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Abstract parameters of the collisions. However contributions from 
hadronic interactions in more central collisions are not 

The limitation of the luminosity lifetime in high energy negligible even for very 
heavy ion colliders like RHIc Or LHC operating in ion In this paper we report measurements on the total cross 
mode is set by the very large cross section Of beam - beam section for electron capture and measurements of the sum the 
interactions. One of the dominant processes at relativistic total nuclear loss cross section through electromagnetic 
energies is electron capture from pair production in the dissociation and hadronic interactions. 
strong electromagnetic field provided by the high 2 of the su er proton 

at 
number targets have been measured using one of the high 33 T ~ V  (158 G~v/A) .  These were mainly 

GeV’nucleon beams at cERN. The motivated by their theoretical importance as a test ground of 
results, together with results on electromagnetic QED under nonperturbative conditions. However, using the 
dissociation, are discussed in terms of beam lifetimes for data and extrapolating to he energies of the MC and LHC 

to the corresponding collider energies Similar estimates have been done previously [ 1,2,3,4], though 
our limits are based upon the first measurements made in an 
energy regime where the simple reliable scaling laws should 

energies. 

The experiment was performed at the 
ions. The capture cross sections for Pb ’-+ interacting with a Synchrotron (sps)  with completely stripped pb g+ 

RHIC and LHC using extrapolations of the colliders, limits on h e  beam lifetimes can also be estimated. 

1. INTRODUCTION 
One of the principal limitations to the luminosity lifetime be valid 151. 

in high energy heavy ion coiliders is the loss of beam 
particles due to the large cross section for beam-beam 
interactions. At very high energies there are essentially The sps external beam lines are used to transport the 
three processes that contribute to the losses: Electron 33 T ~ V  pb”+ beam from he extraction points, magnetic 
capture, electromagnetic dissociation and hadronic beam splitters, to a number of different experiments located 
processes. between 500 m and 1 km away. The beam lines are comprised 

mechanisms. In Radiative Electron Capture (Ec) the ion application we used h e  whole system.of magnetic elements of 

photon. The capture can also be non-radiative (NRC) when selection. 
an electron bound to an atom is picked up. However at very The first set of main bends of the beam line are used to 
high energies a third mechanism is dominant. Electron- clean up the Pb8*+ beam. There are of different 
positron pairs are created in the strong electromagnetic spec.es in the Pbs2+ beam On the level of pemille. ~h~ 
pulse produced when the ion passes near the target nucleus of this contamination is mainly interaction in the steel of the 

(ECPP; Electron Capture via Pair Production). This later the first part of the beam line the species are 

electron in  the initial state, and thus the reaction can take position of maximum dispersion. Thus a pure pbsz+ beam 
place between two initially bare ions. This fact, together impinges on the target located in he of he transfer 
with the large cross section, which increases with energy, tunnel. 
makes ECPP a potential limiting factor for high energy The second part of the beam line was used to anaiyse the 

different masses and charge states exiting the target. This was heavy ion colliders. 
the beam phase 

the origin of a possible nuclear dissociation of one or both space at a point which had a large momentum dispersion with 
of the ions in the interaction. The electromagnetic a horizontal and vertical focus. The transmitted ions were 
dissociation proceeds via photon excitation of the nucleus counted in a Cerenkov counter at the end of the beam line. 
followed by decay through particle emission. These The resolution of the system was I 7x104 and the 
electromagnetic processes dominate at  large impact different species could easily be separated and identified. 

2. DESCRIPTION OF THE EXPERIMENT 

The eiectron capture proceeds through different of a large number of bending magnets and quadrupoles. In our 

and simuitaneously emits a one of the beam lines as a spectrometer for charge and mass picks a target 

and with a certain probability the electron can be captured beam splitters and in the material of the beam monitors. Using 

process. contrary to the two Others, does not require identified and eliminated with a collimator located at a 

The strong electromagnetic field between the ions is also done by scanning a collimator slit 
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3. RESULTS estimation of lifetimes in colliders, the calculated REC and 
NRC contributions [7] have been subtracted from the 
measured total capture cross section. The ECPP cross sections 
obtained in this way are indicated in Table 1 and plotted in 
figure 2. A dependence close to Z, is clearly seen. 

