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Background thermal depolarization of electrons in storage rings
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We discuss the influence of the background thermal bath on the depolarization of electrons in high-energy
storage rings, and on the photon emission associated with the spin flip. We focus, in particular, on electrons at
CERN LEP. We show that in a certain interval of solid angles the photon emission is enhanced several orders
of magnitude because of the presence of the thermal bath. Notwithstanding, the overall depolarization induced
by the background thermal bath at LEP conditions is much smaller than the one induced by plain acceleration
at zero temperature and can be neglected in practical situations. Eventually we discuss under what conditions
the background thermal bath can enhance the overall depolarization by several orders of magnitude.
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PACS numbd(s): 41.60—m, 12.20.Ds, 12.20.Fv

[. INTRODUCTION background thermal bath can have their frequency shifted
into or off the absorbable band, implying thus anhance-
Evidence of polarization in a single circulating beam wasmentor dampingof the excitation rate. Although the two-
detected unambiguously in the early 1970s at Novosibirskevel model is a satisfactory approximation in many respects,
and Orsay[1]. Later, a polarization oP~76% was ob- this is incomplete in some other ong4]. Here we aim to
served in the storage ring SPEAR at Stanff2fland more  analyze the influence of the background thermal bath on true
recently a polarization oP~90% [3]. The first observation fast-moving spin-1/2 fermions.
of transverse beam polarization at the CERNe~ collider The paper is organized as follows: In Sec. Il, we calculate
LEP was in 19904], reaching furtherP~57% [5]. Trans- the angular distribution of emitted and absorbed photons, and
verse and longitudinal polarization signals have been obtadiated power induced by the spin flip. We show that in a
served since thefsee, e.g.[6] and references thergjnand  certain interval of solid angles the photon emission induced
their utilization to test possible extensions to the standar®y the spin flip is enhanced by several orders of magnitude
model constitutes a source of excitemésee, e.g.[7]). In because of the presence of the thermal bath. In Sec. Il we
spite of the peculiarities of the different machines, theoreticafXhibit the frequency distribution. Section IV is devoted to
calculations indicate that the maximum natural transverséalculating the total emission rate and total radiated power
polarization possible to be reached by ultrarelativistic elecinduced by the spin flip. In Sec. V we use results of the
trons moving circularly in storage ringgt zero temperature Previous sections to calculate the background thermal-bath
is P~92% [8—10]. The main reason why the polarization influence on the depolarization of electrons at the LEP. We
obtained is not complete is the high acceleration under whicghow that in spite of the results of Sec. I, the overall depo-
these electrons are subjected. However, there are oth&ization because of the background thermal bath at LEP
sources of depolarization which should be taken into accourfionditions is much smaller than the one because of plain
(see, e.g.[11]). acceleration at zero temperature. Finally we discuss our re-
Here we discuss the contribution of thackground ther- ~ Sults in Sec. VI. Natural unité =c=k=1 will be adopted
mal bath on the depolarization of high-energy electron throughout the paper.
beams at storage rings and on the photon emission associated
with the_ spin fI_ip. We _focus on electrons at_the LEP,_ but_our Il. PHOTON ANGLE DISTRIBUTION
conclusions will remain basically the same in most situations
of interest. Theoretical results call attention to the fact that In order to calculate the angle distribution of emitted pho-
depending on the electron’s velocity, the backgroundions induced by the spin flip of a fast-moving electron, it is
thermal-bath contribution can be enhanded dampedi by  useful to define from the beginning spherical angular coor-
several orders of magnitud&2]. This result was obtained in dinates @,¢) in an inertial frame at rest with the laboratory
a simplified context by modeling the electron’s spin flip by and with its origin instantaneously on the electron as follows:
the transition of a two-level scalar syst¢fi8] coupled to the € is the angle between the electron’s three-veloeignd the
background thermal bath. The influence of the velocity in thethree-momentunk of the emitted photon, whilep is the
thermal depolarization rate can be understood by noticingingle between the projection kfon the plane orthogonal to
that because of the Doppler effect the energy spectrum of the and the electron’s three-acceleratian
background photons is shifted in the electron’s proper frame. To calculateat the tree levethe angular distribution of
Thus, depending on the electron’s velocity, photons of theemitted and absorbed photons associated with the spin flip as
well as the corresponding radiated power, rather than using
the thermal Green function approach, we will introduce di-
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solid angledQ =singddde, and frequencydw induced by d*Pim(6o)
the spin flip of an electron circulating in a storage ring at WEM\?& 0o)|?0?n(w) (2.9
zero temperaturés
4272 )
*Pladbo) _ 33 A+ [ < () = —Ge=n(w) 2.6
= si
dQdo 4073 To'}’zwo o013\ 77

