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Synchrotron Radiation and Beam Tube Vacuum in a Very Large Hadron Collider;
Stage 1 VLHC

M. Pivi and W.C. Turner

Accelerator and Fusion Research Division
Ernest Orlando Lawrence Berkeley National Laboratory

University of California
Berkeley, CA-94720

Abstract

      Synchrotron radiation induced photodesorption in particle accelerators may lead to pressure
rise and to beam-gas scattering losses, finally affecting the beam lifetime. We discuss the beam
tube vacuum in the low field Stage 1 Very Large Hadron Collider VLHC. Since VLHC Stage 1
has a room temperature beam tube, a non-evaporable getter (NEG St101 strip) pumping system
located inside a pumping antechamber, supplemented by lumped ion pumps for pumping methane
is considered. A possible beam conditioning scenario is presented for reaching design intensity.
The most important results are summarized in this paper. More detailed reports of the calculations
will be presented at the PAC2001 Conference, Chicago, IL to be held in June 2001, and at the
Snowmass Conference, CO, to be held on July 2001.

Introduction

     In the present report the required pumping speed, a possible beam current conditioning
scenario, and the beam-gas scattering lifetime are discussed for Stage 1 VLHC. A self-consistent
calculation is performed assuming that the beam lifetime depends on the beam tube vacuum gas
pressure and on the pp collision rate at two interaction points (IPs). The vacuum tube pressure,
and therefore the beam-gas scattering lifetime, is a function of the beam intensity. The parameters
necessary for evaluating the beam tube vacuum in the Stage 1 VLHC are shown in Tables 1 and
2. In Table 1, τpp represents the proton lifetime determined by pp collisions at two IPs at the
design luminosity 1034 cm-2s-1, with the pp cross section assumed to be σpp=137 mb at 40 TeV cm.

Table 1. VLHC parameters for the low field Stage 1 VLHC

VLHC parameters     symbol Stage1

beam energy E,TeV  20
dipole field at 20 TeV B, T  2
circumference C, km  232
number of particles per bunch Nb 2.48 X1010

total beam current I, mA 190

beta function (aver.) β, m         233
normalized emittance εn, π mm-mrad 1.67

vacuum chamber dimensions rw, cm               0.9 X 1.5
beam tube temperature Tw, oK ~294
pp collision IP lifetime τ

 pp, hrs  93

Luminosity L, cm-2s-1
1 X1034
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Vacuum system for the Stage 1 VLHC

     Photodesorbed gas is the dominant gas source in the beam tube, and the photon intensity,
0.8x1016 ph/m-sec, at design current, is the most important parameter for beam tube vacuum. The
synchrotron radiation power in the Stage 1 VLHC, 0.033 W/m, can be absorbed by the room
temperature beam tube and is low enough that active cooling is not needed.
     In Stage 1 the beam-gas scattering lifetime is affected by two processes: (1) single proton-
nuclear collisions leading to a lost proton and (2) multiple small angle proton-nuclear Coulomb
collisions leading to an increase in emittance.
     The luminosity loss rate τg due to beam-gas scattering is related to the proton loss rate due to
collisions with gas nuclei τc and the emittance growth rate due to Coulomb scattering τε [1], and
is   given by:
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where Aj is the gram molecular weight,  β the average beta function 233 m, and εn the normalized
emittance 1.67 π mm-mrad [5], the proton collision cross section σpj, the radiation length Xoj and
the initial photodesorption coefficient η0j are listed in Table 2. For H2O σpj=644 mb, Xoj=36
gm/cm2. The first term in eq. (1) is twice the proton loss rate and the second term is the emittance
growth rate. Beam-gas collisions will be negligible if τg is much larger than the luminosity
lifetime τL. We will define the beam-gas scattering lifetime negligible when τg>>5τL , with
τL=τpp/2 = 46.5 hrs.
     Once τg = 5τL =232 hrs is fixed, we estimate the average beam tube gas pressure for each gas
species taken separately, with the results given in Table 3. From Table 3, we can see that the CO
scattering equivalent tube pressure should be less than 0.33 nTorr to reach τg>5τL.
     In addition to the degradation of luminosity lifetime, we have to consider the consequences of
the beam-gas scattered beam power which can lead to undesirable heat loads and activation of
storage ring components. We estimate the beam tube pressure that would result in a scattered
beam power of 0.1 W/m, corresponding to a typical limit for the global capacity of a cryogenic
refrigeration plant. Results for each gas species are given in Table 3, where we can see that the
pressure limiting factor is given by beam-gas scattering particle loss rather than the power loss.
     In the low field Stage 1 VLHC, we will consider a distributed NEG strip plus lumped ion or
cryo pump system in a pumping antechamber connected to the beam tube with long slots.
     The non-evaporable getter concept, similar to LEP, is a relatively simple solution, a single
NEG strip running inside the pumping antechamber, but needs activation, reconditioning and
significant lumped pumping for methane. Since the critical energy for the Stage 1 VLHC is so

