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ABSTRACT

Wemhgdehomuorm&mmwhdhdmdepohnﬂhnofeleﬂm
bemdmn;bum-bummtammhnunoﬂidm "These are the classical
spin precession under the collective field of theonmmn; beam, snd the spin-
flip effect from besmstrahlung. Anﬂyﬂchmlnmdulvudfotutm:hng
these depolarization effects. As examples, weuﬁmuethedepolmnhonmthe
Stanford Linear Collider (SLC) and a possible future TeV linear collider (TLC).
Thed’uhmﬁoudhbenegllp’blymﬂhswwmtmyh:gchm

INTRODUCTION

Pohnndbemmﬁnmmﬂ:dmmuldhemntemtingoptmfarhgb-
energy physics experiments. Itmstobembpupmhuitudmaﬂypo-
Iarized electron beams in linear colliders than in storage rings. In a linear collider
thueumneedfortheoomphubdlpmmmor,whchhmmlllon;e
zing in order to orient the spins to their longitudinal directions and is ‘s serious.
cause of depolarization. On the other hand, pohnndpodtrmbemmy not;
be easy 1o achieve in linear colliders. Nevmhelm,thuunoteueuhdforhgh.
euu'gya:perimmh The depolarization process can in principle occur in the:
damping ring, the linac, and the final focussing system in a linear collider. But
these can be largely suppressed as long as the machine is carefully designed. In-
the present papetwednmthcdq)olmhondnetobnm-bummmutm,
which is inherent for a linear collider and can not be alleviated,

Thmnehomed:mmnohpmdepohnutmmdnoedbythewlledwe
electromagnetic field of the oncoming beam, which is transverse to the beam
trajectory. A longitudinally polarized spinor would precess claswically under this
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MdmdmghtheBMTqutm, 'Ilidlnnhsdtoo Itis
mwmmuﬁsﬂmt&mm'hm1h
theplmclemgyinnmtld’tberutmmd¢=000nm&emﬁdmtof
mmmﬂcmdm@ Oxne cantherefore roughly estimate

mwdmmmmmm Yduphutﬁrmlh-

is mll needad fot more qmtntahve evaluations,

'lhothumed:mddqdnmﬁmnthe!‘nbbv-ﬁmwdm ie.,
thetpm—ﬁ;p d!‘u:t. during synchrotron radistion. This process tends to polarize
mmdmthedmctmoﬂheﬁeld Thulfmltongermptheeﬁectmdsto
,pohmetbebummlhetrmmdnmn and for linear colliders it tends to
degra.de the longitudinal polarization. In storage rings the polarization length,
" e veloatynihghttmthcpolmntmume,ndthenﬂledthewhr
~ system, mdthedednwmhhdthonjhh;tmeofbeﬂnw On the

contrary, the depohnnl'un length in a linear collider due to the Sokolov-Ternov
effect from be:mnnhlnng, i.e., the radiation ﬁom beam-beam interaction, can
beroughlyeatmnted tnbealtheordcmhmdmorlas byapplmthemhng
law available in' the r.lnncd Limit.. For, quutumlve eltnmtuml. however, it is
mbspplythehﬂqmtmtw -

lntlnlpupu', depohnuhonbydmcll prenelnonuducuned in the next
section, mddepohmhonbyspm-ﬂ:pud:uwnmthefollmgnctwn Depo-
Iarizations in the SLC and nTLCmatmnedutthemddbolh sections.

PRECESSION IN TBE BEAM-BEAM FIELD

Let us consider the collision of m “electron’ Illd a pontron bunch each con-
. sisting N particles with energy ymc®. Define the coordinate system as follows:
~ the electron (positron) comes to a collision nhng pontwe (negative) s-axis, whose
origin is the collision point. of the bunch centers, The z ~y plane is perpendicular
to a-m Deﬁne :;(z:) a8 the hnptudmal ooordmlte in the electm (positron)

'l:undleenurnwllule Olmouly :,-J-tmdn--l—-t The equation of
motlonof an electron with the initial condition (z,y, 2;) can be written as

".:7; = “—-";N ny (=2t~ z) ——m , (1)

and a similar equation for y. Here, n, (z) is the longitudinal distribution function

normnhaedmmdnmtht]n,(z}dz=l o5 and oy are the transverse rms
beam nize, r, the clamsical electron radius and

