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Abstract Shanghai Synchrotron Radiation Facility (SSRF) is a 3rd generation synchrotron light source which

is now under construction. The design emittance of the beam is 3.9nm•rad at the energy of 3.5GeV. Touschek

lifetime is the dominant beam lifetime in SSRF for such a small beam emittance. The Touschek lifetime is

the function of the energy acceptance of the storage ring. The energy acceptance is not only dependent on

the RF voltage, but also restricted by the small physical or dynamic apertures, which makes the calculation

complicated. In this paper the energy acceptances along the storage ring are calculated by the 6D tracking

method based on the program Accelerator Toolbox (AT). Using those energy acceptance data, we can give a

more close evaluation of the Touschek lifetime for different kind of conditions which we are interested in.
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1 Introduction

The scattering of particles in a bunch of the stor-

age ring may cause a change of momentum in trans-

verse plane which will be transferred to a large en-

ergy divergence in longitudinal direction for relativis-

tic particles. If the particle energy exceeds energy ac-

ceptance of the storage ring, the particle is lost and

the lifetime is affected. This effect was firstly ob-

served in the small storage ring ADA in 1963
[1]

and

was explained by B. Touschek, so it is called Tou-

schek lifetime which is a single scattering effect lead-

ing to the immediate loss of the scattering particles.

Touschek lifetime is a serious problem for low energy

storage rings; for high energy storage rings, the prob-

lem is relieved. However in the 3rd generation light

sources, Touschek effect comes out to be a problem

again. Because the particles in the bunches become

quite dense, which greatly increases the events of the

scattering; further more the physical aperture is re-

duced by insertion devices and the dynamic aperture

is reduced by strong sextupoles, thus the off momen-

tum particles will be more easily lost in transverse

plane. In some cases, the effect of aperture on Tou-

schek lifetime is more important than RF voltage and

is difficult to deal with by using analytical method.

So using the tracking method is a good choice.

A lot of theoretical investigations have been done

since Touschek effect was discovered. The most popu-

lar formula was made by H.Bruck and J. Le Duff
[2]

as

the bunch is considered as the ‘ribbon beam’, which

is a proper assumption for bunches in electron stor-

age rings and the result well matches the experiment

when the energy acceptance is determined by RF volt-

age. Simulation work has also been done by A.Nadji
[3]

and M.Boge
[4]

to study Touschek lifetime in detail for

Soleil and SLS storage ring recently.

2 Non-linear motion of the particles

The necessity of using the tracking method to in-

vestigate Touschek lifetime in SSRF lies on strong
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non-linear motion of the particles in the storage ring

both in longitudinal and transverse directions.

For the longitudinal motion, the second order

term of momentum compact factor α2 plays an im-

portant role which can be defined in the following

way:
∆l

l0
=

∆C

C0

+α1δ+α2δ
2. (1)

Where α1 is the first order momentum compactor

factor, ∆l/l0 is the total orbit lengthening factor,

∆C/C0 is the orbit lengthening factor caused by be-

tatron oscillation. δ is the energy divergence. The

formula indicates that the machine is more tolerant

for negative energy divergence if α2 is positive. From

Fig. 1 we can find out that the energy acceptance is

about 3.3% for the positive value and 4.0% for nega-

tive value when RF voltage is 4MV. A rough estima-

tion gives α2=2.7×10−3 which is 6.4 times of α1 and

is remarkable.

Fig. 1. Longitudinal phase diagram of SSRF

storage ring(VRF=4MV).

Strong sextupoles provoke nonlinearities which

will distort transverse motions. Fig. 2 is the simu-

lation results of the horizontal betatron motion at

maximum dispersive place with sextupoles being

turned on compared with setupoles being turned off.

Fig. 2. Transverse phase diagram.

At the place with maximum dispersion func-

tion.

The distortion increases the amplitude of the os-

cillation, then the particle will more easily get lost

due to limited physical aperture.

Those non-linear motions are important for Tou-

schek lifetime calculation and are hard to deal with by

using analytical method. So we use tracking method

to investigate those effects.

3 Transverse coupling effect

The coupling between horizontal and vertical mo-

tions can increase the vertical emittance which in turn

increases Touschek lifetime by enlarging the bunch

volume. But it also enhances vertical motion ampli-

tude. When mini-gap chambers are employed, the off

momentum particles may be scraped by the cham-

bers, thus the Touschek lifetime will be pulled down.

The coupling coefficient κ used in this paper is

defined in the following way:

κ =
σ2

y(s)/βy(s)

σ2
x(s)/βx(s)

. (2)

Where σx,y is the transverse RMS beam size. βx,y

is the beta function.

