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Measurement of colliding beam parameters with wide angle beamstrahlung
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A complete method for the measurement of beam-beam overkaipan collisions is presented. The method
uses large angle beamstrahlung to disentangle complex beam-beam topologies in the transverse plane.
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. INTRODUCTION w(t) is the positive-defined waste parameter due to nonopti-
mal instantaneous overlap. W(t) is known, the wasted in-
Machine issues at particle factories are dominated by lutegrated luminosity is defined as
minosity optimization, which is the overlap of the density

functions p of the two beams over space and time. For a
single beam crossing, Lw:ff dtLo(t)w(t), (1.4
_ wheref is the machine frequency. The waste parameter can
- Cf dVdrpa(r, 7)pa(17), (4.3 be readily derived from the convolution integrals, E(is1)

and(1.2). Dropping the time dependence, one gets
wheredV is the volume element angdis a time variable of
order of the beam-crossing duration. Optimal luminosity is L
achieved by perfect transverse overlap of two equal and W:1_|__O- (19
Gaussian beams squeezed to the limit allowed by the tune

shift. For a single beam crossing, that reads The waste parameter is clearly of great interest, and one of

the most important issues not only Bifactories but also at

Lo(t)= N1 (t)N,(t)c future linear colliders. As soon agis nonzero, a correction
0 (277)3ax(t)oy(t)az(t) should be applied to restore optimal luminosity. The ability
to measure and reduae would make for a substantial in-
x | dVdrexo—x2/ a2(t)+v2/ o2(t crease in the delivered I_uminosity of any machine.
f mexp(— {x oy () YT oy(t) Althoughw can be defined mathematically from Ed;.3),

2 the beam-beam topology cannot be measured directly. Tech-
+[2%+ (e N oz(O]) nigues have been Fc)ievgl)(/)ped that measure the tranS\yerse dis-
N3 (t)Ny(t) placement of the centers of gravity of the beams by Bambade
=m, 1.2 [1] ar]d Sagan_, S|kora, and Henderd@j. Both of these _
x y techniques actively displace one of the beams, and monitor
. the other beam to observe the strength of the beam-beam
where theN, , and oy, , are the beam populations and spa-jnteraction. In practice these techniques are sensitive to the
tial dimensions at any given time relative displacement of the beam centers from optimal
This formula becomes rather complex over time. Particle$egm-beam overlap.
are deflected by the other beam at each crossing, signifi- Generally, a discussion of the waste parameter must in-
cantly affecting the Twiss matrix of the machine. The beamg|yde all possible degrees of freedom in the evolution of a
currentsN;(t) decrease due to beam lifetime, also causingnachine over a run. There are seven parameters that can
the machine’s Twiss matrix to drift. If the machine is per- affect Opt|ma| beam_beam Over|éﬁ]_ These are Shown in
fectly symmetric, the transverse dimensions will change butg, 1.
the beams will maintain perfect overlap. Briefly there is a transverse displacement between the two
Even symmetric machines have some degree of asymmeeam centers described by a vectax(Ay), the transverse
try, and beams start moving independently in the transversgjzes of the two beams,; ,0,1,0%,, ando,, and a relative
plane as soon as collisions begin. Btfactories such as rotation of the two beams. The two beam currents also
CESR, PEP-II, and KEK, beams have horizontal dimensiongffect the beam-beam interaction. Currents are easily moni-
oy of the order several microns, with aspect raties tored and are not included in the discussion below.
=0y/oy~0.02-0.04. Adrift of 5,um is enough to spoil the | this paper, a technique is proposed by which six of the
luminosity. seven parameters can be passively monitored with the obser-
A better description of the luminosity over time should beyation of wide angle beamstrahlung. In the case of nonzero
waste, which is called a “pathology,” the responsible pa-
L(t)=Lg(t)[1—w(t)]. (1.3 rameter is identified unambiguously, and the amount of
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STl beam-beam simulation developed for this paper and Appen-
dix C evaluates the simulation’s accuracy.