R = o7 [ ‘,,—_,T;,*T(,,-;—-;u,(x.ndxw @
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Fe(z,¥) = F - T

lntbehghncnmonvhue-n)l theaquatlonofmotmnoﬂheopm

o I‘deﬂnedmthuuﬂmm.u ‘

Eom(@o-B)er. o

mdla-dwlmhertheﬁddhdectmormic Hm,e.mde,uethe
unit ‘vectors along .z and y axes, Snuthedlﬂutmnglehmymdl,the
hﬁtudmﬂmmthnaﬂymﬂbi‘. ‘We assume that the initial
pollnlltmnbnﬁtndmll(l.zl)lndthedcpolmnﬁonunotmyluge
Also, for the moment, we ignore the: dnn;e of the ﬁeld dne to the pinch effect.
ThenEq(C)clnbemta;nhdu ‘ -

alt)=1~ -(1-)’ [ "’) ] ()

and frou: Ea. (1) we have

.
dx ‘f.” F.(C,s‘) f

F iy — -’L (=2 —n)dt . (6)
Therefore, the depalarization at time ¢ is given by
¢ : S
AP(t) = % [‘ra 'r:;'?r. F(z,y) / n, (=2t - 'i)‘l] ' (N
where ,
Fz,5) = Fl(z.0) + Fj(zy) . (8)
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Mmdmhtbewmthmddﬁhhmh” 'l'l-.thm :
final polarization is

(ap) = cmtmn-zs-—hf’) y ®
lineej:,u;(-—zt—z)llc 1/2. The average of F? bas been derived belore:*
(F) = log 3 F1(R) (10
with
J(R) = -1-2{%, R= 55 : (11)

Notwetlut the derivation was based on round Gaussian bunclies while the form
factor. f(R) for elliptic cylindrical distributions waa multiplied a posteri. All the
follcmngfomuhnmdmvedmthemmmer

A more interesting quantity 1s the average lon;ntndmal polarization during
the aolhnon, whick: is & luminosity weightad average: We denote this average by
the square bracket [ |. For any function of (z,5,,t), »* bave

— l d"M n(z,y,s — t)"(z! Yy =8 ~ t)-f (z,v,2, t)
= mdydadt n{z,y,s —t)niz.y, ~s —1)
_ Jdzdydndznn(z,y, 21)n(=, 0, 52)f (2, y, BFB, SUER)

J dzdydzydza n(z,y, 21)n(z, y, 21) »  (12)
where

n(z,y,2) = n,(z,y)n.(2) . (13)
The average of AP is now

jar = Je Xl (14)
where we have used the relation
~(n+n)/2 2
f"ld‘?ﬂ; (z1)n,(22) [ / n, (-2t - ll)dt] = Tli

for any longitudinal distribution. The luminosity-weighted average of F2 is
[FY) = log 3 (R} . (15)



Actually, the results do not depend ‘6n. the longitudmnl dutnbutm function.
The ratio of (AP) and. [AP] is.

2 log(9/8) |
[AP] = 3 Tog(3/3) (AP) o 273(AP) (16)
Nntwethltthenbovemulumdnobeexprmed in moreoonven:entfomm
The luminosity, in the abeeuce of dmuptaon, is pm by

B L
Lb " txo.oy, Vil (17)
where fiqp is the repetition ﬁeq||cy A l:otnpamon mth ‘Eq. (9) gives
(aP) = ° m-b-fa/—f'—'%f’(ﬂ) (18)

Actually, a more physical scaling llw is'to telute (AP) mth the average number
of radiated phoionsperelectm wlnchm bepven by

""” f(R) R (19)

where n,; is the mlgenumber o! phom- alcuhted by the classical synchrotron
radiation formula and & the fine ttructm eonstant Th-. we have
120 +2
(AP) = -—(—25—"-@“ (-) n,,, = o oow ny . (20)
. ‘'This simple relation suggests a more dned eompmaon ofthe depolarization and
the number of photons. Aoeord.mg to the chmcal radmnon theory, the average
number of photons per unit time is. pven by A
hﬁ' B '
— PR 21
e P @)
where p is the instantaneous radius of curva.tun d’ the m'bﬂ. On the other hand
the precrssion angular velocity is ,

d$ 7o o ‘
=5 ; (22)
when the field is perpendicular to the spin. Therefore, il??have
w2ty @)
Thus, the final depolarisation is '

(AP)=<§¢’(:-~)_>== 5",}(5)"'»-.:. , 1)
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where we ignored the difference between {n2) and (n.)?. By using the relation
a = a/2x in quantum electrodynamics, we get

{AP) = 7:;,-@ = 0.00608n%; , (25)

and
AP} = zon, (26)
Thus, in order to have negligible beam-beam depolarization, it is necessary that
neS4d . (27)

H the actual n; can be obtained by computer simulations or by other means, one
can estimate the depolarization readily. The inequality in.Eq. (27) is generally
utnﬁedm several existing designs of linear colliders, although it is only marginal
in lome cases.

