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Simple formulas for the beam lifetime analysis in an electron storage ring
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Derived are simple and accurate formulas estimating the Touschek and beam-gas scattering lifetimes. These
formulas are practical rather than theoretical. They use only the measured total beam Hetirdets time
derivatived7/dt to estimate the two lifetimes. The only condition required is suppression or saturation of the
radiative polarization. As a demonstration, the formulas are applied to the Pohang Light Selugcdeam
lifetime.
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[. INTRODUCTION wherer, is the classical electron radiudp,,/p is the mo-
mentum acceptance,y is the Lorentz factor, V
The beam lifetime in an electron storage ring is deter-= (477)3/20'x0'y0| is the bunch volume, and the function
mined mainly by the combination of two types of scatterings,C(¢) is defined by
the Touschek scattering between electijdisand the elastic
and inelastic scatterings between electrons and residual gas- ©1 ([u u\?
eous molecules. We can evaluate each effect by defining the Cle)= Gj - [ (—) —In(—) - 1]e_ud u,
so called Touschek lifetime and beam-gas scattering lifetime

e u

separately. There can also be a quantum lifetime which is 2

caused by the fact that the distribution of an electron bunch B :( Apn @)
expands to infinity both transversally and longitudinally, but Y2omc

is cut off by apertures in both directiorfgacuum chamber

walls and rf power limitation However, a theoretical deri- The Touschek lifetimer,, given by

vation shows that the quantum lifetime depends exponen-

tially on the aperture limitations and thus the quantum life- 1 1dN_

time is too long to be meaningful for many existing storage N E‘aN' ®)

rings, which has been supported by experiments and obser-

vations(see, e.g., Ref2]). Therefore, this paper ignores the is inversely proportional ttN. From Eq.(2), we know thatN
guantum lifetime and does not pay attention to the excepis a function of time. As a result;(N) is also a function of
tional cases where the quantum lifetime may matter. Themime. Althougha has no explicit time dependence, it may
the measured beam lifetime can be analyzed simply as fohave an implicit time dependence through the stored beam

lows: current dependence of bunch size factors suclr,aso,
etc. The bunch size can be increased by intrabeam scattering
1 1 1 or instabilities, which decreases as the stored current decays.
—=—+ —, (1) Hence we will user(t;a) to stress the explicit and implicit
T Tt Ty time dependences.

On the other hand, the loss rate due to the elastic and
where 7, and 7, denote the Touschek lifetime and beam-gasinelastic beam-gas scattering is proportional to the product of
scattering lifetime, respectively. the total number of electrons and that of residual gaseous

The Touschek scattering occurs to electrons in the sameiolecules. Hence the beam-gas scattering lifetigés in-
bunch. IfN is the number of electrons in a bunch, the lossversely proportional to the vacuum presséras in
rate due to the Touschek scattering is proportion&tpand
we may write it as isz, ©)

Ty

=—aN?, (2)  whereb is a time independent parameter depending not only
on machine parameters such @gunction values, vertical
aperture of the ring, but also on residual gas information

wherea is a parameter depending not only on thelllo  such as gas compositiofior details ofb, see, e.g., Refs.

scattering cross section but also on beam parameters af®,4]). Note thatry has no explicit time dependence. But it

dt

machine parameters. It is given ksee, e.g., Ref3]) may depend on time implicitly through a possible time de-
pendence ofP. The pressuré® generally depends on the
Jmcr? stored current. Since the current decays as time goe® on,
a= € (), (3y  can also depend on time. Hence we will ugéP) to denote
v*Vo, (Apm/p)? the implicit time dependence.
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As shown abover; and 74 have different characteristics. However, there exists another source of time dependence for
Knowing them separately and accurately is useful practicallya; it is the radiative polarization. The radiative transverse
They reflect different parameters of a storage ring and argolarization for an initially unpolarized electron beam pro-
sensitive monitors of what may be happening on those paseeds according to the formul&,6]
rameters. If some problems occur, these lifetimes reflect T
them immediately. However, while it is easy and clear to S=S(1-e "),
define the two lifetimes in theory, they are mixed up in real

(13

measurements. Lifetimes calculated with known formulas o
a andb may not agree with measurements numerically. Th
purpose of this paper is to present simple and accurate fo

mulas that calculate; and 74 from the measured values of

and its time derivativel7/dt. The derivation is based on the
fact thatr; and 74 have different time dependences. Here we
assume the simple case of an electron beam stored and
caying. We do not assume a situation such as top-up oper

tion.