II. LARGE-ANGLE BEAMSTRAHLUNG

The properties of large-angle radiation, emitted by a ul-
trarelativistic particle, differ dramatically from the classical
synchrotron radiation formulggt]. Appendix A shows that
the approximations used in Rdif3] and in this paper are
valid at large angles for all present and proposée™ col-
liders, if beamstrahlung detection is to be done at or near the
“magic angle” described in3]. Three properties of large
angle radiation are derived in Appendix A. Of particular in-
terest is the 100% linear polarization, either parallel or per-
pendicular to the bending force, obtained at certain azimuthal

Ax locations at large angle.
< At CESR, for example, it is possible to detect such radia-
tion in visible light at a locatin 5 m away from the interac-

FIG. 1. A general beam-beam collision. Seven parameters cation point, at a 6-mrad angle. The beam-beam interaction
be seen, corresponding to two transverse dimensions for each beagxcurs over a volume of order 30AMX7 umx7 mm,

a two-dimensional impact parametgr v_ector connecting the twgng particles are typically deflected laterally by’iOmrad.
beam centers, and one relative rotation in the transverse plane. Thus the light detector is seen at the same angle by all of the
beam, and throughout the dynamic beam-beam collision.
needed correction is measured. The seventh parameter chhese are the conditions used for the calculations of Secs. IV
easily be measured in a beam scan also using the wide angd@d V. A fixed fraction of the beamstrahlung energy is col-
beamstrahlung signal. lected at such a location, effectively measuring the total en-

Seven parameters to characterize the beam-beam collisié#gy Up to a constant. Different polarization components can
is a large number. It is easiest to discuss the problem if it @IS0 be easily observed, by filtering the observed light
broken into two parts. through polarimeters.

(i) The machine is perfectly symmetric; that is, the ma- The two polarization components can be used to build the
chine optics is exactly the same for both beams. In Fig. 1fadiation vectordJ; from one beam andl, from the other
that means that the two beams have zero offsets, zero roteeam, which are two-dimensional vectors in the first quad-
tion, and the same transverse dimensions, resulting in onl{ant. The first dimension is the horizontal component of the
two parameters. Dropping indices, they are the transverseolarized beamstrahlung power signal and the second is the
dimensionss, andoy . If the machine is symmetric, beams Vertical. The total energy vectds is defined asJ; +U,. At
maintain optimal overlap, but the optics is affected by thelarge angles the polarization components and radiation spec-
varying currents. The luminosity is determined by the transirum factorize[5] and a different orientation of the polarim-
verse size of the beam. The case of measuring the transver&ters would simply rotate the horizontal and vertical axes.
beam size is discussed in Sec. III. As mentioned in the Introduction, at present and proposed

(i) The beams move independently in the transversénachines, beams are very flat0.02-0.04). It is conve-
plane due to machine asymmetry decreasing overlap and liient to develop the theory only for flat beams that leads to
minosity. In Sec. IV the measurements of the relative sizes ofwo simplifications. First, terms of orderand higher can be
the two beams, their transverse displacement, and the angh¢glected in equations as needed. Second, a natural preferred
between them are described. orientation exists in the transverse plane, which is adopted to

In this paper the use of large-angle beamstrahlung, whicRroduce the results of this paper.
is described in detail in Ref3], is described as a beam-beam It should be noted that two counters on each side, each
monitor that allows complete control over both the beamJooking at a different polarization component, and in absence
beam interaction strength and transverse displacement@f background, are enough to extract complete information
Large-angle beamstrahlung observables, combined in #om beamstrahlung. As an example, given the formulas in
simple two-dimensional diagram, which is called the beam-Appendix A, U, can be measured by measuring the
strahlung diagram, monitors the wasted luminosity. x-polarized component at 45° in azimuth, abd by the

In Sec. Il the information content of large-angle beam-y-polarized component at 0°.
strahlung is discussed. Section Ill covers the symmetric ma-
chint_e case, concentrating on measurements c_)f the beam size. Il SYMMETRIC MACHINES
Section IV covers asymmetric machines, introduces the
beamstrahlung diagram, and shows how the waste parameter If a machine is perfectly symmetric, the beam currents
can be measured. The use of the beamstrahlung diagram &md transverse dimensions of the beams will evolve, while
eliminate wasted luminosity is shown in Sec. V. Three ap-maintaining perfect overlap. Measurements of the beam sizes
pendices are included for completeness. Appendix A derives, ando, determine the luminosity. In this case most of the
in a simple way three crucial properties of large-angle syninterplay between machine and beam-beam interaction is
chrotron radiation. Appendix B provides a description of thethrough the dynami@ effect.

