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Abstiact

We studythe interactionof the synchrotrorradiation,pro-
ducedby a relativistic particlein a bendingmagnet,with
the electroncloud presentn the samemagnet. The cloud
is describedas a collisionlessmagnetizedlasmaof very
low, but finite temperatureExpressionsrederivedfor the
spectralintensityof synchrotrorradiationfar from the par
ticle, whichin absencef acloudreduceto the Schottspec-
trum of radiationin vacuum.

For typical cloud parameters- a rarefied plasma,we
fully neglectthe refractionandonly take into accountthe
dampingof the extraordinaryand ordinary plasmawaves
at frequenciesmearthe first electroncyclotron resonance
(wave lengths~ mm) via interactionwith resonancelec-
trons. This effect would be the strongesin the hypothetic
caseof electronbeamandelectroncloud, but is found to
be wealer in the realisticcaseof positively chagedbeam
particle (proton, positron). In the latter case,by taking
Maxwellianvelocitydistribution of theelectrongr.m.s.ve-
locity v. = B.c) andfully neglectingthe ordinary wave
(factorf.), we demonstrat¢hatthedominanteffectis cou-
pling of - modeof the spontaneougadiationwith the ex-
traordinaryplasmawave.

1 INTRODUCTION

The goal of this paperis to studywhethersynchrotrorra-
diation generatedn a LHC bendingmagnetcan signifi-
cantly affect the electroncloud presentwithin the same
magnet. We considerthe radiationof a relatvistic parti-
cle (alsocalled“test” particle) with restmassM, chage
+7|e| and enegy yvMc? (v >> 1) moving along the
central trajectory of a bendingmagnet(field By, radius
p = Mc*Bv/(Z|e|By)) in presenceof a non-relatvistic
electronplasma(electroncloud) surroundingthe central
trajectory Sincethe lengthof the magnetis muchlarger
than the formation length p/~, we will assumethat the
whole plasmavolume is illuminated by the sameradia-
tion spectrumandthatthe size of the electroncloud, both
trans\ersally and longitudinally with respectto the direc-
_tion of propagatiorof theradiation,is muchlargerthanthe
radiatedwavelength.

Following mainly[1], in Section2 we computethespec-
tral densityof radiationat frequeny w, generatedy the
test particle asit traversesfinite volume of cold electron
plasmaof very low density By neglectingtwo-particlein-
teractionsthetestparticleradiatesasif it isin afreespace,

but theradiationdecaysasit propagateshroughthecloud.

The enegy lossesof the testparticle are definedasthe
work perseconddoneby the breakingforce actingon the
particledueto electromagnetifield producedby the parti-
cleitself:
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where v(®) is the test particle velocity vector; E is the
field producedby the particle at its own positionr’ and
e is the electronchaige. One canthink of thefield E in
(1) asthe planemonochromatiavave which, far from the
source(currentdensityj® = eZv(®)), coincideswith the
spontaneousynchrotronradiation. By neglectingall ef-
fectstaking placeat the plasmaboundarythis wave within
the plasmasplits into two waves— ordinary (—) and ex-
traordinary(+) one. Propagatiorof the two plasmawaves
is describedn the so called quasi-linearfgeometricalop-
tics) approximationWe realizethatthe geometricabptics
descriptionis not correctwithin severalwavelengthsrom
the source,but it canstill be usedapproximately(as this
wasdonein [1]).

It is alsoassumedhat the plasmais stationaryin time,
i.e. it hasno unstable(growing with time) modeseven
at the (low) frequenciesmearthe electroncyclotron reso-
nance.

In thelimit of zeroplasmadensity or negligible damp-
ing of the waves at frequeny w, i.e. ki (w)L <<

1; e *a@L x 1: wherel is the lengthtraversedby the
radiationwithin the plasmaand ki are absorptioncoef-
ficients, our result shouldreduceto the usualformula of
Schottfor the spontaneousynchrotrorradiationspectrum
(asin vacuum). ,

By expandingthe exponent:e ™%+ % ~ 1 — £/ (w)L,
the correction to the spontaneouslyradiated power is
proportional to —kl (w)L, while the absolute value
k+ (w)L, multiplied by the spontaneouslyadiatedpower
andintegratedoverw andthe anglesgivesthetotal power
depositedn the cloud. The latter quantity as considered
in this work to be an adequatemeasurdor the strengthof
interactionbetweersynchrotrorradiationandplasma.