', . 

a )  Electron capture 
The cross section for electron loss is known to be several 

orders of magnitude bigger than the electron capture cross 
section. To separate the two cross sections it is necessary to 
measure the yield of Pb8'+ ions as a function of different 
thicknesses for each target type. Beyond a certain target 
thickness, equilibrium between the number of Pbs2+ and 
Pbsl' ions will be established. It is important to choose the 
thicknesses of the target such that the Pb8'+ growth curve is 
sampled below the equilibrium. Figure 1 gives an example 
of the measured fraction of Pb'" ions versus thickness for 
Au targets. 1.0 I D $  

2 

.. . 

1.0 IO' z: 1.0 101 
10.(1 1. . . . . . . . I  . , . ..... 0 . , , , . - J  

Figure 2: The measured CT,,,~ cross sections as a function of 
PB 8 2 t A u q X ~ ~ r  

Z2*. 

b) Electromagnetic dissociation 
In this case the full beam line optics and the slits were tuned 

for PbS2+ ions and the total cross section was determined from i 
the measured attenuation in the target. The attenuation was 
obtained by integrating the transmitted beam intensities for a 
number of targets with different thicknesses 

The total experimental cross sections obtained for the five T q o  I )u&myu,~nr iun '  x 16' 1 

targets are shown in Table 2. 
Figure 1: Fraction of PbSic ions for different thicknesses of The hadronic cross section and the electromagnetic cross 

I 

section have very different energy and 2 behaviours. Thus, it 
is necessary to separate the two contributions in order to be 

can be used to determine both the able to make an extrapolation to higher energies and other 
capture cross section (0,) and the cross section for electron species. This has been done by a theoretical estimate Of the 
loss (cT~) by fitting the data using a two-state model [6]: hadronic contribution [SI. The calculated values of q, for the 

different targets are listed in Table 2. The table also lists a 
Table 1:CaPture (Gee) and electron loss (0,) Cross sections. small contribution to the electromagnetic dissociation cross 

cr,,is derived from 0, (see text). section from bound electrons in the target [8]. This 
contribution has to be subtracted as it will not be present in a 
collider. The last column of Table 2 lists the electromagnetic 
dissociation cross section from ion-ion interaction as obtained 
from our measurement, subtracting the hadronic and the small 
electron contribution. 

Table 2: Measured total loss cross sections (0-). 

Au targets. 

The data Of Figure 

As mentioned in the introduction three different reaction 
mechanisms contribute to the total capture cross section. 
Each of the processes has a different scaling behaviour 
relative 10 the target atomic number (Z,) and the relativistic 

4. CONSEQUENCES FOR LHC AND RHIC Lorentz factor of the incoming ion (y). The radiative 
capture scales as 2, l y  and the non-radiative capture has a 

I .  

q' /y scaling. On the other hand, the capture from pair The luminosity lifetime of high energy heavy ion collider is 
production scales as Z: In y [5]  which makes this process determined by the blow up of the beams due to the intra-beam 
dominate at high enough energies. In order to separate the scattering and the losses in the interaction(s) points due to 
ECPP contribution, which is the only one relevant for beam-beam interactions. The intra-beam scattering is machine 



F 

I ,' 

dependent while the losses due to interactions exclusively than what was originally used for RHIC and LHC estimates. 
depend on the underlying physics processes. Here we will The beam loss due to beam-beam interaction is proportional 
only consider the ultimate machine independent limit set by to otot, the instantaneous luminosity and the number of 
the physics processes. interaction points n. With N being the number of ions in the 

cross sections from SPS energies to RHIC and LHC 
energies. The Lorentz factor must be taken in a system 
where one of the nuclei is at rest and we get 

TO estimate the effect we have to extrapolate the relevant beam we have: 
dN/dt = - L(t) omt n (2) 

Since L is proportional to N(tf we get as solution to (3) 
2 N(t) = N,j(l+ t/$,>, (3) 

(4) 
(') where $ is given by 

yRHIc=2.3 IO4 and yLHc = 1.7 IO'. This should be exponential we have 
compared to y = 168 at the SPS. 