gas             σpj         Xoj           η0j             νj            Qj,tds

                  (mb)     (gm/cm2)   (molec/ph.)                   (nTorr-l/s-m)

H2             104         63           6e-4          0.8            6.4
CH4           628        47           8e-5         1.25          0.64
CO            960        38           2e-4          0.8          0.128
CO2          1500       36         1.5e-3         0.8          0.128

Table2: Numerical  values of parameters used in the evaluation
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low, 86 eV, high Z shielding  (e.g. a layer of Pb) around the beam tube vacuum chamber is not
needed.
     We assume lumped ion pumps, with pumping speed S=100 l/s, are connected to the pumping
antechamber at an axial interval of L=22.5 meters. The effective cylindrical diameter of the
antechamber is 8.3cm. The pumping speed of the lumped ion pumps wil l be conductance limited
by the beam tube and the antechamber, and the effective pumping speed for CH4  is then Seff~2.2
l/s-m. In our calculations a NEG St101 strip, supplemented by ion pumps for pumping methane,
has been considered. The lumped ion pumps wil l contribute significantly to the overall cost of the
vacuum system so it is desirable to look for ways to eliminate them. It has been suggested that
NEG strips exposed to photo and secondary electrons may effectively pump methane [6].
Research and development is needed to evaluate this suggestion.
     The dependence of the photodesorption yield, number of molecules desorbed per incident
photon, for each species “ j” , with the normalized photon dose D in units of 1020 ph/m, is given by:

j-
0 D 

νηη jj =                                                           (2)

where for practical use of the formula we have assumed a constant value of the photodesorption
yield �

0j, up to an integrated photon dose of ~1019 ph/m [7]. The photodesorption coefficients are
key parameters for the beam tube vacuum in a storage ring. For the calculations in this paper the
data given in Ref [2], obtained for in situ baked Al at a critical photon energy of 86 eV, have been
fit with Eqn. 1. The inverse power dependence of the photodesorption yield on the photon dose
implies the so called conditioning effect, or the decreasing photodesorption yield due to the
removal of gas molecules from the near surface oxide layer with continued exposure to photons.
As a result, the required pumping speed decreases in time as a function of the integrated current
intensity. This can have implications for the frequency of NEG regeneration.
     We wil l estimate the CO equivalent pumping speed necessary to achieve the vacuum pressure
indicated in Table 3, within a reasonably short conditioning time. We may define as “ reasonably
short” equivalent to a few tenths of a year of operation, e.g. 0.3, when the machine is running at
design beam intensity. An operational year is typically taken to be ~ 107 sec. Therefore, we
estimate the CO equivalent pumping speed needed to reach τg=5τL by I*t=158 A-hrs. In Fig. 1 the
CO equivalent pumping speed SCO required to achieve a beam-gas scattering lifetime τg is plotted
as a function of the integrated current for τg/τL = 0.01, 0.03, 0.1, 0.3, 1, 3 and 10. From Fig.1 we
may conclude that a pumping speed S=32 l/s-m is required to reach a beam-gas scattering lifetime
of τg=5τL after an integrated beam current I*t=158 A-hrs for the Stage 1 VLHC.  For more
detailed calculation and formulae, see Ref. 1 and the future reports given in the abstract of this
paper.