by
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The dynamicg effect is proportional to the average elec- 5 2 ¢
tric field seen by one particle over many beam crossingss li g
hence it is proportional to the charge in the other beam, times ,, ¢
the average inverse impact paramdidretween particles of 12
beam 1 and particles of bean @], T E
; oo BRI
<E1>ocN2<E>. (3.0 o
o B v b v b
—6 —4 -2 0 2 4 6
From[5] the beamstrahlung energy is proportional to by/9,
s 2 [ . ‘
U, <Ny (E3), (32 s : i
1.6 F : |
14 E : 3
or 12 F
1 F ‘
(ED=U1/N;. (33 5 |
06 [ ; RN
E S —
The (E,) and(E?) are related through the transverse shape ©°“ F ; !
of the beam, which can be taken to be Gaussian withnolost "0 E. .\ .\ oy
of precision. Therefore, monitoring the dynanfieffect can -6 - -2 0 2 4 6 s/
be done efficiently by monitoring the; and theN; at the e
same time- . FIG. 2. Normalized power emitted in beamstrahlung, as a func-
Equation(3.2) can be rewritten ag3,5] tion of normalizedy offset. () e=0.02.(b) e=0.04. The distance
from minimum to maximum is shown, in units of, .U, is defined
NlNg in Sec. IV.
U, ——Tf(e). (3.9
040,

out scanning. Note that a beam scan could also be used to
The beam lengthr, is usually constant, and will not be con- measurer, separating it fromo,.
sidered here, but clearly a beamstrahlung detector can also be A beamstrahlung monitor can be very useful even when a
used to monitor the beam length, for example, during mamachine is perfectly symmetric, allowing purely passive

chine studies. The functiof{e) varies slowly, monitoring of the beam-beam interaction and thus the beam
length oroy . It can be used to measuwsg, in a beam scan.
f(e)~1+11.4e, (3.5  The next section, which deals with purely asymmetric pa-

thologies, shows that this method is truly valuable when
and can be considered nearly constant in the following.  beams are not colliding head on in the transverse plane and

The result above assumes ‘“stiff” beams. A stiff beam ismay have different transverse sizes.
one where the beam particles do not change their transverse
position appreciably during the collision. Appendix B shows
that dynamic effects are negligible.

In flat beams most of the impact parameter is due to the If a machine is asymmetric, as all real machines are to
distance inx between the particles, and the energy radiated isome degree, the two beams will drift independently in the
almost only dependent oor,. For perfect overlap of stiff seven-dimensional space that induces luminosity waste. For
Gaussian beams the energyis unpolarized5]. No infor-  the purpose of studying asymmetric machines, a single pass
mation can be extracted out of polarization, and beamstrahbeam-beam simulation program was written. The program
ung cannot monitor passively symmetric changesjn The = generates complex beam-beam configurations involving all
total power radiated is thus sensitive dg. the pathologies shown in Fig. 1. These configurations are, in

However, as pointed out in Ref§3,5], a scan of one principle, computable analytically in the limit of stiff beams.
beam along the vertical axis will produce the characteristidt was important also to cross check the effects of beam-
camelback feature in the plot & versus the beam-beam beam dynamics, as the particles of one beam are deflected
offset seen in Fig. 2, which has already been used in th&éowards the center of the other beam. The latter is an effect
detection of beamstrahluri@]. The o, can be precisely de- that must be computed by simulation.

IV. ASYMMETRIC MACHINES

termined by measuring the peak-valley distadcghown in The simulation program is described in Appendix B. Its
Fig. 2. The relation betweed and o is precision is evaluated in Appendix C and is found to be
between 0.1% and 0.2%, for beamstrahlung yields, and bet-
d~3.970(1—5.4¢). (3.6 ter than 1% for the luminosity enhancement due to beam-

beam pinching. The nominal conditions to produce results in
Currently, the CESR beams are artificially perturbed with arthis paper were chosen as in Table | and are appropriate for
amplitude of order 0.0%, to measure the beam-beam inter- B factories.
action by observing the effect of the perturbation on the The measurement of the two beam sizes was discussed in
other beam via the lock-in effe¢g]. It is conceivable that the previous section. The remaining five parameters are dis-
this technique could ultimately be used to determifgavith-  cussed here: two relative transverse dimensions, two offsets,
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TABLE |. Beam parameters chosen for the simulation results 3

presented here. S jal
Parameter Symbol Value
1.2
Beam width Oy 300 um
Beam height ay 7 pm L
Beam length oy 1.8 cm
Bunch charge N 11x 10t°
Relativistic factor ¥ 10¢ 0.8

. . 0.6~
and one angle. Present day beam position monitors have spi

tial resolutions of order 2Qum, which is substantially less
than theo, of these beams, and should always provide ad- 0.4
equate overlap along theaxis leaving four pathologies of

concern. An offset irx will generate a unique configuration

of the beamstrahlung diagram, which mirrors the one ob-
tained for an offset ity which is discussed below, and can be p
analyzed in a completely equivalent way. 04 ‘ : : : ; : :

