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VLHC – STAGE 2

at Different Energies and Luminosities
P. Bauer, P. Limon, J. Strait, I. Terechkine

Fermilab, Technical Division

As part of Fermilab’s Very Large Hadron Collider (VLHC) feasibility study, the possibility of a wider range of operating scenarios for the VLHC–stage2 was investigated and the results are summarized in the following note. The note discusses in particular the implications of varying particle energies on the main VLHC-2 operational parameters, such as luminosity and synchrotron radiation heat load. 

1) INTRODUCTION

A very large hadron collider (VLHC) is being discussed as a possible post LHC hadron collider. Fermilab is currently involved in a feasibility study of such a machine, which in its second stage, referred to as VLHC-2 in the ongoing text, will produce beams of protons with an energy of 87.5 TeV at a peak luminosity of ~2(1034 cm-2sec-1. The general characteristics of the VLHC-2 in its current implementation are summarized in chapter 2). The following note reports the results of an investigation regarding the operation of such a VLHC-2 at different energies, below and above the design energy level. The implications of the varying particle energy on various accelerator parameters, such as luminosity and the synchrotron radiation heat load were analyzed and will be discussed in chapter 5). A compendium of the formulas used throughout the calculations can be found in chapter 3). A detailed summary of the calculations in the “standard case”, i.e. for a VLHC at a design center of mass energy of 175 TeV, is given in chapter 4).

2) VLHC-2 PARAMETERS

The current set of parameters of the second stage of the VLHC required for the following calculations is listed in Table 1. The emittance and * in Table 1 are for round beams. One reason for choosing round beams was to simplify the mathematical apparatus required for the calculations presented in the following.

Total Circumference C (km)
233

Energy per proton Ep @ collision(TeV)
87.5

Energy per proton Ep @ injection(TeV)
10

Gamma ( @ collision
93284

Revolution frequency f0 (Hz)
1286

Bending radius ( (km)
29.9

Dipole Field B @ collision at design energy (T)
9.7

Number of Bunches Nb
37152

Bunch Spacing  tb (ns)
18.8 

Design Peak Luminosity L (cm-2s-1)
2.65(1034

Betastar * @ collision (m)
0.5

Normalized emittance (N @ injection (RMS) mm-mrad 
1.5((

Natural normalized emittance (N @ collision (RMS) mm-mrad 
0.04((

Number of IP’s 
2

p-p cross-section at Ep (mb)
130

Table 1: VLHC2 machine parameters.

3) EQUATIONS

The accelerator parameters for the different energy scenarios were calculated with the following set of equations (1)-(15). Specific references are omitted since these formulas are very commonly used in the field.  

The revolution frequency f0 is calculated from the average tunnel radius R:
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The relativistic factor gamma is calculated from the proton energy Ep:
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The number of bunches Nb is calculated from the bunch spacing time tb, the revolution frequency f0 and the filling factor F (fraction of bunches filled, F=0.9):
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The average beam current Ib is calculated from the number of bunches Nb and the number of protons per bunch Npb:
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The guide field B for a given bending radius  is:
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The proton-proton collision cross-section pp is given as a “hand-made” linear extrapolation of literature data[1]. Ecm is the center of mass energy (2Ep). The factor Finel, the inelastic fraction, accounts for the irrelevance of small angle elastic scattering to beam loss. F was assumed to be 0.734, which yields pp=130 mb at 175 TeV cm energy.
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The luminosity L (for round beams) is calculated from the number of particles per bunch Npb, * and the normalized emittance. The number of particles per bunch Npb and the normalized emittance N are functions of time as a result of beam depletion due to collisions and radiation damping. A complication arises from the fact that Npb (see (10)) depends on the time integrated luminosity, making (7) an implicit equation for L.
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The beam-beam tune shift parameter (for round beams), which must remain below a certain threshold, depends on Npb and N and is thus changing during the store:
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The luminosity life-time L, being a function of the number of particles in the beam and the luminosity, changes throughout the store as the number of particles diminishes and the luminosity varies. It is, however, sufficient for the purpose of this study to define a characteristic and constant luminosity life-time as follows:
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The number of particles per bunch Npb is reduced during beam-beam collisions, according to (10), where the rate of particle burn off depends on the integrated luminosity.