1 accounts for stimulated emission, andw)=1/(e“?—1).
+ §(1+c0§60)(1+t2)[K§,3( 7)+K27)] The emission amplitude can be written as

AGad 80) =(—g®(1,|H,|0)®]s), 2.7
+2c090\/1+ K 15 7) Kl n)], 2.9 s
whereH, is the relevant interaction Hamiltonian.
In the presence of a background thermal bath, the spin-flip

where y=1/y1=v*, t=y0sing, wo is the electron’s orbital process can be also related to the absorption of a photon. In

frequency, order to calculate the absorption rate, we note that
5\/§ ez'}’s o dZPab% 05)
| Ta - - NV gab 2 2
7178 2y @2 00 = 4B 60 Pwn(w), 2.9

is the typical time interval for the electron beam to reachwhere the absorption amplitude is written as
polarization equilibriumPy, i.e. P(t)=Pg[1—exp(-t/7)],
m is the electron’s masg, is the bending radius of the stor- A2 60)=(—9®(0[H||1,)®]s). (2.9
age ring, andy= v(1+1t2)%%2 with
By comparing Eq(2.7) with Eqg. (2.9), and recalling that if
2w the angle betweess and B is 6, then the angle between
(2.3 —sandB is 7— 6, we obtain

V= .
3'}’3(1)0

203 00) = AS(m— 6p).

The variabled, is defined as being the angle between the Avad o) = Avac o)
initial spin directions and the magnetic fiel@. After any
transition the spin state changes frogh to | —s). Deexcita-
tion processes are characterized by the fact that6®
< /2, while excitation processes are characterized by th
fact that7/2< §,<7. We also recall that, at the tree level,
each spin flip in the vacuum is associated with a photon
emission[10]. For the LEP we have/~10°, wy~10° s ! d*PY6g)  d*Phel7— o) 01
and a background temperature ®f 1~4x 103 s (=300 dQde dQde (210
K). Note that the transition energy gap, which corresponds to
the typical photon energy responsible for the spin flip, can berpg (ota1 spin-flip probability will be given by summing up
naively estimated in the electron’s proper frafisee Refs. gqq (2 4) and(2.10, and integrating the result over the fre-
[10] and[13]): AE=2pu[B’|~0.6 eV, whereu=ge/Am is g encyq and solid anglé? as shown in Sec. IV.
the magnetic momeng~2.0023 is the gyromagnetic factor, ", order to obtain the angle distribution of emitted pho-
and B’ is the magnetic field in the instantaneously mertlaltons’ we integrate Eq2.4) over frequencieso. In the ||
rest frame of the electron. A more careful calculatidd] _gq interval, we use the approximatiol,(7<1)
shows thatAE is proportional tog— 2+ 2/y rather thang, ~T'(a)2% Y/ 7 sincen(wB>1)~e~“# implies that the in-
which reduces by a factor of 1he energy gap for ultrarela- tegral has its main contribution for<0wB<10 and in this
tivistic electrons. In any castE<m~0.5 MeV. range 7<1. In the [t|>9%x1(? interval, we use the

In the case the electron is moving in a background therapproximation n(w<l/B)~1Bw since K,_o(7>1)

. _1 . .
mal bath characterized by a temperat@e", the emission ~ 727 e 7 implies that the integral has its main contri-

rate can be expressed simply in terms of Exl) by (see, bution for 0< <10, and in this rangeo<1/8. Hence, after
e.g.,[16] for an account of photon radiation in a heat bath some algebra we o’btain ’

By using it in conjunction with Eqs(2.5 and (2.8 we ob-
tain that the absorption probability with spin excitati@te-
excitation must be equal to thetimulatedemission prob-
3bi|ity with spin deexcitationexcitatior):

d?P° 6y)  d*Poa6o)  d*Phaf 6o) dPE™ 6,)  d7EM(6)  dPEM(6,)
d0de  d0de | d0de ' 29 0 - 4ot 4o (@1

where where
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dPEm(6) _TA23T(813¢(813) ¥’ 5_4)8’3 T2(1/3)T(10/3)£(10/3) sirfo, ( ﬁ_-l) 23
d s 5x 481653 To | @o 62°r2(2/13)T'(8/3)£(8/3) > | @o
L[32 B orwees)  cody Bt v
3] T(RT(BRIB8ID v | wg
2 2 -1\ 2R
+(1+cos?eo) I?(1/3r(10/3£(10/3 (1+t%) (B * all 212
2 62°Pr2(2/3)I'(8/3)£(813) 2 wo
dPhed o) V3 (1413772 6 64
— = !sify+ = (1+cofhy)(1+t2 J1+t2cos, |, 2.1
a0 - 187 roospy Si 04—5( +cos 6y)(1+t )+5\/§7-r +t°cos, (2.13

and presence of the thermal bath. In particular at the LEP for
[t|=10° (6=¢=m/2), we have [dPho(6o)/dQ]/
[dPEN( 6,)/dQ]~1CP. This shows that the background ther-
mal bath must not be always overlooked here.