. .. oo . 0.2 0.4 0.6 0.8 1 1.2 1.4
For simplicity it is assumed that only one beam is devel- U./U,

oping a pathology at any given time. The four pathologies
pIng a p o y g b g FIG. 4. The beamstrahlung diagram corresponding to a perfect

that lead to wasted luminosity are shown in Fig. 3. They =
correspond, respectively, to a vertical offset, imperfect verti2€am-beam collision. The two vectors are exactly equal. The

cal focusing, imperfect horizontal focusing, and a rotation ofdashed amow is slightly displaced for display purposes.

g)?ge?)(ta?g: mghtgﬁ(sjpﬁ;\t/éobtgsnoégzgrcgdo;tthgégSathologle%al beam is represented by the dashed arrow. The diagram

The expected value of each polarization component i as four deg_rees of_freedom. The total power monitors the_
also assumed, for optimal beam-beam collision, which w eam-beam interaction strength, and three independent di-

call Uy. In practiceU, can be measured experimentally by mensionless asymmetries can be defined.

continuous observation of colliding beams, or by separatel)é Arf] mePtlo?i?fdﬂl]n Sbec.r:I g tﬂle ﬁolllrsgin tlls rp])eirfecrg anldrti?e d
determining the beam currents, amd and o, with a beam- eams are s € beamsirahiung raciation 1S unpofarized.

e e L RS e e
The beamstrahlung diagram pldts ,U, normalized by Inap ISI p

: o . 45° as shown in Fig. 4. With thgy normalization one ob-
Uy. In the figures below the contribution from the pathologi tains the perfect collision point t,1) for both beams.

The effect of dynamic beams can be estimated from Table
Il in Appendix C. For example, at CESR dynamic beams
increaseU, by 0.9% andU, by 2.7%, moving the perfect
RN e collision axis 0.5 degrees above 45°. Such a small modifi-

/\ /\ cation is nearly invisible in Fig. 4 and can be neglected.
\—//,/

0.2~

""""" Figure 5 shows for stiff beams the beamstrahlung dia-
grams for each pathology shown in Fig. 3. Each has a unique
pattern, which a feedback algorithm can discern and correct.
a b In general, if beam 1 is smaller x(y) than beam 2, then it
will radiate less energy in(y).

Figure 6 is the same as Fig. 5, but for dynamic beams.
Comparison of the two figures shows very little difference.
The effect of dynamic beams is small. Thus the beamstrahl-
ung diagram presented in this paper is a universal display of

TABLE Il. Comparison between two different binnings, the fit-
- N /’\\ ted values, according to EqEC1)—(C2), and the analytic predic-
SN A w tions, all for stiff beams. The last column shows the same quantities

for dynamic beams.

¢ q Dyn
Quantity Binr=0.25r Bin=0.30 Fit Analytic beams

FIG. 3. The four beam-beam pathologies that lead to wasted/,(10' eV)  0.4002 0.3979 0.4055 0.4051 0.4088
luminosity: (a) ay offset, (b) y bloating, (c) x bloating, and(d) a uy(1012 eV) 0.4013 0.3997 0.4049 0.4051 0.4163
beam-beam rotation. The pathological beam is represented by the/L 1.00 1.00 1.00 1.00 1.12
dashed ellipse.
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s 2 S e 2 s 2 S e 2
= = = =
;» Ay=1c } 0,,=20y, ;» Ay=1c } 0,,=20y,
1.5~ 1.5 1.5~ 1.5
1= 1 1 =
os- /.7 osf 7 0.5~
= a g b a i b
o & \ \ \ ok \ L \ o & \ \ \ o & \ \
0 0.5 1 1.5 2 0 0.5 1 1.5 2 0 0.5 1 1.5 2 0 0.5 1 1.5 2
U./Us U,/ Vs U./Us U,/ Vs
s 2 s 2 s 2 4 e 2
2 < 2 <
3 G,=20, 3 ¢=2¢ 3 G,=20, 3 ¢=2¢
1.5 1.5[- 1.5 1.5
1= 1 1 1
0.5 0.5~ 0.5 0.5
c d c K d
\ \ \ \ | \ \ \ \ A \
0 0 0 0
] 0.5 1 1.5 2 0 0.5 1 1.5 2 ] 0.5 1 1.5 2 0 0.5 1.5 2
U./Us U/ U U./Us U/ U

FIG. 5. Beamstrahlung diagrams corresponding to the four pa-
thologies of Fig. 3. The tips of vectors i@ are displaced for
display purposes. Stiff beams are assumed.

the pattern associated with beam-beam pathologies at CESR,
PEP-II, KEK, and in the future at &1 TeVe*e™ machine.
Figure 7 is the same as Figs. 5 and 6, but with an offset in
X, 18 um, or 0.0@r,, comparable to the resolution of beam
position monitors. Again very little change is observed with

A2:(U2y/U1y_1)(Uzyluly_l), (42)
A= (Up /U= 1)0(Upy /U~ 1), 4.3
As=|sin(Uy,Uy)], (4.9

FIG. 7. Beamstrahlung diagrams for the same conditions as Fig.
5, but assuming ar offset of 0.06r, .

respect to Fig. 5 showing that small horizontal offsets have

small impact.