The coupling factor is mainly from misalignment

of quadrupoles and sextupoles. In most cases these

coupling effects are small, but if the sum or the differ-

ence of the betatron tunes is an integer, it may drive

a resonance oscillation which can greatly enhance the

coupling. So a robust working point should be found

out to avoid sum or difference resonance. The shifts

of tunes of the two proposed SSRF lattices have been

checked for different energy divergences when chro-

maticities were fixed at [0,0]. From Fig. 3 we confirm

that the working points are safe for low order res-

onance. Yet the effect of coupling will be checked

further below.

Fig. 3. Momentum-dependent tune variation.
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4 Tracking method

One way to find out energy acceptance at a fixed

place in the storage ring is to find out the particle

with maximum energy divergence δ starting at the

place with initial conditions [x,x′,y,y′, δ,s] which can

circulate in the ring for sufficient turns.

(1) The initial conditions were set as [5× 10−5,

0, 5×10−5, 0, δ, s]. The particle is set with a little

transverse displacement in order to start transverse

motions. The step for searching the maximum δ is

0.1%.

(2) The physical apertures are defined for each el-

ement in the ring. If the coordinate of the particle

is beyond physical apertures or energy divergence is

much bigger than normal conditions (here we set the

threshold for 7%), the particle is lost. Here dynamic

aperture is ignored. The reason is if the particle is

beyond dynamic aperture, the particle will eventu-

ally ‘hit’ on the physical aperture after certain turns.

So the effect of dynamic aperture is integrated in the

effect of physical apertures, which makes the calcula-

tion concisely.

(3) The number of turns for tracking is 500, which

is equal to the turns of tracking for searching dy-

namic apertures in SSRF, and is about 4 times of syn-

chrotron period. The number of turns is bigger than

beating period N . The beating period N is deter-

mined by the full energy exchanging period between

transverse directions caused by coupling effect
[5]

.

N =
2

√

|κ|2
q
+∆2

, (3)

κq =
1

2π

L∫

0

√

βx(s)βy(s)K(s)×

exp{i[Ψx(s)−Ψy(s)−2πs∆/L]}ds. (4)

Where ∆ = υx−υy−q, υx,y are betatron tunes, q

is the integer part of (υx −υy). K(s) is the focusing

strength of the skew quadrupoles, Ψx,y(s) is the beta-

tron oscillation phase. From calculation N is about

9.

(4) There are two energy acceptances at a point

in the ring: one positive, the other negative. The

Touschek lifetime is calculated by using Bruck’s

formula
[2]

:

1

τTL

=
1

2

[

1

τ(ε+
Acc)

+
1

τ(ε−

Acc)

]

, (5)

1

τ
=

(

r2
ecNe

8πγ3σl

)

1

L

M
∑

n=1

C

[

(

εAcc(n)

γσ′

x(n)

)2
]

σx(n)σy(n)σ′

x(n)ε2
Acc(n)

s(n),

(6)

εAcc = min[|εrf | , |εphy| , |εdyn|] . (7)

Where re is classical radius of electron, c is the ve-

locity of light, Ne is the particle number in the bunch,

γ is the normalized energy, σl(n) is the RMS bunch

length, σx′(n) is the RMS value of x′, L is the cir-

cumference of the ring, s(n)is the length of the n’th

element in the ring, C is a function of energy accep-

tance and M is the number of elements in the ring.

εrf , εphy, εdyn are the energy acceptance of RF voltage,

the physical aperture and the dynamic aperture re-

spectively and εAcc is the effective energy acceptance

which is got from tracking method.

σy(n) is calculated by Eq. (2). For lattice with

quadrupole and setupole misalignment the κ can be

calculated by AT using Ohmi’s formula
[6]

. For lattice

which has no misalignment, κ is assumed to be 1%

globally.

(5) The closed orbit of the lattice has been cor-

rected within 1mm deviation from design orbit in

both vertical and horizontal plane.

5 Results and discussions

5.1 Calculation results of energy acceptance

One of the results of the energy acceptance along

the ring calculated by the tracking method is shown

in Fig. 4. From the figure we find out that the energy

acceptance is very sensitive to the dispersion function.

Where there’s a bigger horizontal dispersion, there’s

a smaller energy acceptance. The reason is that if the

particle with coordinate [0, 0, 0, 0, δ, ϕ] is scattered

at non-dispersive place it will just follow a dispersive

orbit through the ring, but when it is scattered at a

dispersive place, it will generate an initial displace-

ment due to dispersion and will oscillate around the
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dispersive orbit through the ring
[4]

making it more

easily to get lost due to apertures.

Fig. 4. Energy acceptance (%) along the quar-

ter of the ring with VRF=6MV.

The negative energy acceptances are bigger than

the positive ones, as has been analyzed in Section 1

which are caused by α2.

5.2 Calculation results of Touschek lifetime

The Touschek lifetime of two modes of lattice has

been calculated, one is the low emittance mode (mode

.) and the other is the dispersion almost free mode

(mode /). Their natural horizontal emittances are

3.9nm•rad and 7.9nm•rad respectively.