]5[ Lg ττ =Pj (nTorr)      gas                                                      Pj (nTorr) [0.1 W/m]

       H2                             4                                 76.6                                       
      CH4                         0.54                              12.6                                                      
      H2O                         0.45                              12.3
      CO                          0.33                                 8
      CO2                          0.2                                 5

Table 3.  Numerical bounds on beam tube pressure Stage 1, ambient room temperature equivalent pressure
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Conditioning Scenario

     The conditioning effect will improve the beam lifetime which is itself then function of the
integrated current intensity. We present here a possible conditioning scenario, for Stage 1 VLHC,
where we increase the initially injected beam current from 50 mA up to 190 mA (nominal), in four
steps. Our procedure is to inject the beam, firstly with increased current, then with current at
nominal value, whenever the luminosity lifetime reaches τL=46.5 hrs, corresponding to the design
parameter value. The possible beam current program for our conditioning scenario is plotted in
Fig. 2.
     The beam lifetime τb is related to the vacuum pressure and to the pp collision rate at the
interaction point, and is defined as 1/τb=1/τpp+1/τg. In Fig. 3 the beam lifetime is shown as a
function of time, for our conditioning scenario. The luminosity lifetime is then given by τL=τb/2.
     The total beam tube vacuum gas pressure decreases as the surface is progressively cleaned,
and is shown in Fig. 4 as the CO scattering equivalent pressure. The equivalent CO scattering
pressure of gas species "j" is defined as:

CO

j
jjs PP
σ
σ

=,                                                             (4)

and is also shown for each gas in Fig. 4. The CO scattering equivalent gas pressure of species "j"
is equal to  the partial CO gas pressure which would result in the same beam-gas scattering as the
actual pressure of species "j". In this way the partial pressures in Fig. 4 can be compared on an
equal footing as they effect the beam-gas scattering lifetime. We can see from Fig. 4 that CH4 is
the gas having the largest equivalent CO scattering pressure. The pumping speed of the NEG
material decreases in time as the pumped gas molecules accumulate on the surface. For this
reason we have taken into account, in our calculations, the pumping speed variation of the NEG

Fig.1. Pumping speed required, in Stage 1, to achieve a specified beam-gas scattering luminosity
lifetime versus  integrated current I*t, from τg/τL=0.01 to 10, with τL=46.5 hrs. Assuming a beam-
gas scattering lifetime much larger than the luminosity lifetime, τg/ τL =5, and I*t=158 A-hrs (1/3 of
a year of operation),  the required pumping speed is S~32 l/s-m, for H2, CO and CO2, while the
required pumping speed for CH4 is S~1.55 l/s-m.
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St101 strip (30 mm wide, LEP type) as a function of the quantity of gas that has been pumped as
given in Ref. [4]. Once the NEG surface saturates, a surface regeneration will be necessary to re-
establish the maximum initial pumping speed. The surface pumping capacity for CO is
10-4 Torr-l/cm2 [3]. We therefore have to consider reconditioning the NEG after a total desorbed
gas load of Q~3 10-2 Torr-l/m [4]. As an example, after 200 hrs at the end of this initial
conditioning scenario, the total CO and CO2 gas amount pumped by the NEG is Q~2.5 10-2 Torr-
l/m, just below the gas load needed for reconditioning.

Beam scattered power at the interaction point

     In addition to previous considerations on the beam tube vacuum issues for the VLHC, we have
estimated the beam scattered power at the IP, as a result of the pp collisions, which is given by

PIP=σpp
� L � E                                                                    (5)

where L is the luminosity. The beam scattered power per beam is shown in Table 4, and
compared to the LHC case.
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Fig.2. Beam current intensity possible scenario, during the conditioning period in the VLHC, Stage 1,
increasing the current from 50 mA to 190 mA (nominal), in four steps.
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Fig. 4.  Equivalent to CO scattering pressure and total pressure in this possible conditioning scenario.
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σpp (mb)            L(cm-2 s-1) Ebeam (TeV )        PIP (kW)

LHC                        120                    10 34                      7                       1.3

VLHC Stage 1 136                    10 34 20               4.3

VLHC Stage 2       178                  2X 10  34 87.5  50

Table 4. Beam scattered power per beam at the interaction point for Stage 1 and Stage 2 compared to
the LHC, where σpp is the total, elastic plus inelastic, pp cross section.

Fig.3. Beam lifetime, beam-gas scattering lifetime, proton-proton lifetime in this possible conditioning
scenario.
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