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Abstract

An electroncloud causesvariouseffectsin high inten-
sity positron storagerings. Positronbeamand electron
cloudcanbeconsideredtypical two streamsystenmwith a
plasmafrequeng. Beam-beaneffect is alsoanimportant
issuefor high luminosity circular colliders. Colliding two
beamsareconsideredisa two-streamrsystemwith another
plasmafrequeng. We study combinedphenomenaf the
beam-electrorloud andbeam-beaneffectsfrom a view-
pointof two comple “tw o streameffects”with two plasma
frequencies.

1 INTRODUCTION

In recenthigh intensitypositronrings, variousphenom-
enarelatedto electroncloud have beenobsened. Cou-
pled bunchinstabilitieshave beenobsened at KEK Pho-
ton FactoryandIHEP-BEPC,andbeamsizeenlagements
have beenobsened at B factoriesof SLAC (PEP-II) and
KEK (KEKB). Thesephenomenavereunderstoodstwo-
streaminstability of relativistic beamand slow electron
cloud. The phenomena&analsobe understoodsinstabil-
ities which is causediy wake force dueto electroncloud.
Thecoupledbunchinstabilityis thetwo-streaneffectchar
acterizedby averageplasmafrequeng alongbunchtrain,
or is mediatedby long rangewake force of the order of
bunch spacing(~1m). The beamsize enlagementis the
two-streameffect characterizedy plasmafrequeny in a
bunch, or mediatedby shortrangewake force of the or-
derof bunchlength(~1cm). The positronbeam,which is
perturbedby the electroncloud, interactswith an electron
beamin a collider. The colliding beamsareregardedasa
two-streamsystemwith a plasmafrequengy characterized
by the beam-beaniorce. The beam-beaninteractionhas
a natureof a shortrangewake force, namely a distortion
of headpartof abeamwhichinducesa perturbatiorof an-
otherbeam,affectsthe tail part of itself. The shortrange
wake force dueto electroncloudandthe beam-beanforce
may coupleeachotherandcausea kind of combinedphe-
nomena.

Suchcombinedphenomananay have beenobsenedin
KEKB. The trans\ersesize of positronbeamis enlaged
beyond a thresholdcurrentdue to the short range wake
force at an operationwith only positronbeam. Luminos-
ity is extremelylow for bunchspacingnarrover than6ns
evenbelow thethresholdcurrentof the beamenlagement
[1].

We studycombinedphenomenaf thetwo typesof “two
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streamsystem”. We first discussthis instability usinglin-
earizedone-two-particlemodel,in whiche ™ ande™ beams
arerepresentetdy oneandtwo-particlesrespectiely. The
beam-beanforce is linearizedin the model. The wake
force dueto electroncloud is approximatedo be a con-
stantalongthe longitudinaldirection. Similar systemhas
beenstudiedn Refs.[2] for ordinarywakeforce. Thecom-
binedeffectsbasedon the weak-strongoeam-beanmodel
have beendiscussedn Ref.[3].

We next discusghephenomenasingatrackingsimula-
tion in whicheachof thetwo beamis representetly alarge
number(~1,000)of macro-particlegor slices)distributed
in thelongitudinalphasespace[4. Eachmacro-particléhas
a transersebeamsize determinedby the emittanceand
the betafunction,andnonlinearityfor their interactionare
takeninto account.Electroncloudis representethy mary
(~10,000)point-like macro-particles.The beam-electron
cloudinteractionis evaluatedby interactionbetweertrans-
verseGaussiarbeamandeachmacro-electron[

2 TWO-STREAM FEATURESOF
BEAM-ELECTRON CLOUD AND
BEAM-BEAM SYSTEMS

We discusslinear theory of the combinedsystemof
beam-beanand wake field. Similar systemhasbeenal-
readystudiedby E. A. Pereredents andA. A. Valishey [2].
We studythesystenusinganalternatie pointof view: i.e.,
combinedeffect of beam-beanand beam-electrorcloud.
We start discussionsof beam-electrorcloud interaction.
The beam-electrorcloud systemis a typical model of the
two-streaninstability. Thebeamslicesandthe cloudelec-
tronsobey the equationof motionasfollows,
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where the force F¢(x) is expressedby the Bassetti-
Erskine formula normalizedso that F¢ — z/|z|*> as
£ — OQ.

