3.6 Beam Lifetime

Beam lifetime in the storage ring is dominated by three beanptosgsses: the quantum
excitaton, intra-beamcattering (Touschek effect), and scatteriifj of residual gas
molecules (elastic and inelastic). The individual loss mechanisms contribute to the beam
total lifetime acording to the relation
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The total beam lifetima defines the time when the beam current to reduce by a factor of
e=2.718.

3.6.1 Quantum Lifetime

As a result of quantum emission and radiation damping, the electron bunches have a 3-
dimensional Gaussian distribution. The far tail of the distribution will becated by the
longitudinal or transverse acceptance of the storage ring, leading to beam losses. The
electron beam lifetime due to the quantum character of synchrotron radiation is given by

Tgq 2 E (3.6.2)
where £ =(A/0)?/ 2 1 is the damping time; A is the transverse acceptance of the
beam for the transverse case and the ®@E@ancdor the longitudinal caseg - is the rms
emittancefor the transverse case and rms energy spread for the longitudinal case. Typically
the physical aperture is much larger than transverse size of the beam. The RF amplitude is
chosen to be high enough to strictly compgador the energy loss to synchrotron
radiation and providing sufficient energgceptancdor the beam. The range of energy
acceptancéor the CANDLE storage is at the level of 2-2.5% with an overvoltaggdr of
2.45 for a fully popudted with insertion devices.

For an electron beam with a rms &amce 0f8.4 nm-radand a rms energy spread of 0.1%,

the quantum lifetimes of electron beam in all three dimensions are larger tidoae,
or essentially infinite.

3.6.2 Intra-beam Scattering(Touschek lifetime).

The high bunch densities in low dtance eleegbn storage rings lead to an enhanced rate

of elastic collisions between electrons within the bunch. This Coulaabiesing of

charged particles in a stored beam causes an exchange of energies between transverse and
longitudinal motions and is referred to a Touschek effect. When the small transverse
momentum of the particles is transferred into a large longitudinal momentum due to
scattering, the energy change may be large resultibgrioh particle cattered outside the

RF bucket or the momentum aperture of the lattice and be lost. The average Touschek
lifetime is determined by thieunch volume, the bunch current, and the energy acceptance

and is given by
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whereo, , . are the bunch average dimensiogss the relativistic factod is the energy

X,Y,S
acceptanceN is number of particles per bunch, =2.82 10" m is the classical electron

radius, c is the speed of lightp(v s the smooth dimensionless functiorvo&nd varies

for CANDLE with a range of 0.2-0.3. For a circulating current of | = 350 mA, the number
of particles per bunch ¥ =5.610" (0.9 nC) assuming 282 RF buckets of the total 360
are filled. The rest 78 buckets gnevide the necessary gap for ion clearing. For an energy
of 3 GeV and a RF energy acceptanc@.876%, the average Touscheletime over the
ring is then about 39 hours.

For an actual beam, the variation of the beam envelope, i.e. the derivatives of the
horizontal and vertical amplitude functions and dispersion, should be taken into account in
evaluating the particle loss rate variation along the lattice.fdimsula for the Touschek
lifetime is then modified to
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where the formdctor G is a function of the amplitude functions, dispersion and energy
acceptance of the rirjd].
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Fig. 3.6.1 Touschek lifetime evolution along the latte for various energy acceptances
(solid line). The dashed lines show the average lifetimes.

Fig. 3.6.1 presents the Touschek lifetime evolution along the magauitite lof the storage

ring for different energycceptance (solid lines). Dashed lines representaitiesponding
lifetimes averaged over the ring.

The simulation results of the Touscheck lifetime averaged over the lattice period for
different energy acceptance of the ring is given in Talfel.

Table 3.6.1 Average lifetimes.

Bue (%) | Troun(OU)
2 21.9
2.5 39.5
3 64.9
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Fig.3.6.2 shows the Touschekeliime dependencapon the entiance oupling value for
different energy acceptance values. In particutar, a coupling of 2% and energy
acceptance d.376% the Touscheck lifetime is at level of 54.15 hours.
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Fig.3.6.2 Averaged Touschek lifetime vs emittance coupling and energgcaptance.