[image: image11.wmf](

)

(

)

(

)

(

)

ò

-

=

t

t

pp

b

ip

pb

pb

dt

t

L

N

N

t

N

t

L

N

0

'

'

0

s







     (10)

The energy loss per particle per turn E due to the emission of synchrotron radiation is:
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The transverse radiation damping time rad is a function of E:
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The emittance N drops during radiation damping. A parametrization of the time dependence in terms of the radiation damping time and the initial and final emittances is given in (13). The final emittance is set by intra-beam scattering and noise. In the case of the VLHC-2, for reasons related to the beam-beam tune shift threshold, noise will have to be injected deliberately into the beam to increase the emittance above its natural limit. 
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The SR power radiated by the beam can be calculated from the energy loss per proton per revolution E, the number of protons in the ring NbNpb, the revolution frequency f0 and the arc length 2((. The radiation power is largest at the beginning of the store when Npb is largest.
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The power carried by the collision debris into the IR, per beam, is largest at the peak luminosity:
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The optimum store time t*, i.e. the store duration that allows to achieve the maximum integrated luminosity, is the time at which the average of the luminosity for the complete cycle (16), including store and refill time, goes through a maximum.
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4) CASE STUDY

The following presents a description of a possible VLHC-2 “round-beam scenario” for the 175 TeV center of mass energy that was defined as the target energy for the current VLHC feasibility study. The case presented here in detail is summarized in the next section. The parameters of that calculations are listed in Table 2. These parameters were chosen to limit:

· the peak synchrotron radiation power pSR to <5 W/m/beam, 

· the peak IR debris power pIR<50 kW and 

· the beam-beam tune shift below 0.008. 

The (* parameter was kept constant through-out the store. The initial emittance was assumed to be 1.5(((µm-rad. The optimum store time t* is the time at which the average luminosity <L> (over the store and refill cycle) is largest. The refill-time was assumed to be 1.1 hours.

Ecm
(TeV)
Lpeak
(1034 (cm-2s-1)
Lum
(hrs)
Lum/rad
t*

(hrs)
N(/
(µm)
*

(m)
Iini
(mA)
Npbini

(1010
pSR
max

(W/m)
pIR

max

kW

175
2.8
6
2.5
8
0.073
0.5
63
0.82
5
50

Table 2: VLHC-2 case study parameters.

Figure 1 - Figure 5 resume the main beam related parameters during the store. As the emittance (Figure 1) decreases due to SR damping the luminosity rises (Figure 2). Further into the store (after ~rad) the emittance settles at the stipulated minimum (Table 2) and the main parameter shaping the luminosity becomes the decreasing number of particles per bunch (Figure 1). The integrated luminosity is shown in Figure 3 as well as the course of the beam-beam tune shift during the store. The average luminosity over the store and refill cycle is shown in Figure 4. A special solution, in which the luminosity was restricted to 2(1034 cm-2sec-1 is shown in Figure 1, Figure 2, Figure 3 as a dashed line. A possible way of implementing such a restriction is to tune *. Figure 5 shows that in such a case * is to be relaxed first (while the “natural” luminosity would continue to rise to its peak) and then squeezed. While the beam is quickly depleted of its particles, the required * to keep the luminosity at its level approaches zero. At the ultimate squeeze limit, which remains to be specified, the luminosity is left to decrease rapidly according to its “natural” course (not shown in Figure 2). Figure 3 shows that such a measure yields a larger integrated luminosity after ~12 hours, when * is already squeezed to ~0.2 m. Therefore, here, capping the luminosity does not produce any benefit in terms of integrated luminosity. However, restricting the luminosity can be a way of reducing the debris power in the IR below the level allowed for here. The optimum store time indicated in Table 2 is ~8 hours. If the beam is to be aborted at that time the flattened luminosity case would definitely yield a lower integrated luminosity than the “natural” luminosity case. The * corresponding to the flattened luminosity would be ~0.5 m at this time (just before the start of the squeeze). The plot in Figure 5b shows the evolution of the plateau luminosity as a function of *. The curve clearly shows a saturation as * gets <0.4 m because of the luminosity limitation related to the maximum debris power in the IR. Without such a limitation the plateau luminosity would, of course, continue to increase as * gets smaller.
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Figure 1: Emittance in units of 10-6 m (a) – Number of particles per bunch (b).
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Figure 2: Luminosity in units of 1034 cm-2-sec-1 during the store. Shown as a dashed line is a possible implementation of restricting the luminosity below a threshold (here 2.65(1034 cm-2-sec-1). 
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Figure 3: Integrated luminosity in units of 1034 cm-2 (a) – beam-beam tune shift parameter during the store (b).
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Figure 4: Average of luminosity over store and refill time (in units of 1034/cm2/sec).