Asymmetries corresponding to each pathology in Fig. 3

are defined as

A;=(U,/U,—1)O(U,/U,—1), (4.
. 2 5o 2
= =
; Ay=Tc ;* 0,,=20,
1.5 1.5 ;
1 1
0.5+ 0.5
a g b
o I I o = ! I
0 0.5 1 1.5 2 0 0.5 1 1.5 2
U/Us U,/ Vg
s 2 0 e 2
= =)
} G,=20, } b=2¢
1.5 1.5
1 1
Q.5+ 0.5
c ; d
o L \ \ I | \
] 0.5 1 1.5 2 0 0.5 1 1.5 2
U./Us U/ U

FIG. 6. Beamstrahlung diagrams for the same conditions as Fig.
5, but assuming dynamic beams.

here® is the Heaviside function meaning in this case that
the asymmetried,; are not defined when the argument of the
Heaviside function becomes negative. The indexing was
chosen to indicate that the second, a beam bloated vertically,
and third, a beam bloated horizontally, pathologies are gen-
erated from both a zero dipole moment and a nonzero quad-
rupole moment in the transverse charge distribution, and as
such they should be equally ranked.

These asymmetries are not independent. The usefulness of
these beamstrahlung asymmetries is shown in Fig. 8, which
displays their dependence on the waste parameter defined in
Eqg. (1.3. Each asymmetry’s contribution to the waste pa-
rameter of Sec. | is

ow

Wi
but they cannot simply be summed to calculate the waste
because they are not independent.

Evidence is provided in the next section that the asymme-
tries should be minimized strictly in the order defined by
Egs. (4.1)—(4.4). In short, the total waste parameter can be
defined as

W"\’E éwiAi, (46)
I
where the hatted derivative is defined as
5 aw> @
Wi: - . .
0Ai Ajzmin,j<i
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FIG. 8. Functional dependence of the beamstrahlung asymme-
tries defined in the text vs the waste parameter of (E). FIG. 9. The six possible configurations arising from combina-
tions of any two of the pathologies of Fig. 8) y offset andy
Equation(4.6) represents the main result of this paper. Thebloating. (b) y offset andx bloating. (c) y offset and beam-beam
derivatives are computed, the asymmetries are measured, afetion. (d) y bloa}ting and beam-beam rota_tio(e) x bloating and
the waste parameter is obtained. Note that if the asymmetrigam-beam rotatiorif) y bloating andx bloating.
were completely independent, the specificatiohs=min o . _
would have been unneeded. Asymmetries 2 ahcepresent  tupole correction is acted upon firsts would have to in-
both quadrupole corrections, and can be interchanged wittrease as opposed to being minimized.
out harm. Second, we wish to prove that minimization of a higher-

For horizontal offsets between the two beams an asymméanked asymmetry effectively corrects the associated pathol-
ogy. Although all the double pathologies were tried, only
Fig. 9c), which corresponds to a vertical offset plus a rota-
tion, is presentedA; and A; are the two most correlated
asymmetries. The asymmetdy is not zeroed, and cannot be
zeroed by moving one beam. Figure 12 shows the depen-

can be defined. d ; h ical off howing th A
We note that for a 10% change in luminosity, the valuesd€nCe 0fA; versus the vertical offset, showing that minimi-

of the asymmetries change by 0.1 foy andA;, 0.25 forA,

try

A;=(U,/U,~1)®(U,/U,— 1) 4.9

1.5 1.5

1.2

andA,, and 0.05 forA;. Thus these asymmetries have ex- £

cellent sensitivity to wasted luminosity.