Thetwo cases- negative (e ~) andpositive (e, or p™)
radiatingparticle

If thetestparticleis anelectronin vacuum,aremoteob-
sener whoseradiusvector describesan angle# with the
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externalmagneticfield (6 < /2 meansabove the median
plane),seeslliptically polarizedspontaneousynchrotron
radiationwave with electricvector E rotatingin the same
directionasthe electron([5]). More precisely the projec-
tion of E onthe medianplanerotatesin the samedirection
asthe electron. This remainstrue for bothanobsenrer lo-
catedabove or belov the medianplane— the polarization
changedrom left- to right-, or reversewhené crossesr/2.
Thusin this caseE rotatessynchronouslyith the plasma
extraordinarywave, implying strongelinteraction.

If thetestparticleis a positronor proton,thencompared
to the electroncase,E reversesits orientationE — —E,
but still rotatesin thesamedirectionasthetestparticle,i.e.
oppositeto the electronsof the cloud and synchronously
with theordinarywave.

projection of E vector of rad. on the median plane

rotates in the same dir. as the radiating particle

Parameters

L — propagatioriengthof theradiationwithin thecloud,;

By — externalmagnetidield:;

w and\ = 2we/w —frequeny andwavelengthof radia-
tion far from theplasma;

Ny — thenumberof electrongpercubiccm;

wp = (47rNe2/me)1/2 = 5.64 x 10%[s71]
—theelectronplasmafrequeng;

Q. = Lo = 1.76 x 107[s7Y| By [G's] —
queng of tﬁe electrons;

Q= ﬁg — cyclotronfrequeng of therelativistic LHC
particle(y >> 1);

n = w/. —harmonicnumber;

q = (wp/Q)? —densityparameter;

ve = /< v? > /3 —ther.m.s. thermalvelocity of the
electrondn caseof Gaussiardistribution function:
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whereT, = m.v? = kgT[K]; Be = ve/c(1/5% = 5.11%
10°/T, [eV]);

rp = ve/wp —the Debyelength;

1o — the distanceof the electronicgyro-frequeng to the
critical frequeng of the spontaneousynchrotrorradiation
spectrum:

(2)
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For electronrings(|Z| = 1, &L = 1), y is small: ~ 2.

For protonsin the LHC (M = my; ;e = 5.4 x 107%),

Yo << 1 both at injection (v = 480, yo = 1/188)
and collision (y = 7462, yo = 2 x 107°). For
heavier radiating part|cles(l|ke 2§§Pb ions), with mass
M = A x m,, assuminghe rigidity pH is the sameas
for protons, the Lorenz factor v is multiplied by Z/A,
so the yo valuesfor protonsare multiplied by (A4/2)3.
Onehas: atinjection (y = 189,y9 = 0.1) andcollision
(v = 2942, yo ~ 3 x 10~4).

Estimationof the effect

Thefraction of power depositedn the cloudrelative to to-
tal power radiatedcanbe estimatedn the following way.
We take: Ny = 106 em™3, A ~ 1 mm, ¢ = 1078
Yo ~ 1072 andthicknessof the plasmaslabL = 10 m.
For Maxwellianplasmathe orderof magnitudeof the ab-
sorptioncoeficientsis known: k L~ ﬁ,whlch should
be multiplied by y, (the centerof the absorpt|0ri|ne) and
by 3. (its width) to get:

q L
E_ Yo Be ~ 107"

2 CORRECTIONSTO THE
SPONTANEOUS SYNCHROTRON
RADIATION SPECTRUM CAUSED BY
WAVE ABSORPTION IN THE
ELECTRON CLOUD

Vi 1B,

Figurel: Left: testparticlewith velocity vector @, L By
traversing electron plasmaand velocity vector 7, of an
electronof the plasma.Right: coordinateramee, €, €.
obtainedby rotationof €1, €3, €3 aroundthe &3 axisat an-
gle —0, sothatthedirectionof propagatiorof radiationis
alonge; (EH@})

2.1 The self-consistentequations describing
small plasmaoscillations and the disper
sionrelation([1], [2], [7])

We mainly follow [1], wherethe enegy lossesdueto syn-
chrotronradiationarestudiedfor a slabof quasi-relatiistic
uniform electronplasma(the thermo-nucleareactor).The
electricfield within theplasmaE, which correspondso an
externalcurrent,or atestparticlecurrent;t), satisfieshe



Maxwell equation:
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wherethe currentdensityj (“**), causedy thefield E, de-
scribesabsorptiorandinducedradiationwithin theplasma.

