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Abstract

Intrabeam Scattering (IBS) effects will become a limiting

factor for the attainable emittances and single-bunch currents

in future electron storage rings and light sources. IBS studies

were performed for BESSY II at the Helmholtz-Zentrum

Berlin (HZB) and for the Metrology Light Source (MLS) at

the Physikalisch-Technische Bundesanstalt (PTB) to quantify

the IBS contributions to equilibrium beam sizes in these

machines and make predictions for the BESSY II upgrade

project, BESSY VSR. The energy dependence of IBS effects

(γ−4) makes especially the MLS machine susceptible to IBS

effects due to the relatively low energy ranges at which it can

be operated (50 MeV-630 MeV). We compare experimental

data with simulations and present IBS simulation results for

BESSY VSR.

INTRODUCTION

Intrabeam scattering or IBS is elastic Coulomb scatter-

ing of charged particles in a confined space, like a particle

bunch, which directly influences the phase-space volume of

that bunch. As users of light sources ask for increasingly

smaller emittances and bunch lengths with higher repetition

rates and brightness, IBS is expected to become a more and

more relevant effect due to its contribution to the equilib-

rium beam sizes. At HZB we are interested in quantifying

this effect for user operation for BESSY VSR, the upcom-

ing upgrade of BESSY II where we expect to have very

short bunches (1.2 ps zero-current RMS [1]). At PTB’s syn-

chrotron source MLS, a growth of the beam size in all three

planes with increasing single bunch current was observed in

low emittance mode. Figure 1 shows part of the evolution of

the bunch length (blue), horizontal emittance (magenta) and

vertical emittance (green) for the MLS, where the vertical

beam excitation (black) was first turned on (region before

the black dashed line) and was then turned off (at the vertical

dashed line) resulting in a clear increase in bunch length and

horizontal emittance 1. This points towards IBS as a cause

for the observations and motivates an IBS analysis. Table 1

shows some typical emittances and bunch lengths for BESSY

II in standard user mode and for the MLS in low emittance

mode. The last line gives some expected values in standard

user mode for the short bunches in BESSY VSR, the long

bunches are expected to be similar to the present BESSY II

bunches. In our studies, we considered several IBS models

∗ tom.mertens@helmholtz-berlin.de
1 Amplified white-noise, generated by a noise generator, is fed to a strip

line. This excites the beam in the vertical plane, resulting in an increased

vertical beam size.

ǫx [nmrad] ǫy [nmrad] σs [mm]

BESSY II 7.5 0.057 5

MLS 36 0.18 7

BESSY VSR (short) 7.5 0.057 0.4

Table 1: Typical Beam Size Values for BESSY II, MLS and

Expected Values for BESSY VSR
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Figure 1: MLS: vertical noise excitation (black dashed),

bunch length (blue), horizontal (magenta) and vertical emit-

tance (green) measurement with and without vertical noise

excitation

available in the literature [2–8] and used two different sim-

ulation methods [9–11], an ordinary differential equations

(ODE) and a particle tracking method. The following sec-

tions will discuss the simulations methods, measurements

and discuss the results.

ODE APPROACH

In the ODE approach we used a set of coupled ordinary dif-

ferential equations (Eq. 1,2), similar to the approach in [12],

to describe the evolution of the horizontal emittance ǫx , the

vertical emittance ǫy and the square of the energy spread σ2
δ
.

The ODE model takes three effects into account: radiation

damping, quantum excitation and IBS. The contributions of

radiation damping are captured by the terms containing the

radiation damping times τRAD
ǫx
, τ

RAD
ǫy
, τ

RAD

σ2
δ

, those of quan-

tum excitation by the terms with the radiation equilibrium

values ǫ∞x , ǫ
∞

y , σ
∞

δ
and finally those of IBS by the terms con-

taining the IBS lifetimes τIBS
ǫx
, τ

IBS
ǫy
, τ

IBS

σ2
δ

. The IBS lifetimes

can be calculated using different IBS models [2–8].

dǫi

dt
= −

1

τ
RAD
ǫi

(

ǫi − ǫ
∞

i

)

+

ǫi

τ
IBS
ǫi

, with i = x, y (1)

dσ
2
δ

dt
= −

1

τ
RAD

σ2
δ

(

σ
2
δ − σ

2
δ,∞

)

+

σ
2
δ

τ
IBS

σ2
δ

(2)
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Figure 2: Horizontal emittance evolution using a Coulomb

logarithm with and without a tail-cut procedure, for different

IBS models (Bjorken-Mtingwa [2] (blue), Conte-Martini [6]

(orange) and Nagaitsev approximation [7] (green).

