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Abstract

After the design luminosity had been exceeded in the
electron–proton collider HERA, the interaction regions
have been rebuilt to boost the luminosity by roughly a fac-
tor 4 and are now being commissioned. While the specific
luminosity is increased by a reduction of the beta functions
at the interaction point and by a reduced horizontal electron
emittance, the beam-beam tune shift of the e-beam will be
increased and the vertical proton beta function at the inter-
action point will become comparable to the proton bunch
length. To analyze these new beam dynamical conditions,
the beam-beam force’s effect on the tune spread and on
high order resonances under the presence of the hourglass
effect has been investigated, and accelerator studies have
been performed in conditions for which the tune spread
and the resonance strength are comparable to the luminos-
ity upgrade parameters. In these experiments the nominal
beam-beam parameter per experiment has been pushed to a
record high of 0.5. Based on these tests, the future perfor-
mance limits of the HERA e/p collider are discussed.

1 LUMINOSITY UPGRADE

With a luminosity ofL = 0.2 × 1032 cm−2s−1 and an
integrated luminosity of 67 pb−1, HERA has exceeded its
design luminosity in its phase 1 run period which ended in
September 2000. To increase the luminosity in a phase 2
period, an upgrade of the interaction region (IR) has been
implemented. The North and South IRs around the col-
liding beam experiments ZEUS and H1 have been rebuilt
[1, 2, 3] to move superconducting focusing magnets for
electrons or positrons from 7 m to 2 m distance from the
IP and to move the first focusing magnets for protons from
28 m to 11 m. The proton beam can now be strongly fo-
cused toβ∗

x = 2.45 m andβ∗
y = 0.18 m at the IP. The

previous values have beenβ∗
x = 7 m andβ∗

y = 0.5 m. The
new nominal HERA parameters are:

p e
Energy–p/e (GeV) 920 27.5

Emit. hor/vert (nm) 5.1/5.1 20/3.4
β∗ at IP hor/vert (m) 2.45/0.18 0.63/0.26
Aperture hor/vert (σ) 12/12 20/20

p per bunch and e-cur. 1.03·1011 58 mA
Tune shift hor/vert (10−3) 1.6/0.4 34/51

Bunch Length (mm) 191 10.3

These parameters would lead to a luminosity of0.74 ·
1032 cm−2s−1 which includes a reduction by 0.92 due to
the increase of the beta functions along the proton bunch
during collision (the hourglass effect).
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2 INFLUENCE OF THE HOURGLASS
EFFECT
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Figure 1: The bunch size changes during the collision due
to the hourglass effect.

Figure 1 shows how the proton beam size during an
electron-proton collision can change when the bunch is
longer than the beta function at the interaction point (IP).
For short Gaussian bunches the luminosity is given byL =
fbN+N−/[2πΣxΣy] where theΣ are given by

√
σ2

1 + σ2
2 .

Therefore the hourglass effect diminishes the luminosity
according to

Lhg

L =
∫∞∫

∞
ρ1(s1)ρ2(s2)

Σx(0)Σy(0)
Σx(s)Σy(s)

∣
∣
∣
∣
s= s1+s2

2

ds1ds2 .

(1)
Hereρ1/2 are the longitudinal densities of the two beams.
For Gaussian longitudinal densities, one integration can
be performed leading to 2√

2πΣs
exp(− 2s+ξ

2Σ2
s

)ds instead of

ρ1(s1)ρ2(s2)ds2ds2 whereξ is the distance between the
bunches when one of them is at the IP. Well adjusted tim-
ing of the collisions leads toξ = 0. If the hourglass
effect is only important in one plain, also the second in-
tegral can be computed analytically [4]. The effect of
this luminosity reduction on luminosity scans has been
analyzed in [5]. The beam–beam parameter is given by
ξx,y = Cbbβx,y/[2π(σ∗

x + σ∗
y)σ∗

xy] with Cbb = q∗N∗rc

qγ .
The star refers to the opposing beam,rc is the classical ra-
dius of the particle andN ∗ is the numbers of particle per
bunch. The hourglass effect changes this tune shift,

ξhg
x/y(s1)

ξx/y
=

∞∫

∞
ρ2(s2)

β(s)σ∗
x/y(0)[σ∗

x(0) + σ∗
y(0)]