A testparticletraversingthe plasmais shavn on Fig. 1.
We have choserthedirectionof the externalfield Eo to be
parallelto the €3 axisandthe radiusvectori” of theremote
obsenrerto lie in theplaneet, 5.

In whatfollowswe usetherelatvistic form of thedielec-
tric permittivity tensor(asin [1]; seealso[8], [9]) to com-
putethe Fouriercomponent®f therelatvistic test-particle
current. Thesametensor but takenin anon-relatvistic ap-
proximation,([2], [4]) will laterbe usedto describesmall
oscillationsof the electronplasma.

For a particlewith massof rest M andchageq = Ze,
therelatvistic tensoris:
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with J,(z) being the Bessel function; z =k w/(Q7);

k=kée+ kjes (seeFig 1) andw andw denotingthe
component®f thevectors transwerseandparallelto Bo.

Above f(7) is relatiistic distribution function, normal-
izedsothat [ d*vf(¥) = 1. Theargument? (noticean
unusualotation!) denoteghe particlemomenturmdivided
by the massof rest,i.e. v = ¢y, with + beingthe usual
relativistic factor:y = (1 — 52)~1/2 = (14-v%/c?)'/2. In
the non-relatvistic case(y — 1), ¥ becomeghe particle
velocity.

By taking plane monochromatic waves E =
E]E,w ei(lz-f")fiwt' ](t) _ Jlg’fl ei(l;:-i‘)fiwt (the size of
the plasmavolumeis muchlargerthanthe wavelengthsof
interest) the Fouriertransformof (4) reads:

e _ (@
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R = (k2 — )T — Pkk + QY. (6)

whereI is theunity 3 x 3 matrix, R'® andQ'® arefunc-
tions of real k andw and Q'® is obtainedfrom Q in (5)

with substitutingthe electronparameters, me, ve , f(7.),
Qe.
In therotatedcoordinateframeey, €, €

1-N? 0 0
(Pk?* —wHI — Pkk = —w? 0 1-N2 0];
0 0 1

N =ke/w.

For a Maxwellian plasma,the non-relatvistic approxi-
mation of Q'®) nearthe first cyclotron resonances dis-
cussedn Section3.

Thedispersiorequationof smallplasmaoscillationsis:

()

For afixedrealw, it canbe showvn ([1]) thatin thelimit
of rarefiedplasmaw, << w, the dispersionequation(7)
becomeshiquadraticwith respectto k, so thereare only
two solutionsfor k2, denotedhereby k2, corresponding
to the ordinary and extraordinarywaves (refractionindex
valuesVy = k4 c/w). Thuswe havein this limit:

A(k) = det R =0.

A(k) = (K — k3) (K> — k2). (8)

2.2 Thefield propagator

Considera statistical ensemble(the beam) of test par
ticles with coordinatesr’, velocities v’. One can in-
troducemacroscopidluctuating-currentlensities; (¢, 17),
functionsof time and+’. To find the field radiatedat fre-
queny w by acurrentfluctuation;(¢, /), onehasto invert
(6) andthencarryoutcontourintegrationover k andspatial
integrationoverall sources”’. Theresultis [1]:*

E,(r) = /d?’r’W-jfj)(F’), with
; i(w/c)r—i(w/c)rr!
woo lwe . i
cir(ki — k%)
(emtin N,
Po= 7/r, 9)

wherethe elementsof the matrix A(®) arethe cofactorsof
R ie. (R©))1 = A /A andr, denotesapointatthe
plasmaboundary

The indices+ and — appearbecauseduring the con-
tour integrationthe argumentx in )\E?(k, w) is substituted
with k1, wherek. arethe two roots out of four having
positive imaginarypart. Thefactor (k% — £2) in the de-
nominatorappearsince,accordingto (8), dA/dk|x=k,. =
£2cthy (k2 — k2) ~ 22w (k2 — k2).