Here examples are shown of how the beamstrahlung dia
gram and the asymmetries defined in E¢t1)—(4.4) and
(4.9 can by used to eliminate wasted luminosity even in the 3
presence of multiple pathologies in the beam-beam collision.> 11

We demonstrate this by studying the complete set of six
double pathologies, shown in Fig. 9, which can be derived
from the four single pathologies shown in Fig. 3. Figure 10
represents the beamstrahlung diagrams corresponding to tr
pathologies displayed in Fig. 9. A feedback program, dubbed
the virtual operator, finds the highest-ranking asymmetry,2 1
minimizes it by changing the appropriate collision param-
eter, and obtains the beamstrahlung diagrams of Fig. 11, dis

V. VIRTUAL OPERATOR

playing only one pathology that is trivial to correct.

Two comments are in order. First, if the largest asymme- 21
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try were to be corrected first, instead of the highest ranked, 0
convergence would not be achieved. To prove the point, it is

enough to compare Figs(l§, 10(d), and 11d). If the sex-
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FIG. 10. Beamstrahlung diagrams corresponding to Fig. 9.
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1.5 and specify the necessary correction. We have considered a
complete class of beam-beam pathologies.
If the machine is perfectly symmetric a beamstrahlung
monitor is very useful for measuring the size of the beam. In

U,/ o
N
L
1

N P the case of asymmetric beams a beamstrahlung monitor is
o 05 1 15 2 6 05 1 15 2 extremely powerful. The study of the beamstrahlung diagram
Ui/ Ue/ e derived from the power and polarization of the beamstrahl-
R s 15 — ung signal allows identification of the beam-beam pathology,
5 T . E il identification of the “bad” beam, and measures the correc-
ok o tion that needs to be applied. In short, the wide angle beam-
0.5 . osf- g strahlung signal analyzed in the manner described here is a
0.25- 77 ‘ | ‘ | 0.2~ 4 ‘ | ‘ | powerful tool to eliminate wasted luminosity at present and
0 o5 1 15 > e s 1 15 2 futuree® e colliders.
U./Us U,/Us
{ 11.'25% g é’ 11;255# APPENDIX A: DERIVATION OF LARGE-ANGLE
= 4L > Lk RADIATION PROPERTIES
el S L The properties of short magnet radiation were first dis-
029" e 008 £ f cussed by Coisson in RgB]. In the classical modgH], the
S B e e bent electron is made to sweep through the detector in a
U/ U,/ “searchlight” fashion, effectively covering all beam-

getector angles. In the Coisson model the opposite extreme is

FIG. 11. Beamstrahlung diagrams, corresponding to Figs. 9 anadopted, and the angle is kept constant throughout the orbit,

10, after correction of the dominant asymmetry. Compare with Fig

3 the large-angle approximation. Both models predict the same
' power, the same total polarization, and the same typical
zation of the asymmetry gives the desired correction. angle, of order Ly for the emitted radiation, but they differ

We did not consider horizontal offsets here, but theydramatically in the spectrum at large angles.

could easily have been included, as discussed in the previous 1h€ Coisson model is of interest here because the detec-
section. tor's angle is constant throughout the collision at colliders

such as CESR. At large angle the classical model predicts a
steep fall-off of the power, exponential both in the photon
energy and in the cube of the observation angle. The Coisson
The beamstrahlung diagram and asymmetries derivetnodel predicts three properties of large angle beamstrahlung
here demonstrate a complete and rigorous method for lum¥adiation. They are as follows.
nosity optimization. The wasted luminosity is for the first (i) The cutoff energy, at large angle, does not depend on
time related to quantities that are instantaneously observable; There is no exponential falloff as predicted by the
“searchlight” approximation, making detection possible. In
s 156 particular, at 6 mrad at CESR, for example, visible radiation
,,,,,,,,,,,,,,, pearn 1 is at or below the cutoff frequency.
””””” beam 2 (i) The polarization is linear at a fixed location in azimuth
129 with an eightfold pattern, (c82¢,sirf 2¢) around the azi-
4 muth. The anglep is the angle between the net transverse

VI. CONCLUSION

P force experienced by the beam and the detector location.

L o~ Thus the pattern of the polarization provides information
about the beam-beam overlap.

p (iii) The large-angle double differential spectrum is pro-

o portional to (y#) ~*, and not exponential. The large-angle

A power scales as 3. Thus the situation aB factories is

B more favorable than at higher-energy machines.

e These properties are rederived here in an elementary way
e for constant large angle of detection. Consider an extremely
relativistic particle y>1 undergoing a vertical deflection,
e due, for example, to a horizontal dipole magnet exerting a
force F over a lengtho,. Radiation of energk=hw is
detected at an angke which is much larger than %/ In the

laboratory frame the radiated energy is equdl4p

0.5

0.28 e

e 2 Te 22
U=——CzyF ;. (A1)
FIG. 12. The dependence of the first asymmety as defined 3m
in the text, vs the vertical offset for the case of a vertical offset plus

a rotation. A simpler derivation is possible by studying the radiation in
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FIG. 13. Dipole radiation in a radiating particle’s rest frame.
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*~0 ¢ (A8)
wc 0_: y
Cc
wC~O W f (Ag)

which shows that the cutoff frequency at large angle does not
depend ony, the first prediction by the Coisson model. At
CESR,w.~10'% sec'!, which is of the order of the visible
light frequency.

