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Abstract the total number of particles in the beamn, is the bunch

A generalized Touschek scattering theory based on gth, ando s is the momentum spread. We assumed
3-dimensional Gaussian velocity distribution is develope ’ o . '
to improve the accuracy of lifetime calculations. The neWat the vertical dispersion is zero. o
theory agrees with the measurements better than the clas- Beam loss rate can be calculated by considering a
sical Touschek scattering theory if the dispersion is largemall volume d*% = dxdydz in which source particles

rf bucket size is large, or vertical velocity spread is larggith velocities betweerv, and, + di, are incident upon

Agregbrlnen(tj dv_\g_th r??)asurelments 'Sh no_t perfect da_md SO target particles in the same bunch at the same location
possible additional beam 10SS mechanisms are disCUSSeQ, \e|ocities betweerv, andV, + dv,. The number of

particles scattered into a solid ang®' in unit time

1. THEORY from this collision is the product of the flux of the inci-
Electrons in a bunch are under the influence of trf(?ent particle, the_differential cross sectio_n, and the num-

N . er of target particles. The collision rate in the beam co-
transverse and longitudinal focussing forces and, there- .. . .
fore, undergo betatron and synchrotron oscillations. Rdmate system is [3]:
binary Coulomb collision between a pair of electrons maﬂ - _ [q_, (X,V )ﬂv iy |d0(Q' Q')/dQ}
transfer their transverse momenta into longitudinal mo-dt JI,U bA™ TLLTL T2 ’
menta. The colliding particles are lost if the longitudinal XV
momenta after the collision is outside the momentum ac- W, (%, V)] d*xd*v, 1,
ceptance of the accelerator [1]. Many authors reviewc?lgh
the original theory, which has subsequently been known
as the “flat beam model” [2], because the beam volumeframe anddo (Q; Q") /dQ is the differential cross sec-

assumed to be 3-D in configuration space but 1-D in véon.
locity distribution. In the center-of-mass coordinate system of the col-

__ Electrons reach a thermal equilibrium when the ra}%ﬂing particles, letv; and V, be the velocity of each
diation damping is balanced by quantum fluctuations an

intrabeam scattering. We assume that the system is lingadirticle after the collision, V= (v,-Vv,) and
Liouville 's theorem states that the phase space densityd4s .,  _, . .
constant along the particle trajectory which is an ellipsé ~ (V',=V';) be the relative velocities before and af-

with area given by the Courant Snyder constant. Furthegr the collision. For elastic collision§|= [V'| . Let the z-
more, we assume that the core distribution is formed by .

particles which undergo many collisions in one dampingS Pe in the direction of beam propagation, y vertically
time, which , according to the central limit theorem, givedPward, and x radially outward. Let the scattering angle

ere W, (X, V) is the distribution function in the beam

a Gaussian distribution: (angle betweerV and V') be 6, the polar angle (angle
' ' 2 2 _ . \ / /1 1 i
W(R,K) = lPOexpB— Hx[xﬁ,xﬁ]_ Hy[y,y]_ziz_ipzﬁ to the z-axis) forV and V' be X qand X iand the azi
2, 2¢, 20° 207 muth (angle around the z-axis) f&f and V' be ¢, and
where @,
Ho (X5, X5") = (VX5 +20,X 5 X' s +B, X5 ) is the The particle is lost if the longitudinal velocity after

Courant-Snyder invariant for the off momentum particlegollision is larger than the maximum positive velocity
ay., BX7 Vs and n, are the lattice functionS, allowed in the accelerator, yvcosy '> deaX, or,

Xg =X=8yly, Xp=X=0y1', O, =dp/p is the mo- o< y'<cos Ly, wherelt = v, /(W), and |v[>
mentum deviation¥, = N, /(8n3£x£y£z) is the nor- dv,,/y. We now change variables from

malization constantg, and g, are the emittancesl, is (V2x,V2y,V22) to the variables(le,vly,vlz) minus
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the center of mass variablesy, f,@), according to the included in the theory described above. For example, if
following relationships: W= Y- 2y, the pulse shape N(z) is not Gaussian, it can be shown that

lifetime is modified by the form factor, F, =

szzvly_zvy, VZZ:VlZ_ZVZ d3_\72 :_d3v=_8d3_v,

(2\/;02 / Ng) jf’oo N2(z)dz. Touschek scattered par-

ticles, which are “almost lost”, forms the high energy tails
in the particle velocity distribution and may significantly

v, =|v|sinx cosp, v, =|v|cosy v, =|v|cosy,

V', =|V[sinx'cosp’ V', =|v|sinx'sing’ V', =|v|cosy",

and dQ'=siny 'dx 'dp". reduce beam lifetime. Resonances and nonlinear effects
The differential cross-section for elastic CoulomgVill @lso reduce beam lifetime. We attempt to include all
scattering is according to Moller: these  effects in a heuristic form  factor,

do /dQ'= 4r2c? IV *(4/sin*@ - 3/sin?@), where Fr = Treasured Ttheory» fOr fitting theory with experi-

r, is the classical electron radius, and c is the velocity Bf€Nts.
light. The scattering anglé is related to the new vari- We adopt the following fitting procedure to make the

. L B - many-parameter fitting as unambiguous as possible: (1)
ables by the relationship: cosf =cOSXCOSX' igenfify parameter regime where lifetime depends on

+sin sin x'cos@—¢') , which can be obtained by con-minimum number of parameters, (2) fit to the functional
sidering the triangle formed by the vectarsand v', and  dependencies of lifetime on the parameters.

the fact thatv] = |v] . Typical ALS beam parameters used for the present
study are: & 0.0075§, rf bucket height d&<E)=0.027,

Then the beam lifetime at a point, s, is: beam energy=1.522 GeV, single bunch current = 1.4 mA,

1 1 dN N rech(Z) h natural emittance = 3.4 x T0n rad, natural energy spread
N 39135t o (BV)352 » Where (0g/E) = 6.45 x 10, natural bunch length = 5.92 xien,
s XEy=l A momentum compaction factor = 1.6 X lGveraged B,
7.85 m, averagefl, = 8.34 m, circumference = 196.8 m,
Ey = \/g)% +Hy 1y, nx)ex(@p ! p)z = E‘SA , emittance ratio = 1%, , unless otherwise specified. During
lifetime and beam size measurements the current per
L0 £ { } bunch was varied by varying the number of bunches while
K(&) = CJu=¢ [gQ-¢g exp|-ud keeping the total current constant at 8 mA.