In thelimit w, << w (sameasfor (8)), it canbeshovn
that:

A=A = 22 -

k2)(I — #7), (10)

1This expressiorfor thefield hasthe correctasymptoticatr — oo. It
hasbeenassumedalid alsoin thevicinity of thesourcer’.



wherein therotatedframeey, €,, €2, shovn on Figure1:

(Iﬁf)—(é?).

If wefurthertake e=*+™ — 1, thenW reducego thevac-
uumpropagator

2.3 Thespectal densityof radiation S,

The power radiatedin direction? = 7/r perunit areaand
perunit frequengy interval is [1] (the barindicatesstatisti-
cal average):

c
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We substltutehere(g) andnoticethatthe only dependence

onr isin thefactorei«/o™" S thereforecontainsthe
expression:
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wherethe advancefrom r to 77’, during time intenal T,
is alongthe unperturbedrajectoryof thetestparticle. The
above expression(12) (asafunction of realw) is equalto
the spectraldensity (5 (t)),r . of currentfluctua-
tionsfor aplasmain an externalmagnetlcfleld [1], [2]. It
is also called non-interactingcurrentcorrelator Thuswe
obtainfor S,,:

W (13)

h=wp

oW
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2.4 Thespectal densityof testparticle current

(k=“f,w), or correlator
w0 can be obtained either directly, by

Fourierexpandingthe unperturbedest-particlemotion, or

by applying the dissipation-fluctuatiortheorem, [1],[2].

The latter theoremstatesthat it equalsthe anti-hermitian
partof the tensor@ definedabove, but written for an en-
sembleof testparticlesinsteadof electrons.Also, accord-
ing to the sametheorem, Q") shouldbetakenin the limit

of vanishingparticle-particlénteractionssoonehasto use
avanishingimaginarypartw — w — ie. Correspondingly
we replacethe parameterg, m, 7, f(¢), Q in (5) with the
onesdescribingan“ensemble’of asingletestparticlewith

chageZe, massAm, momentumny, relatiistic distribu-

tion functionf(vZ) = 5(1}2 — v;) andcyclotronfrequeng

0 = ZeBy/(Amcy). Theresultis:

G s =1/21QY — Qs
“+oo
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The spectral density j®
(j(t)*j(t))];_ﬁ

(14)
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whereusehasbeenmadeof theformal equality:

lim Im
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—wd(w—nQ).  (15)
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To simplify thetensorT',,(v;), we first noticethatu; = 0,
hencethe elementsn thethird row andcolumnof T',,(v;)
arezero.Theremaining2x2 partof thetensortransformed
in therotatedcoordinateframee;,, €, €2, is
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= v ctg 0J, = cyctg 0 Jp;
w/e
jy,n Jo n = w¢J n = Cﬂt'\/tj (17)
andthearmgumentis

z = wuwsin@/(ycQ) = nwiesind/y; = nfysinb

(we have replacedv with n$2 andusedthatk = w cosf/c
andk; = wsinf/c).

Wewill see(theSchottformulabelow) thatj ,, andje .,
areactuallyproportionalto the = ando-componenof lin-
earpolarizationof the electricvectorof spontaneousadi-
ation (harmonicn). Thusthe electricvectoris parallelto
j» andelliptically polarized(|jx n| # |jo.n|), With direc-
tion of rotation, left- or right- asgiven by the signsof the
component®f j,,. For ary n, thesetwo componenthiave
equalsignfor & > 0, andoppositesignsif § — 7 — 0,
i.e. thedirectionof polarizationof the n-th harmonicis re-
versed.If onefixesthe frequeny seenby the obsener to
arealpositive valuew > 0, thenfor anobsenerabove the
medianplane2 > 0, which meanghatpositve n have to
be takenin the sumbecausef the o-function. Below the
medianplane(@ — = — #), Q2 is negative andhenceneg-
ative n valueshave to betaken, which leadsboth j, ,, and
Jon reversingtheirsigns.

For S, we getfrom (13),(9) and(14):
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2.5 TheSdottformula

Herewe derive the spectraldensityS2 of spontaneousa-
diationof thetestparticle(asin vacuumnocloud),emitted
atangled with respecto theexternalmagnetidield, called
the Schottformula[5].

If thesizeof theplasmas muchsmallerthantheabsorp-
tion depth(klrb << 1) then,by takinginto account(10),
(18) becomes:
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wherez = nf;sinf. Thetermwith n = 0 doesnot con-
tribute and the termswith n and —n are equal, giving a
factor2. In (19), 72S? is the the enegy/sec,radiatedat
angled with respecto theexternalmagnetidield, perunit
solid angleandperunit frequeng interval.