As is the case in most IBS papers a short discussion on

the Coulomb Logarithm (clog), defined as the logarithm

of the maximum impact parameter bmax over the minimum

impact parameter bmin i.e. clog = log
(

bmax

bmin

)

, is needed. The

choice of these impact parameters is often a highly discussed

topic. As far as we are aware the only model not depending

on this clog is described in [13]. For our simulations two

methods were considered regarding the calculation of the

clog 2, in a first method we used the formulae from [14] to

evaluate the clog and in a second method [15] its value was

evaluated with a tail cut using [16, Eq. 18]. The clog was

calculated at each simulation step and a significant difference

in equilibrium beam sizes was observed for the two methods,

for the same IBS algorithm. Figure 2 shows the difference

for the evolution of horizontal emittances between the two

methods to evaluate the clog, for different IBS models for

BESSY II, with initial beam parameters given by ǫx = 5 nm,

ǫy = 37.5 pm, σs = 4.5 mm and corresponding damping

times of 7.8 ms, 7.7 ms, 3.8 ms respectively.

PARTICLE TRACKING APPROACH

In the particle tracking approach, a bunch is represend

by a distribution of macro particles 3 which is generated to

fit the input beam parameters (bunch length, emittances,...).

This distribution is tracked and updated on a simulation turn-

by-turn basis, applying sequentially the selected physical

processes. Available update routines are : betatron motion,

synchrotron motion, radiation damping, quantum excitation,

IBS (with Coulomb log calculation), simple damping wig-

gler module changing the radiation damping integrals [17]

and artificial beam blowup. The code is based on the original

Collider Time Evolution code [9, 18], adapted for electron

machines, available in FORTRAN4, C++/CUDA and Python

(3.6) 5.

2 These methods differ in the calculation for the maximum impact parameter

bmax, see [14–16] for details.
3 Each macro particle representing a certain number of real particles.
4 Some IBS models are not available yet in FORTRAN, but will be in the

near future.
5 tom.mertens@helmholtz-berlin.de
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Figure 3: Comparison BESSY II measurements (blue)

with ODE simulations (with (red) and without (orange) tail

cut) and particle tracking simulations (green) using Conte-

Martini as IBS model.
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Figure 4: Comparison MLS measurements (blue) with ODE

simulations (with (red) and without (orange) tail cut) and

particle tracking simulations (green) using Conte-Martini

as IBS model.

MEASUREMENTS

Measurements at BESSY II were performed using stan-

dard user optics in single bunch mode, with the 7 Tesla

wiggler turned on. A current of 15 mA (≈7.5 × 1010 parti-

cles) was injected into a single bunch, after which it was let

to decay down to 0.5 mA. The bunch length and transverse

beam sizes were continuously measured during this process.

Similar measurements at the MLS date back to 2015, and
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were performed using a low emittance lattice setup in single

bunch mode. For both machines, bunch lengths were mea-

sured using a streak camera and transverse emittances using

a pinhole system [19, 20]. The measured vertical beam size

is not well know due to resolution limitations and other sys-

tematic errors of our pinhole system, therefore we used weak

coupling between the transverse planes in the simulations to

evolve the vertical emittances, using 0.75 percent coupling

for BESSY II and 0.5 percent for the MLS.

MEASUREMENTS VERSUS

SIMULATIONS

After comparing the different IBS models, we decided to

report only using the Conte-Martini model. Results with

other models are different but not significantly compared to

expected measurement errors. Figure 3 shows the results

for BESSY II, where we observe that IBS simulations seem

to agree for the horizontal plane. However for the vertical

plane a quadratic growth is observed, inconsistent with IBS.