Electronsoscillatewith anangularfrequeng dueto the
linearpartof F¢,

)\+Tc
w, = ’
e,y(x) <U+,w + U+,y)0+,y(x)

®3)



where\, ando ,(,) areline densityandhorizontal(ver-
tical) size, respectrely, of the positronbeam. w. , and
We, areabout1.9 x 10'ts~1 and7.2 x 10191, respec-
tively, with the KEKB parameters:i.e, o, = 420um,
oy = 60um, o, = 5mm and N, = 3.3 x 10'm 1. w,
is consideredasplasmafrequeng for the two-streamsys-
tem of the beam-electrorloud. The phaseadvanceof the
electronmotionduringtheinteraction,¢. = w.o./c, char
acterizegheinstablity. For KEKB, ¢. , = we y0./c ~ 2.5
andge » = we 0. /c ~ 1.0.

The beam-beansystemalso has a potentialto cause
a two-streaminstability, becauseone beamoscillatesin
electro-magnetidield producedby the otherbeamwith a
certainfrequeny. The beam-beanforce is expressedn
linearregimeasfollows,

ds? c

(4)
whereX, ) = \/ai () T 4y Eachof the beam
slicesis assumedo berigid Gaussiarwith rms beamsize

O+ ,2(y)-
Thereis a coherenfrequeng duringtheinteractionbe-
tweenthetwo beamgyivenasfollows,
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where~. is therelatvistic factorof positronand/orelec-
tronbeam.We notethato? , ), thebeamsizeof positron
and/or electron beam at an interaction point, is much
smallerthano,(, in Eq.(3),andy > 1.

The phaseadwance,¢, of the oscillationduring a colli-
sionis expressedy

Wit y(2)0z [278y()02
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where ¢, is the beam-beanparameterand we have as-
sumedthat two beamshave the samebeamsize. We call
D = ¢% the beam-beantlisruptionparameter ¢, is ap-
proximatelythe order of unity for recenthigh luminosity
colliders. The two-streameffect may be importantunder
this condition. ¢, = \/£.06,/&yB=¢, is smallerthang,,
but the horizontal effect may be importantdependingon
thetuneaswill beshawn later

3 ONE-TWO-PARTICLE MODEL

We first study the phenomenaisinga small numberof
macro-particlesj.e. one-two-particlemodel. The elec-
tron and positronbeamsare representedyy one and two
macro-particlesrespectiely, in the model. The modelis
reliableapproximationfor consideringthe beam-beanin-
teraction,sincethe phaseadwance, ¢, is lessthanl in
mostcases.Furthermorghe beam-electrorloud interac-
tion is approximatedo be describedby a constantwake

N
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force. Although¢. islargerthanl, andthereforehemodel
is beeingstretchedwe believe that the analysisremains
reasonableAn analytictreatmenbecomegossibleby the
approximation.

We discussvertical motion belon. Motion of the two
beamsds characterizetby avectorY (s).

Y (s) = (yi,pi,u3 .05y, 07 ), )

where the sufiix ¢ denotesthe transposeof the matrix
or vector We considera revolution matrix to transfer
Y (s* + C) from Y (s*), wheres* andC are position of
interactionpoint andcircumferenceof aring, respectiely.
The beamsize (betafunction) is temporarilyassumedo
be a constantduring the collision. The synchrotrontune
is assumedo be inverseof aninteger (vs = 1/n;). We
try to studyfor generalsynchrotrontune later. In partic-
ular, the tracking simulationdiscussedater is not limited
to particularvaluesof the synchrotrontune. The beam-
beamforce doesnot have a longitudinalcomponentsince
betafunctionis assumedo be constant.Thetwo particles
in the positronbeamhave an oppositesynchrotronphase.
Themacro-electromwaysstaysatthe centerof mass.The
collision pointsof thetwo macro-positronandthe macro-
electronaregivenby s* + A, where
0z .
A= :I:; sin(2wvs/C). (8)

The collision of i-th positronandthe electronis repre-

sentedby amatrix B; (&)

IT+b(26) 0 —b(28)
Bi(§) = 0 I 0 9)
=b(§) 0 T+0(¢)
I 0 0
By(§) = 0 I+b(2) —b(2¢) (10)
0 =b&) I+b()
where
be) = ( et ) (12)

and! is 2 x 2 unit matrix.