2.6 Integration of the Schott spectrunover fre-

guenciesandangles

We follow the standardntegrationprocedurg([5], [6]) to
obtain the total power radiatedby the test particle (from
now onwe omit the subscript't”). For ahighly relativistic
suchparticley >> 1, # = 1, theradiationis concentrated
nearthemedianplane:f ~ «/2. Theordern of theBessel
functionsis thereforenearlyequalto their algument:z =
nfAsin 6 ~ n andonecanusethe asymptotidormulas:

l/2 n
e = k(3.

& n
J! = Ky (=e¥? 20
n(z) ﬂ-\/§ 2/3(35 )7 (20)

wheree = 1—22/n? = 1—3sin?0 << 1. Wewill only
needthe above expressiondor large harmonicsn >> 1,
wherethesumovern canbereplacedy anintegral,which
is doneby the following transformatiorfrom n, 6 to new
variablesy, 1:

2
W =7y cost; y=3n7%
2
dip = v dcosb; dy = 3 dny™3 (dn =1);
—y < Y < 0<y < oo.

Here y measureghe relative distanceto the critical har
monic %73 (nearlyequalto the spectrummaximum),while
1 measuretheanglebetweerthedirectionvectorof prop-
agationof theradiationandthehorizontalplane(in unitsof

1/7). In theargumentof K, ¢ is expandedover the small
quantitiescos @ andy/=, = 1/~ andby keepingonly terms
of theorderof 1/~2:

2
1+ (cos@) N
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ctgh =~ cosfh = f
v

By substituting(20) into (19) andintegratingover angles
andfrequenciesthe total power radiatediV, is (herep =
c/Q):

27r/ dw/ dfsin 6 r*S°(9) =
0 0
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wheren = 1y (1 +4?)3/2 andW, = %%74, (v is

replacedwith infinity in the upperlimit of integrationover
1, becauseghe K functionsarenonzeroonly for argument
of the orderof unity).

The frequeng radiatedw (= nf), which corresponds
maximumof the spontaneousynchrotronradiationspec-
trumis ~ (3/2)Q~2 meaninghatthe expressiorunderthe
integralsignin (21),asafunctionof y = §QL“/3 reachests
maximumaty ~ 1.

The 7 mode(first term) is radiatedin directionsabove
andbelow themedianplaneandbecomegeroin theplane
(thefactory?). For theo mode theradiationis centeredn
themedianplaneandits total contributionis 7 timeslarger.

3 ESTIMATION OF THE ABSORBED
POWER FOR A MAXWELLIAN
CLOUD

3.1 Wave absorptionat frequenciemear the
firstcyclotonresonance
We considerararefiedplasmag << 1 with electronictem-

peraturel, ~ 100 eV (8. = ve/c ~ 0.01). We assume
that:

(%)2 é - nQLﬁe <<1 22)

is fulfilled for all harmonicsn of w = n ()., evenat the
cyclotronresonance. = 1. For frequenciesn thevicinity



of thefirst cyclotronresonancehedielectrictenson5) has
theform ([2], [7]):

—%-i—a %q—i-ia 0
Q=|—4-ic —-44+0 0 (0 >>q)
0 0 —q
2
_ T Yy
7= Z\/;wzﬂe cos w(z),
(0 20
’U)(Zl) € |COS€‘ +\/E 0 € Yy,
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where w(z) is the probability integral (error function of
comple argument).

In more details, for Maxwellian distribution, the n-th
memberof the sumin (5) (n = +1 + 2...) is propor
tional to e~ *» with z, = % As w approaches
|Q|, the contribution to the tensorof the member(term)
withn = 1is thelargestsincee*Z? ~ 1. Thistermisis
causedby “normal Dopplereffect”, i.e. presencef elec-
tronsrotatingin the samedirectionasthe w-harmonicand
with velocitiesnearlyequalto its phasevelocity (for which
w — |Qe] = (u/c) wcosb). For the othermemberf the
sum,including the onewith n = —1, producedby a har
monic rotating oppositeto the electrons,|z,,| >> 1, so
their contribution is exponentiallysmall (their total contri-
bution is ~ ¢). The pictureis the samefor higherreso-
nanceswith |o,, | rapidly decreasingroughlyas1/n!).