Furthermore, the bunch length data shows a much stronger

growth than predicted by IBS. A confirmation of our sus-

picion that the measured growth of the beam parameters

at BESSY II are not due to IBS came from increasing the

vertical beam size using noise excitation (similar to what

was done for the measurements at MLS) and observing that

the measured bunch length did not change. We conclude

that for BESSY II IBS is negligible and we are in a regime

dominated by collective effects (potential well distortion,

impedance effects,...).

For the MLS case, Fig. 4, we observe a strong discrep-

ancy between simulation data and measurement data in the

vertical plane, where in the simulations the values are due to

coupling to the horizontal plane, in other words they are the

horizontal emittance times a coupling factor (0.005). Nev-

ertheless, assuming this vertical size, a good agreement is

observed for the horizontal and longitudinal plane between

data and simulations. During the measurements special care

was taken to exclude Coherent Synchrotron Radiation as

cause for the observed growth in beam size and the idea that

the observed growth with current is due to IBS is further

supported by the observation shown in Fig. 1, as discussed

before.

BESSY VSR

The ODE approach was used to predict the effect of IBS

on the expected long and short bunches for BESSY VSR,

using the optical lattice from BESSY II assuming a coupling

between the horizontal and vertical plane equal the one used

for the BESSY II simulations. For the particle tracking sim-

ulations a triple RF system has been implemented, that for

the moment, only allows to track the short bunches. Results

of both types of simulations, again with and without tail cut

for the ODE approach, are shown in Fig. 5. The simulations

indicate a possible increase of 25 percent in bunch length

compared to the zero-current RMS bunch length of 1.2 ps

for the short bunches with a current of 1 mA, which is the
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Figure 5: BESSY VSR ODE simulations (with (red) and

without (orange) tail cut) and particle tracking simulations

(green ) using Conte-Martini as IBS model.

expected operational current in these bunches. These sim-

ulations do not take current dependant effects into account

such as bunch lengthening due to potential well distortion or

Coherent Synchrotron Radiation effects, which are expected

to contribute about a factor of one and a half to the bunch

length, therefore also reducing IBS effects. Moreover, dur-

ing user operation vertical noise excitation is applied to the

beam, increasing the vertical beam size roughly by a factor

of three, further reducing IBS effects. We conclude that for

BESSY VSR IBS will not affect user operation, but that we

will have the opportunity to study the effect during dedicated

experiments.

CONCLUSION

Two different types of simulation codes have been im-

plemented to investigate the effects of IBS on the present

and future machines at HZB and PTB. Both simulation ap-

proaches agree fairly well and were compared with BESSY

II and MLS data. We concluded that at the BESSY II ma-

chine there is currently no indication of IBS effects, while

at the MLS we observe an agreement with IBS simulations

assuming that the vertical beam size is dominated by cou-

pling and roughly a factor three smaller than indicated by

the pinhole measurement system. More dedicated experi-

ments are needed to confirm or reject if the observations are

due to IBS. Using the discussed simulation tools the IBS

effect for expected bunch parameter for BESSY VSR have

been quantitatively studied, and we conclude that IBS will

have a negligible impact compared to other effects in user

operation, but can be studied during dedicated experiments.

ACKNOWLEDGEMENTS

We are grateful to the operations and commissioning

teams of the BESSY II and MLS accelerator complex

for their help in preparing and performing the measure-

ments. This work has been supported by German Bun-

desministerium für Bildung und Forschung, Land Berlin,

Physikalisch-Technische Bundsanstalt Braunschweig und

Berlin and grants of Helmholtz Association.

9th International Particle Accelerator Conference IPAC2018, Vancouver, BC, Canada JACoW Publishing
ISBN: 978-3-95450-184-7 doi:10.18429/JACoW-IPAC2018-WEXGBE3

05 Beam Dynamics and EM Fields
D02 Non-linear Single Particle Dynamics

WEXGBE3
1757

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

18
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.



REFERENCES

[1] A. Jankowiak et al. BESSY VSR - Technical Design Study.

Technical report, Helmholtz-Zentrum Berlin für Materialien

und Energie GmbH, Berlin, 2015.