Transfermatrix of collision at s = A is expressecdby
B(A) = D YA)BD(A): thatis, particlesdrift to s =
+A, collide andreturnto theinteractionpoint. The matrix
D(A) is expressedy

d(A) 0 0
D(A) = 0 d(A) 0 , (12)
0 0 d(-A)
where
1 A
d(A)_<O 0 ) (13)
Thetransfermatrix of thecollision is expressedy

Yafter<8*) = TBB (A)YbefOTE(S*)v (14)



whereTs 5 hastwo waysof representationdependingpn
the signof A: i.e, which particleis at the bunchheador
tail. Whenthefirst particle staysat the headof the bunch
(A > 0) in a half synchrotronperiod, the matrix is ex-
pressedy

Trp(A) = D' (=A)ByD(—A)D(A) 'B1D(A)
(15)
In theotherhalf synchrotrorperiod(A < 0), it isexpressed
by

Tep(A) = D Y (A)B,D(A)D '(—=A)BaD(—A).
(16)

The particlesaretransferredalong arc sectionafter the
collision (s = s*) to the collision point (s = s* + ).
Thewakefield affectsthetail particledependingnbetaton
amplitudeof the headparticle. Thetransfermatrix from s*
to s* 4+ C hastwo representationdependingn thesignof
A again.Thematrix (7,,-c) for A > 0 is expressedy

Ts(p1) 0 0
Tore = A(VV, ,ul) T> (:U’Z) 0 ) (17)
0 0 T(pe)
For A <0,
To(p) AW,p2) 0
Tyre = 0 Ty (/12> 0 ) (18)
0 0 Ta(phe)
where
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w; = 27y, is betatronphaseadvanceincluding chromatic
modulation.
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al Vs

A(W, i), whichdescribeshekick causedy thewakefield
is expressedy
) . (22)

The revolution matrix including the transferof the arc
sectionandthe beam-beanmteractionis expressedy

(W/2)sin
(W/2) cos i

—(W/2) cos i

AW, ) = ( (W/2)sin p

Threv (A) =TgsB (A)TGT‘C(W M)a (23)
whereA is givenby Eq.(8).

We calculatethe transfermatrix for onesynchrotrorpe-
riod (vs = 1/ng),

Ns

Tsyn = H E‘ev(Ai)- (24)
i=1

Thestability of thesystemcanbediscussedy eigervalues
of the6 x 6 matrix (T,,). Thematrixis notsymplectic but
its determinants unity, becausef A(W). Theeigervalues
arecalculatechumerically Whenanimaginarypartof the
eigervaluesis nonzerothe systembecomesinstable.

We first discussvertical motion. Figure 1 shaws the
imaginarypartof the eigervaluesasfunctionsof betatron
tune. For W = 0, nonzerovaluesof imaginarypart oc-
cursonly nearthehalf integertuneasis shavn in theupper
picture. For W > 0, nonzeroimaginarypart occursfor
all tunes:i.e., the systemalwaysunstableregardlesof the
tune.
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Figure 1: Variation of imaginarypart of the eigervalues
dependingon the betatrontune. Beam-beanparameteis
choseno be 0.05. Upperandlower picturesarefor W=0
andW=0.1,respectiely.

Figure 2 shavs the imaginarypartsas functionsof the
strengthof the wake field andbeam-beanparameterThe
behaiior for the wake strengthis simple but that for the
beam-beanparameteiis complex. The beam-beankicks
dependnthelongitudinalcoordinate Thecomplex beam-
beambehaior maybesimilarto thebehaior of chromatic-
ity for head-taileffect. Figure 3 shows the chromaticity
dependencef theimaginarypartof theeigervalues.

We now discusshorizontaleffect. The phaseadvance
of beam-beandisruptionis lessthanverticalone,because
¢z = +/By/Bz0y in ordinary colliders ({, ~ &), while
By < Bz. However we usean operatingpoint slightly
above a half integerhorizontaltunein KEKB to getaben-
efit from dynamicalbetaeffect. Horizontal effect may be
therefordmportantthoughe,, is small. Figure4 shavsthe
imaginarypart of the eigervalusof the horizontalmatrix.
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Figure2: Dependenc®n the wake strengthat ¢ = 0.05
(upper)andthe beam-beanparameteat W=0.1 (lower).

