises hamensthat this method does not
help to increase the beam-beam paramétédowever, it should work at values é§ attainable in
two-beam collisions. We have such a case'@& Higgs factories. Their luminosities are limited
by beamstrahlung. Using charge compensation, one canesgppeamstrahlung and increase the
luminosity while keeping the sandy as for standard two-beam collisions.

What luminosity increase can be achieved this way? For beachllisions, beam neutral-
ization can increase the luminosity only by a factor of 2—-2k§ = 240 GeV. However, in the
crab-waist scheme (which, as demonstrated above, has mditbenbeamstrahlung-dominated
ring colliders) the situation is much more attractive. Camipy the luminosities for crab-waist
storage rings in Tables 1 and 2 (without and with beamstrahtaken into effect), one can see the
possible benefits from the suppression of beamstrahlunth€iinline table below, the subscript
“nb" stands for “no beamstrahlung”, “b" stands for “with bestrahlung”):

2E,, GeV | 240 400 400 500
L/ | 16 33 43 25

These numbers, corresponding to an ideal charge compamsiatbk quite attractive.
Let us find the charge compensation “quality” required toease the luminosity by a factor
of Z./-Z, where the subscript “c” denotes “compensated”. From Esald 6.6, we have

2 OKRE®, (7.1)

wherek = N/(0yx0;) =~ 0.1na/(3yre?). For the case of charge-compensated beams, the beam-
strahlung condition should be rewritten as followN¢/(0y c0zc) = k or N¢/(0x cOz¢) = K =
k(N¢/AN¢). The expression for luminosity will be similar to Eq. 7.1 thvk replaced by’

N\ 2/3
gcm<k—°> &2 (7.2)

From these two equations, we get the required degree ofelcargpensation

3/2 1/2
ANe _ <£> <§> . (7.3)
N Ze ¢
For example, ifé; = & , then to increase the luminosity by a factor.#t/.# = 10 one needs
AN¢/N¢ = 0.03. Gaining a factor of 30 requirdsN/N = 0.006. Thus, an order-of-magnitude

luminosity increase seems realistic. Unfortunately, thisthod has many problems (and even
stoppers):

1. Crab-waist collisions assume collisions at some hota@amgle, which requires two rings
with electrostatic separators near the IP and inside thgsrisee Fig. 2, plus one ring for
injection; three rings in total.
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el.stat. plates

berﬁ/magnet

Figure2: Ring collider with charge compensation. Blue: electrod; f@ositron beamlines.

2. The assembly of electron and positron bunches appraattaiP at a relative angle of about
10 mrad (determined by quads radius) into one neutral busicly & bending magnet placed
between the IP and the final-focus quads looks very problerdaé to synchrotron radiation
in the magnet. This leads to the increase of the vertical @aeat the IP (deflection in the
solenoidal detector field due to the crossing angle). Thiblpm is very serious and appears
to be a stopper for high-energy rings.

3. Everything must be very close to ideal: even a small dispteent of beams at the IP (e.g.,
0.20y) would lead to a very short beam lifetime.

4. Immediately after refilling, bunches have slightly diéfet sizes and some displacement. One
should avoid collisions of such bunches at the IP until fallmbing has been achieved.

5. The additional cost.

8. Conclusion

We have shown that the beamstrahlung phenomenon must berlgrtgken into account in the
design and optimization of high-energy storage rings deth (SRCs). Beamstrahlung determines
the beam lifetime through the emission of single photon&iéntail of the beamstrahlung spectra,
thus severely limiting the luminosity. We have demonsttateat beamstrahlung suppresses the
luminosities of high-energgte storage rings as/Eg/3 at beam energielSy =~ 70GeV for head-
on collisions andgy = 20GeV for crab-waist collisions. Very importantly, bearastung makes
the luminosities attainable in head-on and crab-waisisiolis approximately equal above these
threshold energies. AtE) = 240-500GeV, beamstrahlung lowers the luminosity of cralstv
rings by a factor of 15-40. Some increase in SRC luminositzsbe achieved at rings with larger
radius, larger energy acceptance, and smaller beam Venticdance.

We also conclude that the luminosities attainable’a  storage rings (with one interaction
point) and linear colliders are comparable By 2= 240 GeV. However, atE, = 500 GeV storage-
ring luminosities are by a factor of 15-25 smaller (thisdaés smaller for rings with larger radius).
Therefore, linear colliders remain the most promisingrinsient for studying the physics at ener-
gies £y = 250GeV.

10
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We have also briefly considered two possible methods of &sing the luminosity of high-
energyet e storage rings: the linac-ring storage ring scheme with tieegy recuperation and the
charge-compensated four-beam collider. The first scheokes lcompletely unrealistic; the second
one is also very difficult to implement and suffers from a famdntal problem connected with
radiation in beam-combining magnets.
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