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This note describes calculations of the geometric aperture within the low beta triplets, the front absorber, and single-aperture beam separation dipole D1, following the method specified in [1].  The minimum physical aperture allowed in each element is presented for several different beam conditions, depending on Ebeam, b*, crossing angle, crossing plane, and assumed closed orbit error.  Suggested Monte Carlo runs to characterize the beam energy deposition in the triplets and beam separation dipoles, corresponding to the different cases considered here are also presented.


The current criterion for evaluating the geometric aperture in LHC is based on the requirement that the secondary halo generated by collimators placed in the beam cleaning section must be within the physical aperture of all other devices in the machine, taking into account the beam optics and reasonable tolerances on the closed orbit error and on the placement of components.  Although the nominal plan is to place the collimators at n1 = 5.5 sigma, the physical aperture must everywhere accommodate values of n1 up to 7 sigma.  The halo corresponding to this placement of the collimator jaws is specified[1] to have the shape of a square extending to Ax = Ay = 8.5 sigma in the horizontal and vertical directions with its corners cut off by a circle of radius Ar = 9.8 sigma.  In practice, for a round physical aperture such as in the triplet, the geometric aperture is always limited along the circular segment or at the intersection between it and the vertical or horizontal sides of the halo.  


The note [1] only specifies the geometric aperture calculation for injection conditions.  For the sake of this calculation, it is assumed that the beam halo shape and size, expressed in units of beam sigma, is independent of energy, and the same criteria are applied to the triplet region at full energy as at injection energy.  


Figures 1a and 1b show the beta functions through the inner triplet region for injection and collision conditions respectively, as specified for LHC V5.0 optics[2].  Note that while the peak beta values are the same in both planes for collision conditions, they differ by about 8% at injection.  Figures 2a and 2b show the nominal beam orbits for injection and collision conditions.  In both cases a -45° crossing plane has been assumed.  The half crossing angle is set to 0.15 mrad and the transverse separation at the IP is set to ±2 mm for injection; for collisions the separation has been reduced to ±0.51 mm.  (The transverse separation is assumed to be constant in beam sigma units with increasing beam energy for injection optics, and then is assumed to constant in absolute distance during the transition to collision optics before the beams are brought into collision.)  The secondary beam halo, corresponding to n1 = 7, is shown for the point where the beam is largest in each element for injection and collision conditions in Figures 3a and 3b respectively.  The nominal tolerances specified in [1] and [3] are used:  closed orbit error CO = 4 mm, mechanical tolerance on the alignment of the front absorber tol_abs = 0.7 mm, and combined quadrupole alignment tolerance and mechanical tolerance on the internal absorber placement of tol_Q = 1.6 mm.  Shown also is the smallest circular aperture that will accomondate the beam halo through the front absorber and through Q2-Q3.  


The minimum allowed physical aperture at each point through the triplet region is calculated and plotted in Figures 4a and 4b for injection and collision conditions, using the parameters specified above.  The coil apertures of each of the magnets are shown as the boxes extending from the top of the frame.  For the sake of this calculation, D1 is assumed to be superconducting, 9.45 m long with B = 2.28 T under collision conditions.  The internal absorber dimensions that, for a uniform inner diameter along the length of each element, just reach the minumum allowed value are shown by the heavier boxes extending below the coil apertures.  Shown also are the front absorber, which starts 19 m from the IP and is 1.8 m long, and an intermediate absorber between Q1 and Q2a, which begins 0.25 m downstream of Q1 and is 1.5 m long.  (This placement is based on the assumption that this absorber will be part of the Q1 cryostat system, which will be designed to be the same as the Q3 cryostat system with the substitution of the absorber with Q1 for the correction coil with Q3.)  The absorber aperture has been assumed to be the same in Q2a, Q2b and Q3 and is set to the largest required among the three elements.  In all cases the absorber radius is rounded up to the next higher multiple of 0.5 mm.  The (almost) continuous curve shows the limiting aperture at each point.  The break in the curve between the front absorber and Q1 corresponds the different mechanical tolerance values assumed for the different regions.  For the pair of injection and collision cases shown here, the absorber apertures are very similar, but in Q2-Q3 and D1 they are limited by requirements at collisions.


The cases described above and illustrated in Figs. 2-4 are taken to represent the baseline case.  A number of other cases have been considered in which the crossing angle is varied by ±0.05 mrad; the largest crossing angles that can be accomodated with a 1.5 mm thick beam pipe are found; the assumed closed orbit tolerance is varied; or the crossing plane is rotated to horizontal or vertical.  Table I shows the cases considered and the resultant minimum allowed absorber radii.  Injection and collision condition cases yielding roughly equal aperture requirements are paired in Table I.