β(0)σ∗
x/y(s)[σ∗

x(s) + σ∗
y(s)]

ds2 ,

(2)
where agains = s1+s2

2 . The tune shift has an increasing
and a decreasing component. The beta function increases
with distance from the IP whereas the inverse beam size
of the opposing beam decreases with this distance. When
averaging the tune shift over the interaction time, it can
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therefore be larger or smaller than the tune shift without
hourglass effect. Furthermore the tune shift depends on
the particles longitudinal position in a bunch and therefore
oscillates relatively slowly with the synchrotron frequency
giving rise to synchrotron sidebands. Also the beam-beam
potential changes due to the hourglass effect,

Uhg(Jx, Jy, φx, φy , s1) =
Cbb

2π

∞∫

∞
ρ2U

σ∗
x(s),σ∗

y(s)(x, y)ds2 ,

(3)
with x =

√
2Jxβx(s) sin(φx + δφx(s)), y =√

2Jyβy(s) sin(φy + δφy(s)) , Uσ∗
x,σ∗

y (x, y) is the con-
ventional beam-beam potential andδφ(s) =

∫ s

0 [ 1
βx(s) −

2πQx

L ]ds takes into account that the betatron phase changes
during the interaction [6]. For Gaussian beams one can de-
rive the Fourier expansion of this potential as a series of
products of Bessel functions [7, 8]. The influence of the
hourglass effect is then computed by integratings2 over
these Bessel functions. The 0th Fourier coefficient of this
expansion leads to the amplitude dependent tune shift and
the higher order components lead to the resonance strength.

These resonance strengths depend on the longitudinal
positions1 of the particles in the bunch. Here we do not
compute the strength of synchrotron sideband resonances,
but we compute the maximum of the resonances along the
bunch since this describes the maximum transverse res-
onance strength that a particle suffers for an appreciable
amount of time. The formulas for the resonance strength
contain high powers of the beta functions and some of the
resonances can therefore strongly increase due to the hour-
glass effect, especially for particles in the head or tail of the
proton bunch.

In the calculations which will be mentioned below, all in-
tegrals were first simplified by assuming Gaussian longitu-
dinal bunch profiles and by expanding in Bessel functions,
then numerical integration was performed without any ap-
proximation on the betatron phase variation over the bunch
length or about the bunch shape for each electron or proton
bunch in HERA [9].

3 ACCELERATOR STUDIES

Before displaying results of these computations for
HERA’s phase 2 we will show performance experience at
extreme operation conditions. We will then compare these
conditions with phase 2 parameters. The new low emit-
tance optics of the leptons with a betatron phase advance of
72◦ per FODO cell and an rf frequency shift of 300 Hz has
been implemented and tested [10, 11]. An emittance value
of 22 nm and the corresponding increase in specific lumi-
nosity was verified. The normalized dynamic aperture was
measured and polarization of was obtained. Consequently
the design value of the specific luminosity has been reached
rather early in the commissioning process of phase 2.

In a beam–beam study, the protons were collided with
lepton bunches of different intensities inducing 180% of
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Figure 2: Top: Measured emittances of the lepton beam as
a function of the vertical beta function. Bottom: Measured
and computed specific luminosity.

the proton beam–beam tune shift values expected for the
upgraded optics [12]. While there was an enhancement of
a factor 2–4 in tail population (x > 5σpx), the core of
the proton beam and therefore the specific luminosity re-
mained unaffected during 10 h of collisions. We thus con-
clude that there should be a sufficient margin in the proton
beam–beam tune shifts.

The vertical beam–beam tune shift of the lepton beam
will increase by 50% compared to the year 2000 operation.
Therefore, the tune shift limit has been explored by increas-
ing the leptonβ∗

y [10, c]. Values ofβ∗
ex = 2.5 m (corre-

sponding to the expected horizontal tune shift for 140 mA
of protons) andβ∗

ey(m) ∈ {1, 1.5, 2, 3, 4} have been im-
plemented and collided with a 90 mA proton beam. The
beam sizes were not matched. We observed a monotoni-
cally increasing blow–up of the vertical lepton emittance
with increasingβ∗

y by factors up to 8 as shown in figure
2 (top). At the value ofβ∗

ey = 1.5 m which corresponds
to a beam-beam tune shift of0.069, the blow–up factor
was1.5. Figure 2 (bottom) shows the measured specific lu-
minosity and the luminosity computed from the measured
beam emittances. These measurements justify that no emit-
tance blow–up should be expected for the nominal values
of the upgraded lattice. The lifetime and operation condi-
tions were good even with the tune shift of 0.5. This is
probably due to a depopulation of the bunch center, which
is constant with the fact that the luminosity at largeβ ∗

ey

was smaller than computed from the measured emittances.
Additionally the shift in the coherent oscillation frequency
for β∗

ex = 2.5m andβ∗
ey = 4m was measured to be only

∆νx = 0.005 and∆νy = 0.071.
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4 MAXIMAL HOURGLASS EFFECT