The angular distribution of the radiated power is obtained
sﬁwmcoa‘)ol. (2.14 by multiplying Eq.(2.4) by » and integrating over frequen-

AP0y 16 y(1+t)°S
dQ 4552 7

[sin200+§(1+c05200)

10
X (1+t%)+

256 cies. By using the same approximations described above, we
obtain
Equations(2.12 and (2.13 are plotted in Fig. 1 over the
result obtained through explicit numerical integration, and dWeM(6p)  dWiad o)  dWEE(6o)
are in perfect agreement. Figure 2 plad$go( 6o)/dQ a0 - a0 TTaa (2.19

againstd P 6,)/dQ2, and shows that for “large’| fsing),
the spin-flip photon emission is largely dominated by thewhere(see Figs. 3 and)4

thehn;r(eo) \/5 wo B_l 11/3 3 2/3 sin200 B_l 2/3 9 1/3
= — —| T?1/3)T(13/3£(13/3 | +|=z| (1+coge
dQ g 4577 roy" | @0 4 (WIS y? | @o 32| d
T2(13)T(13/3£(13/3) (1+1?) [ 7\ ?® T2(23T (113 ¢(11/3
X 22/3 2 wo + 3-23
36m¢(4) cody [ 8L\ M2
N m{(4) o B~ ' (2.16
\/§ Y wo
dWied 6o) 16 7(1+t2)5[ 9 10537
_— = Sirt O+ = (1+cogy)(1+t2)+ Vi+t2cody |, (2.17
dQ (/>0 1(2 45772 ToP 8 256
[
and the approximatiorf10] dQ =~ (2#/vy)dt which is good for
small 8, we obtain
dWSbo) T3 ey | 9+12(1+c0§00)
d0 256w (11131, | O 0 11 (1409 AP 3 R [, (>
d—:m 3 S|n2(90 K]_/3(S)ds
81923 © Y woTo v
+ 570 V1+ticosy . (2.18

+ (l+ COS2 00) K2/3( V) + 2C0390K1/3( V)

Ill. FREQUENCY DISTRIBUTION X[1+n()]. 3.1)

The frequency distribution of emitted photons can be ob-
tained by integrating Eg2.4) in the solid angle. By using The small-angle approximation above is corroborated by the
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FIG. 1. Thermal contribution to the angular distribution of ra-  FIG. 2. The dashed line represerd®n(6,)/dQ while the
diation induced by the deexcitation of electrons at the LEP. Thesolid line representsdP{L(6o)/dQ. For sufficiently “large”
dashed line was obtained through numerical integration and is to bsing|, the spin-flip photon emission is dominated by the presence
compared with the solid line obtained through analytic approxima-of the thermal bath.
tion. The analogous figure for excitation is very similar.

where
last section resultésee Figs. 1 and)2The unit in the square
brackets is related to the vacuufsee Ref.[10]) and ac-
counts for spontaneousemission, while then(w) term is Phal 00) =
related to the background thermal bath and accounts for
stimulatedemission.

The frequency distribution of the radiated power is trivi- +§(8/3)cos90) 4.2
ally obtained from this result by simply multiplying E¢B.1)
by w, and is introduced for sake of completeness:

8 / 2 1/3
Fraaug i 57D Gwos)

for y>3x 10,
dWweM 6p) 3 Yo =
=— sirfy [ Kys(s)ds m 1 2
do 107 3 OL vs Parel 0) = —————| — +cos) 4.3
Y WoTo ther( 0 STOwOB’ys \/§ 0
+(1+c0S ) K py3( v) + 2C0HoK 1/5( ) for 10< y=<10?, and
X[1+n(w)]. (3.2 1 8
[ ( ] PS?C( 00) = ; 1+ ﬁcoyo (44)
0
These results will be used in the next section to calculate the
total photon emission and power radiated. for any y, where we assumé,=0 for deexcitation and,
=1 for excitation because hereafter we will suppose the
IV. TOTAL EMISSION RATE AND RADIATED POWER polarization to be measured along the magnetic field direc-