1 T T T T
xi=0.03, W=0.1, sigz=1

Q=0.58, Qs=0.02

Im(Q)/Qs

xi=0.05, W=0.1, sigz=1
| Q=0.58, Qs=0.02

Im(Q)/Qs

Figure 3: Chromaticitydependence.{ = 0.03 (upper),
& =0.05 (lower).

We have imaginarypartfor W > 0. This meanghathori-
zontaleffect shouldbetaken careof.
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Figure 4: Dependencen horizontaltune. W=0 (upper),
W=0.05 (lower). Notethatthe W = 0 casehasan ex-
pandedverticalscale.

We assumedhatthe synchrotrortunewasinverseof an
integer. We extendedhemodelto generakynchrotrortune
to avoid unphysicaresonancéehaior [5] by usingatrick.
We write down the transfermatrix for onesynchrotrorpe-

riod

T -7 Oz i T Oz i

syn — ‘rev (7) rev (_?>

wherev; is notaninverseof integer. We calculateheeigen
value problemmathematicallyi.e., in the eigensystema
nonintegerpower of matrix canbeestimatedThecollision
pointsareassumedo be +o, /2 sothatthe transfermatrix
is expressedby 1/2v, powerof therevolutionmatrices We
got resultswhich arequalitatively consistentvith the pre-
viousmodel.

We tried two-two particle modelin which both beams
arerepresentedby two macro-particles.In this modelwe
assumedhe samesychrotrontunesfor both beams.Simi-
lar resultswereobtainedasfor the one-two particlemodel.
Furtherextensionsaredoneby particletrackingsimulation.

(25)

4 PARTICLE TRACKING SIMULATION
USING MULTI-PARTICLE MODEL

We now proceedto a morerealisticmodel. The beam-
beamforceis stronglynonlinearandthe synchrotrortune
is not aninverseof integer. Thetwo beamshave different



beam-beamparameteranddifferentsynchrotrorandbeta-
tron tunes. Electroncloudis actully a crowd of electrons.
The characteristiphaseangle ¢, is largerthanunity, and
electronsarepinchedby thebeamforce. We performapar

ticle trackingsimulationto studythe beamstability under
thesegenerakonditions.

We representhe beamsas a seriesof macro-particles
(500~1,000)with a transerseGaussiardistribution of a
fixedrmssize[4]. For easyvisualization,we usea multi-
ple air-bagmodelfor thelongitudinaldistribution,in which
the micro-bunchesare distributed on concentriccirclesin
thelongitudinalphasespacecharacterizedby the position
z andtherelatve momentundeviation Ap/p. Theinterac-
tion startsfrom collisionbetweerthepair of micro-bunches
of thetwo buncheswith thelargestvalueof 2, + z_, i.e,
the headof the two bunchesandthencontinuesfor other
micro-particlegairsatprogressiely smallerz +z_ coor
dinates.Thecollisionpointof apairis s;. = £(z4—2_)/2
from viewpointsof positronandelectronbeams.The co-
ordinateshouldbe transferrednto the collision point by a
transformationD (s ) The macro-particlesretransferred
aroundthering usingalineartransporimatrixandapplying
a chromaticitykick.

Electron cloud is representecby a large number of
macro-electrong~ 10,000). The interaction between
positronbeamand electroncloud is evaluatedby solving
Egs.(1)and(2) [4]. Electroncloudis putatafixedposition
in thepositronring.

Figure5 shawvsthevariationof maximumverticalaction
Jy.maz Of Macro-particlesvith andwithoutbeam-beann-
teraction.Theelectronclouddensity(p. = 2 x 10'1m —3)
usedin the simulationis lessthanthe threshold(p..¢, =
5 x 101'm—3). We obsene thefactthata remarkabledif-
ferencewith andwithout beam-beaninteractionis dueto
combinedeffect of beam-beanand beam-electrorcloud
interactions.Therewasno growth for purebeam-beanmn-
teractionwithout electroncloud.
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Figure 5: Combined effect of beam-beamand beam-
electroncloud interactions.The two curvescorrespondo
the variation of maximumJ, .. of the macro-particles
with andwithout beam-beaninteraction.