3.6.3 Residual Gas Scattering

The interaction between beam particles and residual gas molecules consist of two main
mechanisms: elastic (Rutherfordpstering and inelasti@remsstrahlung)cattering.

Elastic scattering.The beam lifetime due to Rutfierd elastic scattering for the residual
gas pressure is given by [2,3]:
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where N is Avogadro’s numberR =8.314J/(K [nol) is the universal gas constant,
T[’K] is the residual gas temperaturé:ﬁy>:10.2m is the average vertical beta

function,A, = (g/2)’ /B, =10mminrad is the vertical acceptance at insertjdh, g is
the ID gap,n is the residual gas partial components numberpartial fraction of the

residual gas componenis,- atomic number\, - number of atoms per molecule.
In practical units we get:
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If we assume that the residual gas composition to be equivalent to nitrogeN,gas
(n=1r, =12, =7, N,=2 and Z,(Z, +1)= 27 =49) at T=273K then the beam
lifetime is given by [5]

E? [G ev? ] [A, [mmiinrad]

(B, )Im|P[nTorr] (3.6.7)

1,[h] =10.25
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For P=1nTorr pressure in the vacuum chamber, the lifetime due to elastic scattering is
then 1, =91 4hours. For a residual gas composition 80%H, and 20%CO
(Z,=L,N,=2,r, =08, Z, =7,N, =2,r, =0.2) the lifetime ist,, = 3292 hours.

The dependences of the elastic scattering lifetimes on the residual gas pressure are given in
Fig. 3.6.3 (residual gasNand Fig. 3.6.4 (residual gas 80%t20%CO) for different gap

values. The comparison of the results shows that the lifetime depends strongly on the
residual gas composition. Tyailly the main residual gases in a storage ring arard

CO the lifetime is dominated by CO gas rather thargak in spite of the lower partial
pressure of CO. It is important to increase the ratio :0foHCO gas to improve the beam
lifetime.
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Fig. 3.6.3. Elastic scatring lifetime vs pressure for various gaps. Residual gas:N
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Fig. 3.6.4 Elastic scatring lifetime as a function of pressure for various gap values.
Residual gas composition is 80%k+20%CO
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Inelastic scattering Inelastic scatteringBremsstrahlung) is an efft of deceleration and
photon emission due to beam irgtetion with the residual gas atoms. The lifetime due to

bremsstrahlung is given by [6]:

1 _ 4rZcN, i 183 P[Pal &
r,[ls]  137R (0 \/_T[ K]Z (368)

with
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In practical units we get
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The inelastic scattering lifetime 283 hours for 80%+20%CO gas composition and 55.4

hours for cases of only Nor CO) residual gas at P=1 nTorr and T=273The lifetime
dependence on the pressure for these two different compositions of the residual gas is

given on Fig.3.6.5.
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Fig. 3.6.5 Bremsstrahlung lifetime, as a function of presure and residual gas species.
As indicated in Figurg.6.5, the dependence of the Bremsstrahluegriie on a residual
gas species is similar to the elastic scattering of beam particles on the residual gas.

The summary of the electron beam lifetimes in CANDLE storage ring is given in Table
3.6.2 based on the conservative approach on the residual gas compositjon ( N
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Table 3.6.2 Storage ringelectron beam lifetimes.

Electron Beam Energy (GeV) 3
Electron Beam Current (mA) 350
Gap Voltage MV 3.3
Energy Acceptance % 2.376
RMS bunch length (mm) 6.5
Average horizontaldta, m 5.22
Average vertical beta, m 10.56
Coupling (%) 1
N2 equivalent gas pressure (nTofr) 1.0
Beam lifetimes
Elastic scatterin¢hours) 91.4
Inelastic scatterinhours) 55.4
Touschek lifetime (hours) 39.5
Quantum lifetime (hours) >10°
Total lifetime(hours)
1% coupling 18.4
2% coupling 21.4

An integrated beam lifetime in storage ring is at the level&# hours with the 1%
coupling of the horizontal and vertical oscillations.
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