Touschek lifetimes of lattices without and with

magnet misalignments have been calculated. In

SSRF, the standard deviation σ of the quadupoles

and sextupoles offsets misalignment value is 0.2mm,

the roll misalignment value of qudrupoles is 0.2mrad.

The coupling coefficient of the lattice without mis-

alignment is set to 1% globally in order to create ver-

tical beam size. The lattices with misalignment of σ

we used have the average coupling coefficient around

1%. The lattices with 2×σ misalignment which have

the average coupling coefficient around 2% have also

been checked below.

The Touschek lifetime changes with RF voltage is

shown in Fig. 5, where the chromaticity of the lattice

is set to zero, the bunch length is 4.5mm, and the

number of particles per bunch is 5.4×109.

From Fig. 5 we find out for all cases, the Tou-

schek lifetime increases slowly when the RF voltage

is above 4.5MV, which indicates that the dynamic

aperture becomes the dominant effect on Touschek

lifetime. Touschek lifetime of mode . is bigger than

mode / (with misalignments) at high RF voltage re-

gion. The reason is maximum dispersion function of

mode / is bigger than that of mode .. Big disper-

sion function may decrease energy acceptance at high

RF voltage region for dynamic aperture turns up to

affect energy acceptance which has been explained in

Section 5.1. The dynamic aperture of lattice without

misalignments is surely bigger than that with mis-

alignments, so the effect of dynamic aperture turns

up at even higher RF voltage which can be seen by

the tendency of triangle lines in Fig. 5.

Fig. 5. Touschek lifetime changes with RF voltage.

The vertical chromaticity will be set around 6 in

SSRF storage ring in order to suppress resistive-wall

instabilitiy. Two sets of sextupoles are used to mod-

ulate chromaticities in the SSRF storage ring. The

strong magnetic field may reduce dynamic aperture.

Touschek lifetime will be decreased when dynamic

aperture gets smaller. The effect of the vertical chro-

maticity is checked for two modes (with 1σ misalign-

ment). The result is shown in Fig. 6, when ξy=6,

the Touschek lifetime is greatly reduced. So setting

the value of the chromaticity should compromise the

needs of Touschek lifetime and transverse instability.

Fig. 6. Touschek lifetime changes with vertical

chromaticity.

In the SSRF storage ring, in-vacuum insertion de-

vises (IDs) will be employed. The effect of the mini-
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gap IDs was investigated by defining a part of verti-

cal aperture at the place where IDs are installed to

the value of the IDs gap size. The result is shown in

Fig. 7. There’s a sudden decrease of Touschek lifetime

when reducing the gap size, which is a little different

from the calculation results of other light sources
[4]

.

Several other random misalignment seeds added to

the lattice have been checked, no gradual decreasing

of Touschek lifetime is found. From the data of energy

acceptance, we find out that the energy acceptance at

one place is changed from a small value to zero while

the value at other places change a little. The vertical

beta phase of the place is about nπ+π/2 from IDs,

n changes for different cases. Zero energy acceptance

means that the bunch is thoroughly scraped by the

IDs chamber.

The mini-gap chamber for SSRF is proposed to

3mm, it is very important to control the coupling co-

efficient to a small value.

Fig. 7. Effect of mini-gap IDs on Touschek lifetim.

The septum magnet in vacuum chamber may also

scrape particles. Although the bumped orbit is closer

to septum magnet, the duration is very short and the

oscillation amplitude of the injected particle will soon

be damped. So we just focus our calculation on nor-

mal operation conditions. We change the aperture in

–x (horizontal plane) direction at long straight sec-

tion which represents the place of the septum mag-

net. The result is show in Fig. 8. The septum

magnet is proposed set at x = −18.5mm at present.

There seems to be no big problem to push it down to

−16mm concerning Touschek lifetime.

Fig. 8. Effect of septum magnet on Touschek lifetime.

6 Conclusion

The 6D tracking method is used to investigate

Touschek lifetime. The effect of dynamic aperture

is integrated in the physical apertures, which makes

the calculation concisely. Misalignments of magnets

have been included in our calculation.

The results are reasonable, however they should

be checked by measuring data in the future. The

calculation results suggest that raising RF voltage

above 4.5MV is inefficient for increasing the Tou-

schek lifetime in SSRF. A 3rd harmonic RF cavity

is now under consideration to lengthen the bunch to

further increase the Touschek lifetime. High chro-

maticity needs strong sextupoles, which will reduce

dynamic aperture, and thus decrease the Touschek

lifetime. The value of chromaticity should compro-

mise the needs of Touschek lifetime and transverse

instability. The mini-gap IDs effect plays a crucial

role for limiting the Touschek lifetime in SSRF, and

the average coupling coefficient should be carefully

controlled below 1%.
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