Figure6 shavstheshapeof thepositronbunchprojected
ontothey — z planeof the macro-particlepositionsafter

400 and 800 turns. We canseea head-tailmotion for the
positronbunch experiencingboth the beam-beanandthe
beam-electrorloudinteraction.
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Figure6: y — z distribution of the positronbunchafter400
turns(upper)and800turns(lower). Differentcolorsof the
datepointscorrespondo the bunchshapeswith (red) and
without (green)beam-beanmnteraction.

We next study effects of chromaticityand synchrotron
tune spread. For a regular head-tailinstability, it is well-
known that chromaticity and synchrotrontune spread[6]
affectits behavior. Figure7 shavsthedependencenchro-
maticityandsynchrotrortunespreadn oursimulation.For
theinclusionof tunespreadeffect, macro-particlesareas-
sumedto have a Gaussiardistribution in the longitudinal
phasespace.Thesefactsindicatethat the chromaticityor
synchrotrortunespreadvork to suppresshecombinedn-
stability. However theseeffectsarelimited. For example,
theseparametersio not work well at a larger beam-beam
parameter

5 STRONG-STRONG BEAM-BEAM
SIMULATION INCLUDING WAKE
FIELD (PRELIMINARY)

The previous simulationis not sufficient for takinginto
accountof nonlinearityof the beam-beaninteraction,be-
causebetatronphasespacdocationfor a givensyncrotron
phasespacelocationof a macro-particlds unique. Actu-
ally sincethereare mary particleswith variousbetatron
coordinatesin a region of synchrotronphasespace,the
beam-beanfiorce may smearthe betatronmotion. To esti-
matethenonlinearitycorrectly astrong-strondpeam-beam
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Figure 7: Dependencen chromaticity and synchrotron
tune spread. Upper picture depictsevolution of J, for
Q' = 5and@’ = 0, andlower picture depictsthosefor
Avg = 0 andAv, = 0.005.

simulation,whichtreatsinteractiondbetweermmary macro-
particles,is required. Sinceit is complex to performthe
strong-strongsimulationfor the both the beam-beanand
beam-electroeloudeffects,thebeam-electroeloudinter-
actionis approximatedy an externalwake field here[7].
We have alreadystudiedthe beam-beaneffect including
wake field in two dimensionalmodel[9], with the result
that therewas no remarkableeffect. We now studythree
dimensionabeam-beansystem.Threedimensionabeam-
beamsimulationis essentiato studythe presentproblem.
However thethreedimensionabeam-beansimulationhas
a problemitself. The beamis divided into longitudinal
slices, and slice by slice of collisionsis calculated. To
geta reliable resultin the simulation, mary longitudinal
slices(20 ~ 30) wererequireddependingon bunchlength
and beam-beanparameters. Since the calculationtime
scalesquadraticallywith the numberof slices, very long
CPUtime is required. We needto studyhow to integrate
the threedimensionabeam-beaninteraction. Here a soft
Gaussiamapproximationis usedfor simplification of the
calculation.

A bunchis dividedinto N; sliceswhich aredenotedby
i = 1, Ng. We considetthe collision betweeni-th positron
slice and j-th electronslice. Beamervelopematricesfor
eachsliceareR; | (s*) andR;_ (s*) atthe designinterac-
tion point (s*).

We proposea calculationalgorithm. The algorithmhas
beenusedin weak-strongsimulation[8]. We treatthe col-

lision of thetwo slicesascollisionsof positrongdenotedy
a = 1, Nyt ini-th sliceandj-th sliceincluding V;_ elec-
tronswith anervelopeR;_. Therole of positronbunchis
exchangedor calculationof electronmotion. Thecollision
pointof a-th positronand;j-th electronsliceis expressedy

z — Zi_
Sap,j. =k T (26)
2
The a-th positronand j-th electronslice aretransferredo
thecollision point s, ;— accordingto

D(sat,j-)(s") (27)
D (satj— )R(s*) D5 j-)-

D, which includesa dynamicalvariable z, ; of the a-th
positron,is anonlineartransformationWe take only linear
part D, for the transformatiorof R, while take nonlinear
transformationD for x. After thetransformationwe cal-
culatebeam-beaninteractionof the particlex . for Gaus-
sianbeamrepresentetby R;_. We have to notethat R;_
includesthe dynamicalvariablez, ;.