[image: image24.wmf]0

10

0

0.5

b*

(

m

)

time (hrs)



 EMBED Word.Picture.8  [image: image25.wmf]0

0.5

1

2

2.5

3

b

* (m)

Lplat

(10

34

/

cm

2

/sec)


Figure 5: * during the store for the special case of the restricted luminosity.

5) THE VLHC AT DIFFERENT ENERGIES

Possible beam scenarios at varying Ecm in the range of 125-200 TeV are presented in Table 3. According to the argument brought forward in section 4) the luminosity in all cases cited in this table was restricted to the level at which the peak debris power in the IR is ~ 50 kW per beam. Therefore Table 3 lists a plateau luminosity Lplat, the luminosity to which the process was restricted and a peak luminosity Lpeak, which the process would have reached without restriction. As can be seen in Table 3 the plateau luminosity is generally lower than the peak luminosity. However, at the highest energy, i.e. 200 TeV, this condition reverses. The peak synchrotron radiation power was limited to 5 W/m/beam, which sets an upper limit to the initial beam current Iini. In addition the optimal store duration t*, as computed from the “natural” luminosity function (without restriction) is indicated in the table. *min indicates the level to which * has to be squeezed to obtain the same integrated luminosity that would have been obtained in the case of the “natural” luminosity function. *t* indicates the * in the flat luminosity regime at the optimum store time. The refill-time in the calculation of the optimum store time was assumed to be 1.1 hours. In general *min < *t* (see Table 3) and the optimum store duration is usually shorter than the time it takes to reach the same integrated luminosity in the case of the flattened luminosity as in the case of the “natural” luminosity. Again, in the 200 TeV case this condition is reversed. On the other hand the (small) loss of integrated luminosity due to the luminosity restriction to Lplat is less a result of the beam abortion at the ideal store time but mostly related to the minimum * achievable by the IR optics (which is most probably larger than *min and at higher energies even larger than *t*). 

Figure 6 and Figure 7 illustrate some of the parameters listed in Table 3, namely the luminosity, the initial beam current, the final emittance and (not listed in the table) the magnetic guide field found in the various scenarios.

Ecm
(TeV)
pp
(mb)
Lplat
(1034 (cm-2s-1)
Lpeak
(1034 (cm-2s-1)
Lum
(hrs)
Lum/rad
t*

(hrs)
N(/
(10-6 (m)
min
(m)
*t*
(m)
Iini
(mA)
Npbini

(1010

125
97
5.1
7.1
16
2.4
13
0.24
0.2
0.75
237
3.1

150
113
3.6
4.1
9
2.4
11
0.125
0.25
0.36
113
1.48

175
130
2.65
2.8
6
2.5
8
0.073
0.32
0.32
63
0.82

200
147
2.1
1.85
4
2.3
7
0.044
0.2
0.15
36
0.465

Table 3: VLHC-2 scenarios at varying particle energy. The peak SR radiation heat load in all cases is pSR=5 W/m/beam, the peak debris power PIR/beam was kept below or at ~50 kW and the beam-beam tune shift parameter is (<0.008. The initial emittance was set to 1.5(((µm and the starting value of * is 0.5 m.
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Figure 6: Plateau luminosity and initial current for the cases listed in Table 3.
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Figure 7: Final emittance and magnetic guide field for the cases listed in Table 3.
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