The polarization vector of the emitted radiation in the
radiating particle rest frame is given h#]

E*(r)=

SN* X (N* X F*), (A10)

mrc

Indicated are the direction of the force and the angle corresponding

to the observation angle in the laboratory frame.

the rest frame of the radiating particle. Note that all quanti-

wheren* is the unit vector along the direction of observa-
tion.
Using Eg.(A10), and the condition of orthogonality be-

ties in the particle rest frame are starred as shown in Fig. 13weeng*, B*, andn*, the three vectors are

The radiation will have a dipole pattern with angular in-

tensity proportional to the squared sine of the angle between
the direction of detection and the direction of the force. The

force maintains its vertical direction and has a modulus

F*=29F. (A2)

The angle is very large in the laboratory frame, and the cor-

responding direction in the rest frame is very close to th
backward direction. In a perturbative treatment the amjle
is taken with respect to the direction opposite the direction o
motion (Fig. 13. If only small angular components along the
direction of the force are considered,

| (6% )occos 6*. (A3)

The intensity is essentially constant at small angles in the

rest frame.

e

E*=K(6*?sin¢ cose, 6* 2 sirf ¢—1,— 6* sing),

(A11)
B*=K(—1+ 6*2%/2,0— 6* cos¢), (A12)
n*=(6* cose,* sing,— 1+ 6*2/2), (A13)

with K a constant. The polarization component alarandy

in the laboratory frame are

f 0*2 2
— * *\ H _ H
Ex=y(Ex—Bj)=+K 5 S|n2¢—+Ky—azsm2¢
(A14)
,}/0*2

2
E,=¥(Ey +B)=—K 5 c052¢=—K7—020052¢.

(A15)

The relation between the energies and angles in the laphys each component has four azimuthal zeros, and informa-

and radiating particle rest frames is given by

k* ’}49* 2
=—a. (A4)
w* 0* 2
o2 (n5)
2
0= ’}’? (AG)

The direction of the radiation in the radiating particle rest
frame is at CESR, for examplé* ~0.03 or two degrees
away from the backward axis.

In the radiating particle rest frame the cutoff frequency is
inversely proportional to the duration of the perturbation,
which iso’ /c. Using Eqs(A5) and(A6), and the relativistic
formula length dilation, the following relations are obtained:
(AT)

oy =a,ly,

tion is replicated every 45°, which is the second prediction
of the Coisson model.

The total energy radiated in the laboratory frame can be
expressed as an average over the boosted photon energies in
the rest frame, times the number of photdfis

U= y(k* +kE)=N(y(k* +k¥))=Ny(k*).
(A16)

The energy flowing into a detector covering a solid angle
dQ, located at large angle, can be easily computed in the
radiating particle frame. Using(6*)~1, Egs.(A4) and
(A6), and neglecting factors of order one an expression for
the large-angle spectrum is obtained,

k* 9*2
AU~NG A AL 2>

8uU

The energy in the lab framé), contains a dependence on
¥2. The angular factor integrates to a consf{avtiich agrees

with Eq. (8) in Ref.[3]], leaving the 1#? dependence. This
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; To reduce this problem the number of cellsxishould be

AT enlarged to make each cell square in the transverse plane.
; ; This solution is very CPU time consuming. A solution was
found by replacing each cell with a line of charge, called a
“matchstick,” and computing the integral

—2Nyr P, by
$j x

N i]

. - Ar,ij:
EY 4

(B4)

..............................................