. tion. Analogously, we obtain, for the total radiated power,
In order to calculate the total photon emission rate and

radiated power, we integrate Ed8.1) and(3.2) in frequen- e — 1y em L ppem 4
cies. The vacuum term is trivially integrated. For LEP pa- W 00)=Wrad 00) + Winel o). .5
rameters andy>3x10®, in order to integrate the thermal

term, we use the approximation K .q(v<<1) where

~TI'(a)22 /12, sincen(wB>1)~e “# implies that the in- 160

tegral has its main contribution for0wB<<10 and in this WEM (g )= 0 7/37(10/3 1/3
interval v<1. Now, if 10< y=<10?, in order to integrate the el 60) 4057'0(a)o,8)11/378[ V3103 (w00
thermal term we use the approximation(w<1/B)

~1/(wpB) sinceK,—q(v>1)~ a2y e " implies that the +20(11/3 cosfo] (4.6
integral has its main contribution for<0v<<10, and in this @

interval ®<1/B8. In doing these approximations, one must for ¥>3%10°,

keep in mind that Eq(2.1) and the assumption in our last )

section, dQ~(2m/y)dt, are only valid in relativistic re- em B 8

gimes. In summary, we obtain, for the total emission rate, Wined o) = 2_70 1+ 5\/§C°390 (4.7)

PP 80) = Piad 00) + Pirel 60), (4. for 10< y<10? and
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FIG. 3. Thermal contribution to the angular distribution of the

. em .
radiated power induced by the deexcitation of electrons at the LEP, .FlG.' 4. The dashed “25 representt) e 00.)/.dQ’ Wﬁlle th,?

: ; T . solid line representsdW 2 60,)/dQ. For sufficiently “large
The dashed line was obtained through numerical integration and i 9sing, the radiated power is dominated by the presence of the
to be compared with the solid curves obtained through analyti({S ' P y P

S . N . .2 “thermal bath.
approximations. The analogous figure for excitation is very similar.

Py =PM(ar) + PEM (77) + PP 5.2
o - 16600)/3/ 35\/§h 1 vac(ﬂ') the|(77) 5(77) ( )
Wad 00) = 537, \ 1+ 64 cosfo (4.8 and the deexcitation rate is given by
for any y. In particular, for the LEP we have P, =P(0)+ Pl 0) + P*50). (5.3

P ), Pho(r), andP{ ) are the excitation rates asso-

ciated with spontaneous photon emission, stimulated photon

emission, and photon absorption, respectively, while
WEM(6y)=(4X 10" 2+5X 10" “cody) /279, (4.9  PS(0), Pie(0), andP*{0) are the deexcitation rates as-

sociated analogously with spontaneous photon emission,
which are much smaller than stimulated photon emission and photon absorption.
Now, by substituting Eqs(5.2) and (5.3) into Eq. (5.1),
and using Eq(2.10, we obtain

PEM(0) = (4% 10716+ 6 10~ 8cosh,) /27,

PN o) =(1+9x 10 Lcoshy)/27,,

Phhed 0) + Pned )
Pon 0)+ Pon(m) |

W) = (4X 107°+ 4 X 10P%0sh,) /279,  (4.10 P~P,d 1-2 (5.9
respectively. This result shows that eventually the back- ] o )

ground thermal-bath contribution to the total transition rate isVherePac=0.92 is the vacuum polarization obtained at zero
very small in this case, and can be disregarded for depolatémperature. Finally, by using Eqel.9) and(4.10, we ob-
ization purposes. This will be explicitly shown in the next tain

section. Note, however, the strong dependence on

Pl 00) and Wia(6o) which makes the thermal contribu- P~P,{1—8Xx1019),

tion larger than the vacuum contribution in the<19<10? ) . i )

only is important to the photon-emission rate for large soligdackground thermal bath contribution to the depolarization
angles at LEP-type accelerators as shown in Sec. I, bithould be small.

could be also important for the polarization itself provided

was considerably smaller. VI. DISCUSSION

We have discussed the influence of the background ther-
V. POLARIZATION mal bath on the depolarization of electrons in high-energy
storage rings, and the corresponding photon emission and
radiated power. We have calculated the angle and frequency
distribution of such photons and obtained that in a large in-
terval of solid angles the photon emission is enhanced by
several orders of magnitude because of the thermal bath. In
addition, we have shown that the background thermal bath
for electrons at the LEP taking into account the backgroundan be very important to the total photon emission and over-
thermal bath, where the excitation rate is given by all depolarization in some interval, although it can be ne-

Finally, let us calculate the polarization function

. IPL_,PT
PP

(5.7
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