II. DERIVATION

Consider a beam lifetime measured at titne

11 1
Tmam_nmm+mmr

()

Now we measure again at a later tim¢’ =t+ At and find
that 7 is increased tor+Ar. If At is big enough and the
stored current drops considerably aftet, the pressurd®

e

1whereS is the degree of polarization arg) is its saturation
value. The Touschek lifetime depends on the radiative beam
Rolarization, because the Mer scattering cross section de-
pends on the transverse beam polarizafidnThe Touschek

loss rate gets smaller as the degree of beam polarization gets
bigger. Hence the Touschek parametelbbecomes time de-

55 a skew quadrupole are turned on. But, fortunately, the
fime dependence db stops after the saturation. The time
constantT is given by

dDendent through Eq13), unless depolarizing devices such

2

bndRaug

R
T=98X £5 [sed, (14)

whereE is the beam energy in GeV, ai},,q andR,, 4 are

the bending radius and the mean radius of the ring in meters
respectively. With the Pohang Light Sour¢@LS) param-
eters,E=2.0 GeV,R;,4=6.30 m, andR,,;=44.65 m,T is

1.5 h. Equation(14) shows that as the beam energy in-
creases] decreases rapidly. For higher energy rings, polar-

may drop too, and, may increase noticeably, although the ization saturates very rapidly aradis effectively time _inde-
change ofP caused by the decaying current is small in es-pendent except at the very first stage of beam storing.

tablished machines. We can chodst small enough not to
cause the change &fand thus not to increasg,. Hencer,

If we wait an enough time for the saturation or if we turn
on depolarizing devices is time independent. We use Eg.

is effectively time independent, at least within an time inter-(11) in Eqg. (10) to get

val of the order ofAt and A7 is caused entirely by the

increase ofr; to 7, +A 7. At t'=t+At, Eq.(7) becomes

1 1 1

= +—.
T+AT T tAT e

8

In the first order of approximation,

9

(10

Now a crucial step is in order. It is the simple relation

ATt:At, (11)

which is valid provideda is independent of time. Again, we

chooseAt appropriate enough to considartime indepen-
dent. Using Eqs(2) and (5), we compute
th _ th dN_
dt  dN dt

1

—W (—aNz)Zl.

(12

7(t;a,P)
)= N

in which 7, is determined from the measured valuesof
A7, andAt. Thenry is simply determined by

(15

(16)

which is just

P)= 7(t;a,P)
o P)= T Aaar

The above approximate equalities become exact equalities
whenAt—dt:

17

7(t;a,P)

T&t;a)==——§jjaT-, (18)
- (P)= 7(t;a,P) 19
9 1—Jdr/dt’

These are exact and practical formulas definipgnd 74 in
terms of easily measurable quantities. You need to know only
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35 7 monitored pressurB showed a slight but non-negligible de-

1 pendence on the stored current.
301 To be sure that the radiative polarization is suppressed in

T the dashed line, it is compared with the dotted line, which is
a simple straight line with a slope #{/dt=1) representing
a pure Touschek lifetime;, and the solid line, which is a
measured beam lifetime with skew quadrupoles turned off.
The dashed and solid lines have almost the same initial cur-
157 rent and initial lifetime. Althoughr, has a slope 1dr/dt

] =1), since the other party is almost time independent
(d74/dt=0) the combined value- can never havel7/dt
greater than 1. But in the process of radiative polarization,
d7/dt has an additional contribution frooh§/dt and can be
greater than 1. To show this, note that the effect of polariza-

X l : L T . tion can be included as follows]:

25

Lifetime (hour)

Stored time (hour) 1
. . . Tts: N y (20)
FIG. 1. The solid line represents the measured PLS beam life- as

time with skew quadrupoles off, and the dashed line represents theh h bscring d he inclusi f th lari
beam lifetime with skew quadrupoles on. Both lines are smoothed” ere the subscrips denotes the inclusion of the polariza-

ones. The dotted line is a straight line with the time derivative 110N €ffect and the new parameiay is defined by
which represents a pure Touschek lifetime. The initial current was

157 mA and the initial lifetime was 18.3 h. aS:a_gSZ’ 9>0. (22)

] ) ] The parameteg is determined by the polarization depen-
7 andd7/dt. Itis straightforward to showdr/dP=0, asit  gence of the Mber scattering cross section. The calculation

should be. It is also easy to shair,/dt=0, which means  of g s very involved and will not be performed hetkr,/dt
here thatry is constant as far asandP are constant. They s given by

are effectively constant in some range of time that depends
on machine. d7is )

It is practical to use Eqg(15) and (17) instead of exact Tt | e ANt A ae
relations. ForAt, that belongs to the time range mentioned (22)
above, these equations can be applied with a good accuracy.