The upgraded lattice provides a physical aperture of
12σ for the protons, while it has been10σ before the up-
grade. Theβ–functions of the protons at the IP could
thus be some 30% smaller than the nominal values yielding
β∗

px = 170 cm,β∗
py = 12.5 cm. Thus, the new lattice per-

mits protonβ∗–functions as small or even smaller than the
bunch length of the protons. The proton bunch length is ul-
timately limited by intra–beam scattering and grows slowly
during the storage time. Currently it’s RMS value is about
15 cm at the beginning of a store and reaches 28 cm af-
ter 10 h storage. At this limit not only the hourglass effect
on tune shift and resonance strength can become disturb-
ing. Additionally, the horizontal beam size of the proton
beam becomes smaller than that of the electrons, and that
enhances nonlinear effects on the electron beam.

For HERA the beam–beam tune shift for particles in the
center of the bunch and at the5σ head or tail of the bunch
are shown with the initial parameters for which HERA
is being comissioned. These are the nominal parameters
with currents reduced to0.73 · 1011 protons per bunch
and 50 mA of positrons. These shifts can be compared
to those for the ultimate parameters with the smallest
possibleβ∗ and small proton emittances and to those
for the extreme conditions of the performed accelerator
studies. In the following table the tune shifts computed
without consideration of the hourglass effect are indicated
by an index 0.

∆νx0 ∆ν5σ
x ∆νy0 ∆ν5σ

y

initial p 0.0016 0.00081 0.00044 0.00011
ultimate p 0.0022 0.00060 0.00059 0.00147
studies p 0.0022 0.0017 0.00061 0.00080
initial e 0.024 0.024 0.045 0.044
ultimate e 0.034 0.036 0.069 0.070
studies e 0.041 0.041 0.085 0.083

We also list the resonance strength computed without
hourglass effect as well as the maximum resonance strength
for particles between±5σs along the bunch. These num-
bers can be compared with the resonance strength which
were encountered in the extreme conditions of the per-
formed beam–beam studies. The strength (given in units
of 10−8) for initial parameters, for ultimate parameters,
and for the accelerator studies are indicated by the super-
scriptsi, u, ands in the table below. Other beam–beam
resonances of reasonable order are not close to the work-
ing points. We have nearly reached most of the resonance
strength that would occur with ultimate beta functions al-
ready in our accelerator studies. Those resonances that are
stronger for ultimate parameters than in the studies would
not be stronger without the bunch–length effect. Reduc-
ing the bunch length would therefore not only reduce the
hourglass reduction of the luminosity, it would also reduce
the resonance strengths to a level for which a stable oper-
ation of the proton beam under luminosity conditions was
already demonstrated.

δi
0 δi

max δu
max δs

max

δ(4Qex + 2Qey) 20000 31000 45000
δ(2Qex + 8Qey) 1200 1800 3600
δ(10Qpx) 175 175 230 220
δ(8Qpx + 2Qpy) 73 73 97 99
δ(6Qpx + 4Qpy) 43 55 65 60
δ(4Qpx + 6Qpy) 24 55 60 44
δ(2Qpx + 8Qpy) 14 65 68 32
δ(10Qpy) 22 251 300 68
δ(14Qpx) 3.1 3.1 4.1 4.1
δ(12Qpx + 2Qpy) 2.9 2.9 3.8 3.7
δ(10Qpx + 4Qpy) 4.4 4.4 5.8 5.8
δ(8Qpx + 6Qpy) 5.9 5.5 5.8 5.3
δ(6Qpx + 8Qpy) 2.6 7.0 6.0 4.3
δ(4Qpx + 10Qpy) 1.2 8.8 8.0 3.2
δ(2Qpx + 12Qpy) 0.37 8.5 6.6 1.4
δ(14Qpy) 0.33 22 22 1.7

5 CONCLUSIONS

Computations of the beam–beam tune shift, the
amplitude–dependent tune shift, and high order resonance
strength have been performed including their enhance-
ment due to the hourglass effect. All relevant integrals
were performed numerically without approximations. The
computed values for extreme focusing in HERA’s pase 2
were compared to conditions which had been found us-
able in previous accelerator physics experiments and most
of the dynamical parameters turn out to be more relaxed
in phase 2 operation than in these experiments, even when
the beta functions are pushed to their limits. Beam dynam-
ics problems due to the hourglass effect should therefore
not avoid reaching the ultimately focused beta functions in
HERA.
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