Intheusedtheaboveexprs:ions, the following considerations should be
taken:

First, when the ratio { of the critical energy of radiation to the initial beam
energy is large, i.e., when beamstrahlung is in the so-called quantum regime, n,,
is not equal to the actual avérage number of photons ny. Thz Miter has to be
calculated using the quantum theory. The two quantities ave:relited by ny =
nealo(£), where Up(€), to be defined in the next section, is a slowly decreasing
funchonnftlndUo(ll) 1 (see Fig. 1). Therelore, if one uses n., instead of
na, Eqgs. (25) snd (26) will give an under estimation of depolariration. Since,
however, the variation of Up is very slow, the difference is only by a factor 0.7
even for £ ~0.5.
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Sownd we lmu ltutad tl:e preauiun ln;ulnr fnquency d&ldl asifitisa

% positive definite scalsr quantity, but :t n u:hully a vactor ‘Our integration which
" led to Eq. (22) was g

«n = ] l l (28)

which is not equal to Id(t)l In I.lm lenle, therdore, Eq (25) gives an over-
estimation of the depolarisation, and it'is correct only if (a) the orbit is confined
in a plane and (b} d¢/dt is positive {or negative) definite. :Actually, condition (a)
is generally satisfied. As for (b), when the dm'uptmn ruanmeter. defined as

2"1”’.

103..(0’: + "!) (29)

Dl"‘ =

is of the order unity, a partlde can in- genenl cross’ the ms within the oncoming
bunch and be bent backwards, nuungadnngedli;nm d¢fdt. For D » 1,
particles will oscillate about the axis by'the strong focusing force of the oncoming
beam, and d¢/dt will change sign frequently. In that fitustion the problem has
to be treated vectorially, and beeomu tl.t.her mtnute

Third, fotvayllutbumn u,o. >a,,uee.xpecl. D % D; and D. <1
Computer simulations on the rms deﬂer.tmg a.ngleu umng the code ABEL"® show
that, for Gaussian beams, o s

Orme = 20: i+ ; ;2)51173 :1 (J= z,¥) . (30)

where the overall coefficient oorreuponds to the l.nalyhc exprm:on for amall dis-
mphom In practice, the denominator:in the above aqnmon can be removed for
§ = z since typically D, € 1.

The final depolarization is theng:v!n by
(BP) = L0 Bgrmi? + byoms?] (31)

which approximately agrees with Eq. (9) when both D.,D, « 1. The small
discrepancy is due 10 the form factor f(R) for fiat beams. ‘In the case where D, »

1, we have 0, yms > &) rms, thus the contribution from the vertical dimension
can be ignored. Furthermore, for flat beams the relation: betmn [AP) and (AP)
in Eq. (16) always bolds as long as D, < 1, regardless of the value of Dy. But
when both D, and D, are large, the relation has to be modified.
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Al examples, we consider the newly built Stanford Lmeu Golhdet (SLC)
and thedengnttudu!orn'l‘e\'hmmlhda (TLC) byPnlmer The SLC is
dedigned to have beam energy at 50 GeV, N = 5 x 10'° particles per bunch,with
bunch sige o5 = 0, = 1.6um, and o, = 1 mm, st the mum.ctmnpomt This
eonuponds toa dnrn_pbon parameter D, = D, = 0.67. Thus the formulas
derived in this section is dnwtly applicable.

Since the local deflecting ﬁeld i» not constant during collmon, it is in principle
very complicated to carry out any calculation that involves the beam- beam field.
It has been observed, however, that an effective beunstrahlung panmetet can be
mtroduced in terms of the initial beam parameters only, to represent the entire
beam as if all particles are secing a constant effective field:

5 rIN
To—ﬁaa‘/a_f(m ' (32)

where by definition T = 9vB/B, = 2£/3 (B. = m3c ek ~ 4.4 x 10" gauss),
and f(R) is defined in Eq. (10). Notice that the coefficient 5/12 in the above
expression is some what arbitrary. With the above purl.metm for SLC, we find
To = 0.0014, or £ = 0.0021. One can u.nly find that n.f'is of order unity in this
case, and the depolarization is negligible u.eordlng to Eq. {25) and Eq. (26).