It is easy to determine both, and 7, from the measured Which is always greater than 1. Hende/dt can be greater
values ofr, A7, andAt. This method is very simple and can than 1 even after including, . The solid line clearly has a
be very accurate depending upon the accuracy of measuré&tppe greater than 1 at the early stage of beam storing. This is
values ofr andA 7. Hence these values should be measure@vidence of a radiative polarization procedure going on. But
carefully, and possible fluctuations should be averaged outhe beam lifetime with skew quadrupolégashed linghas a
Generally speaking, this method is more accurate than dire¢t/dt of less than 1 in Fig. 1, which is clear evidence that its
measurements of, or 7. To measure one of them directly, polarization has been suppressed completely or to a small
we have to eliminate the other effect. For example, one o¥alue. The skew quadrupoles may also give a slight change
the methods for measuring, directly is to decreasdl to a  to 7 by modifying the bunch volume, bu, is not affected.
very small number to increasg to a big value. Then it may Hence both the dashed and solid lines have the sgme
be possible to ignore %/ in Eq. (1) and identify the mea- Oncery is determinedy, can always be evaluated from Eq.
sured beam lifetime as,. The problem is that practically (7) for both the dashed line and the solid line. Note that the
we cannot increase; indefinitely but have to stop at some hatched area of Fig. 1 denotes approximately the polarization
value. Often it is not big enough and the estimatgavould ~ contribution to the beam lifetime. _
appear to be smaller than it really is. Equation (17) is now applied to several points of the
dashed ling(to several values of) to obtain 7, at several
values of the stored current. In order not to include the effect
of dS/dt possibly remaining even after skew quadrupoles

As a demonstration of this method, the PLS beam lifetimewere turned on, we used data after2 h. In each applica-
is analyzed here. Figure 1 displays PLS beam lifetimes medion, the accuracy of the determineg, depends entirely
sured with a stored 2.0-GeV beam. In order to block theupon the measurement accuracyroédnd A 7/At. SinceAt
radiative polarization, skew quadrupoles were turned on. Thean be measured very accurately, the accurack gt is
strength of skew quadrupoles was chosen appropriately so &ffectively the same as that of Hence splittingr into 7
not to decrease the dynamic aperture. The dashed line of Fignd ; is achieved with only the measurement accuracy of
1 denotes the measured beam lifetime with skew quadrutself. But it is useful to describe the beam-gas scattering
poles turned on. The initial current was 157 mA and thelifetime by its product with the vacuum pressi?eto make
initial lifetime was 18.3 h. The final current was 98 mA. The 74P =1/b which is supposed to be independent of both the

drsdas  29SdS

I1l. AN APPLICATION
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pressure and time. And determiningP includes additional 74-P~160 nTorrh. (23
errors. Besides the measurement erroPathe constancy of

74P may also be slightly broken by the fact that the gas

composition changes in general as the presBurkanges by On the other hand, a theoretical calculation gi\rgﬁ- P

the photoinduced outgasing. In other words,(and thus ~145 nTorr h, which is fairly close to the above value. Also
74P) may depend on the stored current. This effect is notwe measured- directly with a very small value of bunch
universal but depends on each machine’s status and oper@urrent (0.02 mA/bunch and obtainedrg”P~115 nTorrh
tion history. For a storage ring of long operation history, the[9], which is quite lower than the above value of EB3).

gas composition would change only a little. The measuredrhe giscrepancy betweer and7'" can be explained by the
PLS gas composition is not accurate enough to predict thgaasoning that the Touschek lifetime was not big enough to

current dependence afgP correctly and will not be dis-  pe jgnored in the measurement and it maffé smaller than
cussed here. Estimation based on the dashed line shows that

values of74P are not constant but deflect within 10% while
the possible current dependence due to the gas composition

change is not clear. This is probably because the pressure ACKNOWLEDGMENTS
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