[2] S.K. Mtingwa J.D. Bjorken. Intrabeam scattering. Part. Acc.,

13:115–143, 1983.

[3] Frank Zimmerman. Intrabeam scattering with non-

ultrarelativistic corrections and vertical dispersion for mad-x,

2006. CERN-AB-2006-002.

[4] A. Piwinski. Intra-beam-Scattering. In Proceedings, 9th

International Conference on the High-Energy Accelerators

(HEACC 1974): Stanford, California, May 2-7, 1974, pages

405–409, 1974.

[5] CERN. CAS proceedings, Advanced Accelerator Physics,

1987.

[6] M. Conte M. Martini. Intrabeam scattering in the cern an-

tiproton accumulator. Part. Acc., 1985.

[7] S. Nagaitsev. Intrabeam scattering formulas for fast numerical

evaluation. Physical Review Special Topics - Accelerators

and Beams, 8, 2005. PhysRevSTAB.8.064403.

[8] F Antoniou and F Zimmermann. Revision of Intrabeam

Scattering with Non-Ultrarelativistic Corrections and Vertical

Dispersion for MAD-X. Technical Report CERN-ATS-2012-

066, CERN, Geneva, May 2012.

[9] M. Blaskiewicz R. Bruce, J.M. Jowett and W. Fisher. Time

evolution of the luminosity of colliding heavy-ion beams in

rhic and lhc. Physical Review Letters Accelerators and Beams,

2010.

[10] Tom Mertens. Intrabeam scattering in the lhc. Master’s thesis,

University of Porto, 2011. CERN-THESIS-2011-042.

[11] Methodical accelerator design. http://mad.web.cern.

ch/mad/.

[12] J.M. Jowett, R. Alemany-Fernández, M.A. Jebramcik,

T. Mertens, and M. Schaumann. Lifetime of Asymmetric Col-

liding Beams in the LHC. In Proc. of International Particle

Accelerator Conference (IPAC’17), Copenhagen, Denmark,

14â19 May, 2017, number 8 in International Particle Accelera-

tor Conference, pages 2067–2070, Geneva, Switzerland, May

2017. JACoW. https://doi.org/10.18429/JACoW-IPAC2017-

TUPVA013.

[13] Boaz Nash. Analytical Approach to Eigen-Emittance Evolu-

tion in Storage Rings. PhD thesis, SLAC, 2006.

[14] D. Lide R. E. Cohen and G. Trigg. AIP Physics Desk Refer-

ence. Springer, 2003.

[15] T. O. Raubenheimer. The Core emittance with intrabeam

scattering in e+ / e- rings. Part. Accel., 45:111–118, 1994.

[16] M. P. Ehrlichman et al. Intrabeam scattering studies at the

Cornell Electron Storage Ring Test Accelerator. Phys. Rev.

ST Accel. Beams, 16(10):104401, 2013.

[17] A. Wolski. Damping ring design and radiation damping

lecture notes, September 2009.

[18] 2007. Proceedings of COOL 2007, Bad Kreuznach, Germany.

[19] Roman Klein, Guido Brandt, Joerg Feikes, Thomas Reichel,

Markus Ries, Inés Seiler, and Reiner Thornagel. Accurate

Measurement of the MLS Electron Storage Ring Parame-

ters. In Proceedings, 5th International Beam Instrumentation

Conference (IBIC 2016): Barcelona, Spain, September 11-15,

2016, page WECL02, 2017.

[20] K. Holldack, J. Feikes, and W.B. Peatman. Source size and

emittance monitoring on bessy ii. Nuclear Instruments and

Methods in Physics Research Section A: Accelerators, Spec-

trometers, Detectors and Associated Equipment, 467-468:235

– 238, 2001. 7th Int.Conf. on Synchrotron Radiation Instru-

mentation.

9th International Particle Accelerator Conference IPAC2018, Vancouver, BC, Canada JACoW Publishing
ISBN: 978-3-95450-184-7 doi:10.18429/JACoW-IPAC2018-WEXGBE3

WEXGBE3
1758

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

18
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.

05 Beam Dynamics and EM Fields
D02 Non-linear Single Particle Dynamics