As for the TLC, the beam energy is D.5 TeV, and in one version of the studies
N =8x10% g, = 190 am, 0, = 1 nm, and o, =26;:m ThucorreapondstoD =
0.033 and D, = 6.27. Plugging numbers into Eq. (30) give 8, pme = 0.13x1073 >
Oy rms = 0.047 x10~2, Therefore the dcpoimutlon through precession is actually
dorninated by the horizontal disruption in this case. Since ‘D, <€ 1, the formulas
in this section are again applicable. The effective beamstrahlung parameter for
a TLC with the above beam parameters turns out to be Yo = 1.54, or { = 2.3.
Computer simulation further shows that the average number of photons radiated
perdcdmn is n, = 1.33. From Fig. 1 and with the estimated £, we find 5, to
be around 2. Thus we ‘expect that (AP} ~ 0.024 and [AP] ~ 0.007, which are
also reasanably emall.

SPIN-FLIP RADIATION

As is well-known, the electron (positron) beam in storage rings tend to polar-

ize anti-paralle] (paraliel) to the guiding magnetic field by the spin-flip radiation,

which:is called the Sokolov-Ternov effect. The spin-flip transition rate of an un-

polarized electron, i.e., the average of the up-down and the down-up transition
rates, is given by

_ 5\1,3- A.re'r’

Wy = 16 7— ¥ . (33)

where ), is the Compton wavelength of electron. The polarization time ranges

from several minutes to several hours for storage rings. For Lnear colliders the



chnrmmctmumchlhoﬁubmeo{the geneullyol.rongbenmbeam
field and the high beam energy. In the case of TLC, the above expression gives
the polarization time of the order of picoseconds, which is not pegligible when
compared with the bunch’ h\;‘lh Because the beam- benm field is perpendicular
‘to the partide orbit and because we are interested in th# longitudinal polarization,
theSokdm—medhthondepohnMummihnme

The above expression, l;un, is ‘not directly applicable to the TeV linear
colliders if the beamstrahlung is in the quantum regime. When the critical energy
u¢ of the synchrotron radiation spectrum is comparabie to oy larger than the beam
cuergy ymc?, we have to employ the quantum theary of radiation. Define the
parameter £ as

£= L:E - Eis.‘f_ , (34)

In fact, the expression (33) corresponds to I.he first non-trivial order in the ex-
pansion in terms of §:

(35)

where dng/di, defined in Eq. (21), is the rate of (spm non-flip) radiation by the
classical theory.

The spectrum formula of ndut:on in theful) qumtum theory was first derived
also by Sokolov and Ternov! When the field is perpendicular to-the orbit and
the electron-is polarized longltudml.lly, the spectrum of phoi.ons in given by

d’n, d“e! 1400, C(
Gy~ & |3 I o + ] (36)
Here, y is a dimensionless variable related to thepl_;ot.oq-energy U as
_ ufu = e
vorigg o+ (E=mmd) (37)

¢ and (' ave the helicities of the initial and final electron (= %1),:and the functions
Fay and Fy, corresponding to the spin non-flip and flip radiation respectively, are

given by :
_ 3 1+&y+ke |
Fay = S_rﬂz)-’_ / Ksps(z)dz (38)

and

_3 & T '
F!—s—,ﬁig&—), '/ Kyp(z)dz (39)



.K’s being the modified Bessel functions. By integrating thae expressions over
the photon energy by using the relation Ky;3 = —2K; 3 — K33, we get the total
pumbet of photons and spin-flip photons per unit: time:

BBy (40)
and

dny dnd

- =5 06 (41)
with

T _ ,,,(,,) 1
vole) = oj(r.,m)dv j B et e

and
v = [Frav=3-1 [ fosts + e - 18 - 3 E S Tkt
1] 0

(43)
(Caution: the integrands of these formulae of U and Uy do not give the spectrum
since we have used partial integration.) The funciion Uy is normalized such that
Uo(O) = 1. It is'a very slowly decreasing function of £, not far from unity in the
region for linear colliders in the near future. The functions Uy and Uy{Up are
plotted in Fig. 1. Explicit and approximate expressions of these functions are
given in.Appendix A. The symptotic form of Uy for small ¢ gives the spin-flip
‘transition rate

_ 1 dng '
'"z.—“dtfz Y (£<1) ("4)

which differs from Eq. (35) by a factor 7/9 because this is the transition rate of
'hngltndmnlspm. As § becomes larger, the spin-flip rate increases to a broad
‘maximum around { = 4 and then decreases as log {/¢. The ratio of the spin-
flip rate to the total photun emission rate reaches a maxirmum of 0.0200 around
£=11.

In order to get the depolarization, we have to integrate wy over the time
and average it over the transverse distribution. Again, as iv the case of classical
precession, the caleulation can be approximately performed if one replaces { by

10
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(AP) = 2(-‘.[ Ws‘* & WUJI&) & 21'1”1(&)/%(&) . (45)

hmmﬂ&.thmbﬂbmdvlmdﬂoﬁm
(Am--n,es ,(egg:gn (46)
nnd the inequality U;IUn < 002;im '
(AP)<oo4n1 o (4n)

As can be seen from Fig. 1, themnﬂmumdU;[Uouutullyverybmnd thus
lhelbcntdﬂmhtmfornuyhrgermged& 2560 S 100. As for
the relation between [AP]md (AP).Eq (lG)lulill oppmumtely va.lldmthm
-cane.