; : For the purpose of improving the convergence of the pro-
gram, the matchsticks were kept horizontal throughout the
FIG. 14. Cell-cell interaction in the simulation program. The interaction. Assuming matchstick lengtbsandL;, the so-

cell has an aspect ratio similar to the beam aspect ratio. In théution to the integral above is

“cloud-in-cell” model, all the charge is concentrated in a point in

the center of the cell. In the “matchstick-in-cell” model, the charge —2N,r P; 4 4

is spread over a line along the cell. Ar'j; :T ; t,fa+2byg, ; 2t gn—byf, |,

is purely due to kinematics. At CESR, for example, 10 nW (B5)

of visible beamstrahlung are available between 6 and 7 mra%here

APPENDIX B: SIMULATION L+L

ti=by+ — L (B6)

A beam-beam interaction simulation was developed from
the program described in RgP]. Gaussian beams in all 3
dimensions are assumed. Beams are sliced in 3-dimensional Li—L;
cells. The cells are typically 0.25—@5along each axis and ta=byt ——, (B7)
extend out to 3—4& in each direction. Thus a total of 1o
3x10* cells are simulated. The beams are then made to
cross each other. In the first step, the first layer of the posi- ty=b,— Li+Li
tron beam encounters the first layer of the electron beam. 2
The electric fields are purely transverseQgl/y), and are
computed assuming that the charge is located in a sphere Li—L;
located in the center of the cell. This is the “cloud-in-cell” ta=Dby+ 2 (B9)
model. Assuming cylindrical coordinates, a cell in beam one
gets a total transverse deflectifsl,

; (B8)

fo=(=1)"In(t3+b}), (B10)

2N2r92 PZibij

Ar'yj=—
1 y b?

(B1) gn=(—1)"" tan (t,/b,). (B11)

Given the deflection vector,, the total radiated energy with

The summation runs over the cells in the opposite laygr, both x andy polarization is computed using

is the impact parameter between géth beam one and cell
in beam two, andP,; is the fraction of charge in cell At the

end of each layer-layer interaction positions and velocities F= ymczAr,. (B12)
are updated, 2Az
r'y=r';+Ar'y, (B2)  The energy vectod for each beam is computed by summing
rj=rj+r'jAz. (B3)

2N
Uy=2> AU =2 ijreyzFiAz, (B13)
Az is the unit step taken along the beam direction. This
allows for dynamic beams, with each beam pinching the N
other as the collision progresses, and the luminosity is com- _ _ v oa2r2
puted as an overlap of the dynamic density functions. UV_Z AUV'_E 3mc Pirey'FyAz. (B14)

The program of Ref[9] was found to be unfit for the

simulation of flat beams. If the lattice is chosen to have the The program continues to interact the beams, layer by
same number of cells in each dimension, the cells will be atayer, updating trajectories with Eq§82)—(B3), until the
flat as the beam. If the charge is then concentrated in thbeams fully cross each other. An option was inserted in the
centers, a large force will be calculated, where in reality thgprogram to use or not to use E¢B2)—(B3), that is to make
total force is small, due to the cancellations of the laxge the beams either dynamic or stiff. The reason for the option
components in the integral over the cells. Figure 14 illus-was to compare against existing analytic predictions for
trates this. beamstrahlung given in Ref5].
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5 one beam overlaps with one from the other beam, the pro-
U/ U vs- by /o, gram computes a zero field. In reality, the contribution of
nearby particles is important, due to thé Hdependence of
the field. Because the emitted power depends on the field
squared, the dominant convergence is quadratic.
To adjust for this fact using finite computer resources two

U,/U,

25
* different lattice sizes andb were used. The “exact” emit-
) ted energyU,., was extracted using the linear system
, [ ;
Ua=Uex—ad?, (C)
15 | Ub:Uex_abZ: (C2
-' and solved folU,, and a.

The stiff-beam comparison d&f, with different cell sizes
and against the analytic predictions of RES] using the
i beam parameters of Table | are shown in Table II. There is
05 | agreement between analytic and simulation at the 0.2% level.
I If the beams are dynamic particles will move during the col-
e lision by about 1 um, leaving the beam virtually unchanged
°5 1 2 3 4 5 6 7 in X but generating a substantigD(10%)] squeezing iry.

v/, The squeezing will have two effects: it will increase the lu-

Jminosity and it will generate slightly more power. There will
also be a slight asymmetry betwegrandy and some net
polarization. The luminosity increases by 12%. The luminos-
ity calculation was checked, for round beams, against the
program of Ref[9] and our simulation agrees to within 1%.
Figure 15 shows the analytical versus simulation comparison

The simulation program described above is used to makef U, /U, when two flat beams are separated by a vertical
a comparison with the analytic predictions of Ré], which  offset. We conclude that our simulation method has a preci-
are valid only for stiff beams. A slow, quadratic convergencesion of the order of a few per thousand for beamstrahlung
was found when diminishing the cell size. When a cell ofcomputations.

FIG. 15. Radiation polarization vs beam-beam offset. The soli
line is the analytic prediction from Reff6], and the dots are from
the simulation described in the text.

APPENDIX C: ESTIMATE OF SIMULATION PRECISION
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