The electron capture from pair production cross section Using the above formulae and taking the values of the has been shown to scale as A In y + B [5] where A and B . . . initial luminosity and number of ions in the beam from the 
RHIC and LHC design reports [ 1,2] we can calculate the are independent of y at y = - 100. Including both 

perturbative and nonperturbative contributions, is luminosity half-life due to beam-beam interactions. We get a 
luminosity half-life of 7.3 hrs at RHIC and 5.8 hrs at LHC. estimated to be -24 barn [9]. Applying this scaling to our 

measured cross section of Pb ** + on AU from Table I and These values are not far from those in the design 

symmetric Au or Pb system we obtain ( J ~ ~ , , ~ ~ ~ ~  = 94 barn are quite similar to those calculated by Baltz et al. in Ref. [4]. 
and 0,- = 204 barn, respectively. For the target we These previous estimates were based upon extrapolations 
applied a G2 scaling and a z,' behaviour was assumed for from [OW energy data in combination With theoretical 
the projectile. considerations. Our measurement at SPS energies, where the 

The scaling of the electromagnetic dissociation cross In y scaling is supposed to be valid, basically confirms that the 
section is somewhat less straightforward. The strong assumptions  de earlier were ~-easonable. 
electromagnetic field- is simulated by an equivalent photon 
spectrum and the cross section is essentially determined by 
this spectrum folded with the photo-nucleon dissociation ~~h~~~ (H.F. aause ,  C.R. vane and S. D ~ ~ )  acknowledge 
Cross section. The calculation has to be done integrating support by the U.S. Department of E ~ ~ ~ ~ ~ ,  Office of ~~~i~ 

different depending on what part of the photon spectrum is N ~ :  ~ ~ - A c 0 5 - 9 6 0 = 2 4 6 4  with Lockheed ~h~ 
considered [lo]. The dominant contribution comes from the E~~~~~ Research Corporation. H. Knudsen and u. ~ i u ~ l ~ ~ ~  

and this part has a simple In y scaling [IO]. At SPS energies Council. We also would like to acknowledge preparation of 

dissociation cross section [8]. Thus we have taken 85 % of the GSI target shop. 
our measured cross section from Table 2 and scaled it to 
higher energies. For the remaining 15 % we rely upon the 
calculation in Ref. [ 1 I]  and adding this contribution we get 
ffdiS - 123 barn and odis - 225 barn. 

[2] RHIC Design Manual, BNL-52195 (1989). The energy dependence of the hadronic cross section is 
[3] D. Brandt et al. CERN SL/94-04(AP). taken from a dispersion relation calculation based on 
[4] A.J. Baltz et al. Phys.Rev. E54,4233 (1996). 
[5] A.J. Balm et al. Phys.Rev. A44,5569 (1991). 

measurements of otot and of the parameter p (ratio of real to 

[6] H.F. Krause et al. Phys. Rev. Lett. 80, I190 (1998). imaginary part of the forward amplitude) for proton-proton 

[7] R. Anholt and U. Becker, Phys.Rev. A36,4628 (1987). interactions [ 121. This calculation predicts an increase of 

[9] A.J. Baltz et al. Phys. Rev. A50,4842 (1994). relative to SPS energies. Assuming the same energy 

[ 101 G. Baur, C.A. Bertulani, Nucl. Phys. A505 835 (1989). dependence for Au or Pb .interactions we get 

[ 111 M. Vidovic et al. Phys. Rev. C48,2011 (1993). c~~~~~ = 9.5 barn and (J , ,~~  = 19 barn. 

Y = 2 Ycoll - 1 
The effective Lorentz factor y at RHIC and LHC with 

100 GeV/u and 2.76 GeV/u, respectively, becomes tb = N&, atot n). 

t,, = In2 / 2 $. 

Defining the luminosity lifetime as if the decay were 

(5) 

making a correction for the Z-dependence going to a reports which were 14 hrs and 6.7 ks,  respectively. They also 
RH IC 

LHC 
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