By keepingonly theresonance terms,thetensorQ be-
come-dimensionahndaftertransformingt into to frame
€2, €y, €2 andsubstitutingt into (6), onegets:

N? —140cos?f iocosh
RO _ 2 . (24
—io cosd N2 —1+0
where
N =kejw.
Thedeterminants (V1. = kic/w):
A=uwt(N? = NBHN? - N2), (25)
wheretherootsare:
N2 =1; NZ2=1-0(1+cos?0). (26)

As expectedjn ourapproximatiortheordinarywave prop-
agatesasin vacuum. The matrices)\gf) are computedby
taking\(®) = (R(®))~! A andsubstitutinghere\.. from
(26). Theresultis:
—icosf
).
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which canalsobewritten as:

— =%

)\(ie) =éL Sp )\(f) = F(1 + cos® 0),

(29)

Sp )\(jf);

wherethe eigen-\ectorsare:
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Thusthe columnsof )\(f) are proportionalto the compo-

nentsof the electric field vectors E, of the two eigen-
solutionscalledextraordinary(+) andordinary(—) plasma
waves. The extraordinarywave electricfield vector £ is
parallelto €, androtatesin thesamedirectionastheelec-
trons.

It canbeshawvn[2], that(29)is alwaysfulfilled for nearly
transparenmedia (when the anti-hermitianpart of Q is
smallcomparedo its hermitianpart).

Onecanalsocheckdirectly that(10) is indeedfulfilled:

) . (31)
3.2 Estimationof theabsorbedoower

Therootsk, andthe cofactorsA. arefoundin the previ-
oussection.By usingsomepropertieof A:
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andalsothe spectrabdensity(16) of thetestparticlecurrent
Jn, (18)is transformedasfollows:
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We will interpret(32),integratedover realandpositive fre-
guenciesv andangles) < 6 < , astheenegy persec-
ondradiatedby anelectonin presencef election plasma.
If the beamparticleandparticlesof the cloud hasopposite
sign,thentherolesof ordinaryextraordinarywavesarere-
versedandcorrespondinglynehasto exchangeheindices
+ and— of k" in thetwo exponents.



With this in mind, we substituter, with the propaga-
tion length L within the cloud and expandthe exponents

e 2kl ~ 12" L. This canonly be donefor smallopti-

caldepthk’, L ~ quf << 1, whichis truefor 3. ~ 0.01
andtheparameteris Tablel. Theunity produce$hespon
taneousspectrum(19) while the terms — ZkiL with their

signsinvertedyield:

w?(Ze)?

B 0(w —nQ)
2mwc3y? .

LT o020 (Jme,m cos B —l—jf,,n)2 ki L

+(Jrn — Jon cos0)? k;L} (33) X Z n| cos | (

wherethe uppersignappliesif a negatively chagedbeam
travelsthroughtheelectroncloud,andthelower signrefers
to apositive beamchageasin the LHC, and

Jam =cyctg 0 Ju; jon = ey,

"

L
K| (w,0)L :‘;—Im/\/2 =
02 gL 1+ cos?6

4\/;wﬁe

()
X e V2w fBe cos 6 ~

cos
qL
B’

" L _(_e=i2 \?
kf(w,e)LNqTe (\/Eu,aecose)
( where A =2nc/w; w = nQ ~ Q).

(34)

Sincek” is (G timessmallerthanki weonly show its order
of magnitude.lt is easyto computeit, if the ¢ termsin Q
arekept,[2].

We choosehe cyclotronfrequeng of thetestparticleto
be positive for anobsener above the medianplanef2 > 0.
Sincew > 0, only positive n contribute. For eachn, there
aretwo contributions— scalarproducts(squaredpetween
fn andtheunit vectorse; andé_ of the counterclockwise
andclockwiserotatingplasmawaves. Thustheelliptically
polarizedsynchrotronradiation wave interactswith both
extraordinaryandordinaryplasmamodes.This is because
the elliptical polarizationcan be decomposednto a left-
andright- circularpolarizations.

1) In thehypotheticcase-thetestparticlebeinganelec-
tronin electroncloud,thecurrentfw hascounterclockwise
polarization? and an obserer locatedabove the median
plane (cos@ > 0), seescounterclockwiserotating both
beamandplasmaelectrons.