This algorithm was essentialto reducethe numberof
slices. Figure 8 shavs the luminosity variation for new
and old methods. The luminosity for the old methodis
extremelylow. Increasingthe numberof slice for the old
method,the luminosity is recoserednearthe level of the
nev method[11]. The slice number5 is enoughfor the
nev method,while the old methodrequires20-30slices.
The algorithm should be implementedin strong-strong
beam-beantodesbasedon the Particle-In-Cell method
[9, 10, 11, 12]. More detailsandstudyresultswill be pre-
sentecklsevhere.
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Figure8: Luminosity variationfor eachturn. Bunchesare
dividedinto 5 slices.Luminositycalculatedy theparticle-
slice algorithmis denotedby “New”, while that by slice-
slicealgorithmis by “Old”.

If all particlesin theslicescollide ata point,

Zi4 — 25—
Sigjo = (28)
wrong resultswould be obtainedyielding extremely low

luminosity for a high currentandlong bunchlength[11,

12),



We shaw very preliminaryresultsof the 3-D soft Gaus-
sianstrong-strondpeam-beansimulationincluding an ex-
ternalwake field.

Figure9 shaws the evolution of beamamplitudes (z,,),
(yp), (ze) and (ye). We assumehorizontaland vertical
wake field, W, = 10®z[m 2] andW, = 2 x 10%z[m 2.
Thesestrengthsexceeda thresholdof the vertical head-
tail instability asis showvn in the upperright picture. The
vertical instability disappearsvhen beam-beamnterac-
tion is included: beam-beanforce suppressethe vertical
head-tailinstability. We found an enhancemenof hori-
zontal instability due to the beam-beanforce as shovn
in the lower left picture. Theseresultswere unexpected
from the linear theory and Gaussiarsimulation. We cal-
culatedthe samemodelfor sinusoidalwake fields W, =
2x100sin(213z)[rm 2] andW,, = 1x 107 sin(570z)[m 2]
[7]. Theresultsweresimilarto the Figure9.

Thesebehaiors aredifferentfrom thelineartheoryand
the Gaussiantracking simulation. We tried linear force
for beam-beannteractions We reducedhe verticalwake
field W, = 1.5 x 108z[m ~?2]. Therewasno head-tailinsta-
bility in both planeswithout beam-beaninteraction. Fig-
ure 10 shows the evolution of beamamplitudequppertwo
pictures),y — z correlation(lower left) andverticalbeam
size (lower right). We found enhancementf the vertical
instability dueto the beam-beanmnteraction,but no effect
for horizontalinstability. Theseresultsareconsistentvith
thelineartheoryandGaussiarsimulationqualitatively.

Theseresultsshouldbe studiedfurther.

6 CONCLUSION

We studiedcombinedohenomenaf thebeam-beanand
beam-electrorloud effectsusinglineartheoryanda sim-
ulationwith Gaussiarapproximation.In thelineartheory
one-two particle modelwas usedto describethe electron
and positron beams. The electroncloud effect was ap-
proximatedby a constanwake field. Thebeam-beansys-
tem without electroncloud effect was unstableat particu-
lar tuneregionsrelatedto a synchro-betaesonancewhile
thecombinedsystenwasalwaysunstableegardles®of the
tune. The simulationwith Gaussianapproximationwas
performedto studythe phenomenan generalconditions.
Below both thresholdsof beam-beanand beam-cloudn-
stabilities,aninstability occurreddueto thier combinedef-
fectin thesimulation.We studiedeffectsfor thechromatic-
ity andsynchrotrortunespread Thecombinedohenomena
maybeanalogousn its charercteristicto theregularhead-
tail effect.

We studiedthe phenomenaising strong-strongoeam-
beamsimulation. The resultsare preliminary, andshould
be studiedfurther.
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Figure9: Evolution of beamamplitudefor the strong-strongsimulationincluding an externalwake field. Redandblue
curvescorrespondo amplitudesof positronandelectronbeamsrespectiely. Uppertwo picturesdepicthorizontaland
verticalamplitudeswvithout beam-beanmnteraction.Lower two picturesdepictthosewith beam-beanmnteraction.
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Figure10: Evolution of beamamplitudefor linearforceincludinganexternalwake field. Redandbluecurvescorrespond
to amplitudesof positronandelectronbeamsyrespectiely. Uppertwo picturesdepicthorizontalandverticalamplitudes
with beam-beanmteraction.Lower left picturedepictsy — z correlation(yz), andlower right depictsverticalbeamsize.