For SLC, Eu-OMImdu.,vul,undumuedwher So (AP} ~
11x10° < 1. On the other hand, & = 2.3 > 1:in the-case of TLC, s0
Eq.. (lﬁ)dounotlpplymdmnudhmﬁq'(ﬁ)diudly ‘From Fig. 1 we
see that Uy(fo = 2.3)/Us(§o = 2.8) ~:0.013. -Since ny = 1.33, Eq. (45) gives
-(AP)A-ﬂu.rlnchulbont t!neenhr;euthemtnbuhom fromthedusm.l
" ‘gpin precession. Pumn;thetwodeculogelhc nuhm&ethedepolmutmn
in TLC to be {AP) ~ 0.064. S

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thercol, nor any of their
employees, makes any warranty, oxpress or implied, or assumes any legal liability or responsi-
- bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not mecessarily state or reflect those of the
United States Government or any agency thereof.
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APPENDIXA _
hmwnmmmmmmmmm
Uy defined by Eqe. (42) and (43). &rmpblunﬁnllﬁod‘lhmhe
fwtbeﬁmd:m Uy defined by

¥ y ¥ 9
hi¢) = -j"— ! dy [m + T+ ar +(—1W Kanly) , (48)
which.is related to the radiation power as

- P=Py UI(E) ' (‘9)
‘where F,; is the radiation. power given by the classical formula:
Py= -:-r'ma (50)

One can easily get the asymptotic form for £ — 0 by expanding the integrands
of (42), (43) and (48) into power series of £ and by using the formula

jsﬂx.(z)duz--'r(""';“)r("";"“) Ru-Ro+1>0) .
0 . (51)

Thus, we find

Ua(£) = % i(au’ +3n+ lo)r"(g + %)'r (; +-§)'(-2E)' . (52)
o) = —Z(n+ D+ 2+ (3+3)T (5 +5) (20" . 59)

N N T

These expansi~as do not maverge for any finite {. They are merely asymptotic
-expansions, but nﬂluneftﬂformmllf, £ < 0.03. The first few terms are

1472
vu=1—7t Mea_ m{‘+ oY , (35)

Ux=1-m£+—£’——$ft'+ oy (56)

Up= g€ — 36+ et + 0() . o7
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lnudu-togutbemnc—oo,_wewplwell(l+€v)"inthe
.+, integrands using " .

_& (—l<c<0) . (58)

and its derwahmmth mpecuo z,mtegntemyunn;Eq (51) and close the
-lntegnhon tontomnlongtheldt hamarclem theoomplexa -plane, The results
are

Ualf) = 5 2%(&)” . (59)

= "(nz =+ 63)‘! —-[!—l
Uh(€) 7 2 w(ﬂ) , (60)

(ﬂ/3+1)(n/3+2)t. [ Pp—
T E nIE+ DI+ )+ (24) ”] S (2

where v, is Euler's constant (-—0.57721 :)-and _
- - ‘..I
= =(-1)° -2m-2-';—' & (62)
Actually, ¢, —Oﬁ:rn—zmdll{modﬁ) Thueiurmulaeconvergefornny
poahvee but, ofwurle, unnotbeuedforverymﬂ{beuuseoﬂonofd;glts

Up = 1.15830¢-1/3 -0, mnac-l-q-xmm.:-'f' -2ssonoc" +0(£"7) , (63)

Uh = 0.95535¢ /222500063 47. 73495{"'”-12.85055" FO(E0P) | (84)
Uy = 0.173205 log £ /€ ~ 0:52516¢ " + 1.948706~%/% — 2 7000062 +0("*) .
(65)



“The maximum of Uy and Uy/Us axe

Uy =0.010505 |, at =414 ; (66)

UpfUs=0019980 , at £=1135 . (67)

The functions Up, U; and Uy are plotted in Fig. 1 together with Uy/Us.

The following approximate formulas are nleﬁll’for-pradic-l purposes. (e is
the maximum relative error in the range 0 < £ < '00.)

1.
2

1 — 0.59797¢ + 1.06082£5/3

Un(§) = T3 0.9217687 y  €=00064 ; (68)
_ 14 18.91145¢ ! _
Ui(¢) = { 1+ 19.58981¢ + 19.437345513} v =001 . (69)
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