By settingk” = 0 (takingonly thefirst term),andnotic-
ing thatn, cos#, j. ., andj,, areall positve, we seethat
the contributionsfrom ¢ andr modesaddup (strongerab-
sorption).

2) For a protonor positronin an electroncloud, by set-
ting k&~ = 0 (taking only the secondterm), the contritu-
tions from the o and * modespartially compensateach

’meaningthat jr,» and j,n, hae the samesign, so the vector

(0

) = Re fwem rotatescounterclockwise

other Thefactor1/ cosf in k', is cancelecandbothmodes
participatewith a factorcos§ ~ y~1. The absorptioroc-
cursaway from the medianplane(zeroin the plane). For
this casetheintegrationis carriedout below.

We take only the secondermin (33) andintegrateover
anglesand frequencies,sameas this was done for (21)
(hereWoyo = v/ p):

o0 o VT (Ze)? Q% qL
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7r/ dw/ d951n9><4\/§ 2B, X

2 (lmeL Y?
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N03—qLW y4/3,

(35)
where
B n Q- Q, _ Y Y%
V20 QB cosh  V2yBab/y
1 y0>
= (1-2), (36)
YA < Y
200,

A=V2B/7, yo= 300

Thuswe have neglectedthetermwith K, /3, becausef
the factor1/+ andhave only estimatedhe term K /3 (7
mode)in the following way (confirmedwith directnumer
ical integrationfor v up to 300):

00 +v 5
/ ydy / (1 + 6D K2 g(n) e ~
~ A / AR (1 +92) K2 5 (10) ~ (37)

T(2/3) Ay

~ \/g 21/3
(hereny = L(1 +¢?)3/?).
We have usedthefollowing integral:
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= g T

(38)



K, (yo) = 2" 70() g ¥ (yo << 1).

Accordingto (35), thefractionof depositecenepy is

AW Qe
_@0.3?qu§

3 L a3
Wo ’

~ quo

This expressionscaleswith the beamenegy as~y—8/3. If
the propagationlength within the cloud L is fixed, it is
inverselyproportionalto the magnetidield By. If L varies
accorgingto L ~ p/~, thenthe dependencés stronger:
~ B, 2.

LHC parameters

The values of the density parameter ¢ in Ta-
ble 1 correspondto pessimistic(large) electrondensity
Ny = 10° [em ™3] (¢ scalesas Ny) andthe propagation
lengthwithin thecloudis takento be L ~ 10 m. For LHC
circulatingbeamcurrent~ 0.5 A, thetotal radiatedpower
is Wy = 0.06 W atinjectionand3.6 kW atcollision,hence
the absolutedepositecbower perbeamis negligible.

Table1: Fractionof depositedenegy with LHC parame-
ters.

pT collision pT injection

v 7460 480
By 83860 5390
w=Q, 1.5 1012 9.5 1010
Alem] 0.1 2

Q 1.08 108 1.08 108
Yo 21078 51073
q(No=10°[cm~3])  1.510°° 3.510°7
AW/Wo (L=10m)  ~ 10712 ~ 1078

4 SUMMARY AND CONCLUSIONS

An expressior(correctedSchottformula) hasbeenderived
for the synchrotrorradiationspectrunproducedy arela-
tivistic particle, which traversesa large (w.r.t. the wave-
length) volume of magnetizedplasma(electroncloud in
acceleratobendingmagnet).We have estimatedhe frac-
tion of absorbedpower at frequenciesnear the first cy-
clotron resonancealue to the presenceof resonanceslec-
trons(Cherenlov resonance)We foundthat:

—the absorptionwould have beenstrongerin caseof an
electrontraversingan electroncloud, sincein suchcase
the strongerc modeof linearpolarizationcomponentof
spontaneouradiationdecaysas(coupleswith) theextraor
dinarywave;

— for therealisticcaseof positively chagedbeamparti-
cle,theabsorptioroccursaway from the medianplaneand
is causedy couplingbetweerther modeandthe extraor
dinarywave;

— for the caseof LHC, boththe absorbegower andthe
effectontheradiatedspectrumarenegligible.

Our estimationsare basedon a collisionless plasma
modelfor the cloud, typical (LHC) densityandtempera-
ture parametersand Maxwellian velocity distribution of
theelectrons.
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