As a first step, we consider the functional depend-
ency of the current-lifetime product on beam current as

2n ex H u cos’ @ + sin® @ in 2 shown in figure 1. We have deliberately chosen the syn-
p=0 pL” 2 2 X chrotron tune to be 0.0055 (rf bucket size = 0.018),
A o, o,
* Y which is lower than the nominal value, so that the life-
2(a + ' J time is independent of the dynamic momentum aperture.
(@xnyx + Bxny") p p
+ cosx sin x cosg[{K 4d@dé — By choosing a lower rf voltage we have one less parame-
£x [ ! ter to worry about at this stage of fitting.
25
costZ/u 2r 0 4 = i — 3D Model
Ky(u,x) = < 200
XI:o qgloal—[cos)(cos;)('+sin)(sin)(‘cosvgd]z}2 E . Flat Beam Model
3 § .g 15 [ X Measured
- 5 Ldg'sin x"dy’ o i
1- [cosX cosx'+sin x sin COS(p] g = i N
f_‘ 1.0 —— 2 N
= i e
= sl M
EO_H— E,andcosxzi. 8 0.5 : »
Hp ‘o
The total beam lifetime can be obtained by averaging 00
1h(s) over s around the entire storage ring. A compute '
code is written to calculate lifetime given by above equa 0.01 0.1 1 10
tions.
current (mA)
2. ALS DATA Figure 1. The current-lifetime product versus beam

o _ _current. In this parameter regime the differences be-
Beam lifetime of real machines such as the ALS is tween the flat beam model (upper curve) and the 3-D
clearly affected by many other processes which are notmodel is expected to be small as shown.
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Intrabeam scattering is negligible in the ALS for cur- ted line (3) represents the flat beam model for
rents below 0.5 mA. We fit 2 parameters, the gas scatter-3, =2.2 % andd, = 4%. ALS data is shown in cir-
ing time (T 4,5) and the form factor, for the low current  ¢les,

part of the data shown in figure 1 by using the relation- Figure 2 shows the dependencies of the measured and
— — calculated current-lifetime products on rf bucket height.
ship: 1/t =T o + L(F, Ty ) - The gas den- p 9

o The broken line represents the 3-D model where the mo-
sity is independent of current per bunch because we kegRntum acceptance is assumed to be equal to the rf
the total current constant. We find a good fitting 8= pycket height. ALS data (circles) show that lifetime satu-

0.7 andT 4= 50 hours. The fitted gas scattering time isates for rf bucket sizes larger than about 2.2 %, presuma-

consistent with measurements using other techniques. [r lyb?jickiltjsﬁeﬁgﬁtmsl)'reen[’trlljcr)nmicr:]('ijrﬁ)’;[aggce;;t:\nmcaellefro:hzzctlﬁ €

Intrabeam scattering and instabilities increase bea] lge momentum deviations is determined by nonlinear
lifetime for higher currents. We use the fitting parametefeam dynamics. The “dynamic momentum acceptance”
- d ; ) . .
F, = ymeasured/y M here yme®Ued is the measured can be estimated from the data in the following way. The

emittance growth rate ang® is the calculated 1BS dynamic momentum acceptance of the acceleratg(s)

growth rate according to Bjorken and Mtingwa [3]. The ¢an be approximated as a square function with a constant
value of y™easured js exnected to be different from thevalue (0o) at non-dispersive regions and another constant

BM pecause of at least two reasons: (1) preg-al) at dispersive regions. We have the best fitting for

value of y
= 0, = 40 i i
ence of instabilities, (2) presence of high energy tailsd.1 2.2 % andg, = 4% for the ALS data which is shown

Raubenheimer [4] has shown that intrabeam Coulonfs the solid line in figure 2. The results agree with models
scattering creates a small number of high energy electrdi@culations. [7] The solid line also shows that beam life-
which do not belong to the Gaussian core of the distribfime becomes shorter for larger rf bucket heights, which,
tion. The core emittance of the Gaussian distribution e}¢€ believe, is due to the shortening of the bunch length.
cluding the high energy tail is significantly smaller (byThe dotted line represents the flat beam theory Whlch is
about a factor of 0.5) than the “total emittance” that in@Pout 20 % longer than the new theory for the nominal
cludes the core and the high energy tail. We expect ttg@ndition Smaller dynamic momentum aperture in the
growth of the core emittance will make the lifetime longeflispersive region makes the difference between the flat
but the tail will make lifetime shorter through creation oP€am model and the 3-D model more pronounced as
a beam halo. We finf, = 0.5 gives a good fitting which Shown in figure 2.

is shown as the solid line in figure 1. The result is consig. CONCLUSIONS

tent with the beam size and the bunch length measure-
ments [5], [6]. New theory fits the ALS lifetime data better by about

20 % than the flat beam theory . For nominal conditions,
ALS lifetime is smaller than predicted by the new theory

maesured theory

3.0 4 by a factor of 0.7. High energy tails produced by “almost
- lost” particles and resonances can be the cause of the
?g shorter beam lifetime.
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