Table II gives a list of 10 proposed Monte Carlo runs to simulate energy deposition in the magnet system.  Case 1 is considered the baseline, which differs from the baseline in Table I by having slightly larger absorber radii so as to accommodate all possible crossing plane orientations.  Cases 1-6 involve varying the absorber configuration while keeping the beam conditions fixed.  The set of cases 1-3 shows the effect of varying all the absorbers together.  Comparing cases 2 and 4 illustrates the effect of varying the front absorber, while keeping the others fixed.  The pair of cases 1 and 5 shows the effect of making all internal absorbers as thick as the beam envelope allows versus making them all have the same inner radius.  Comparison of cases 1 and 6 allows the effect of the absorber between Q1 and Q2a to be evaluated.  The set of cases 2, 7, 8 shows the effect of varying the crossing angle for fixed absorber dimensions, while the set 1, 9, 10 does the same for the crossing plane orientation.  In addition to these 10 cases, it would be useful to make several runs with independent seeds but the same IR conditions, probably the baseline case, to allow an evaluation of the statistical errors to be made.
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Table I.  Absorber radii for various assumed beam conditions.





Ebeam�
b*�
qcross/2�
fcross�
tsep�
CO�
tolabs�
tolQ�
rfront�
rQ1�
r12�
rQ2-Q3�
rD1�
Comment�
�
(TeV)�
(m)�
(mrad)�
(°)�
(mm)�
(mm)�
(mm)�
(mm)�
(mm)�
(mm)�
(mm)�
(mm)�
(mm)�
�
�
450�
12�
0.150�
-45�
-2.0�
4�
0.7�
1.6�
17.0�
22.5�
24.0�
28.0�
29.5�
Baseline�
�
7000�
0.5�
0.150�
-45�
-0.51�
4�
0.7�
1.6�
17.0�
23.5�
25.0�
29.5�
31.5�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
450�
12�
0.100�
-45�
-2.0�
4�
0.7�
1.6�
16.0�
21.0�
22.5�
26.0�
27.5�
reduced crossing angle�
�
7000�
0.5�
0.100�
-45�
-0.51�
4�
0.7�
1.6�
16.0�
22.0�
23.0�
27.0�
30.0�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
450�
12�
0.200�
-45�
-2.0�
4�
0.7�
1.6�
18.0�
24.0�
25.5�
30.0�
31.5�
larger crossing angle�
�
7000�
0.5�
0.200�
-45�
-0.51�
4�
0.7�
1.6�
18.0�
25.0�
26.5�
31.5�
33.5�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
450�
12�
0.240�
-45�
-2.0�
4�
0.7�
1.6�
18.5�
25.5�
27.0�
31.5�
33.0�
largest crossing angles�
�
7000�
0.5�
0.210�
-45�
-0.51�
4�
0.7�
1.6�
18.5�
25.0�
26.5�
31.5�
34.0�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
450�
12�
0.150�
-45�
-2.0�
2�
0.7�
1.6�
14.0�
20.0�
21.5�
25.0�
26.5�
reduced CO error�
�
7000�
0.5�
0.150�
-45�
-0.51�
2�
0.7�
1.6�
14.5�
20.5�
22.0�
26.5�
29.0�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
450�
12�
0.150�
0�
-2.0�
4�
0.7�
1.6�
17.0�
22.5�
24.0�
27.5�
30.0�
horizontal crossing�
�
7000�
0.5�
0.150�
0�
-0.51�
4�
0.7�
1.6�
17.0�
23.5�
25.0�
30.0�
32.0�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
450�
12�
0.150�
-90�
-2.0�
4�
0.7�
1.6�
17.0�
22.5�
24.0�
27.5�
28.0�
vertical crossing�
�
7000�
0.5�
0.150�
-90�
-0.51�
4�
0.7�
1.6�
17.0�
23.5�
25.0�
30.0�
30.0�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
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Table II.  Proposed Monte Carlo energy deposition runs.





Case�
Ebeam�
b*�
qcross/2�
fcross�
rfront�
rQ1�
r12�
rQ2-Q3�
rD1�
Comment�
�
�
(TeV)�
(m)�
(mrad)�
(°)�
(mm)�
(mm)�
(mm)�
(mm)�
(mm)�
�
�
1�
7000�
0.5�
0.150�
-45�
17.0�
23.5�
25.0�
30.0�
32.0�
Baseline�
�
�
�
�
�
�
�
�
�
�
�
�
�
2�
7000�
0.5�
0.150�
-45�
18.5�
25.5�
27.0�
31.5�
34.0�
largest ID absorbers�
�
3�
7000�
0.5�
0.150�
-45�
14.5�
20.5�
22.0�
26.5�
29.0�
smaller ID absorbers�
�
�
�
�
�
�
�
�
�
�
�
�
�
4�
7000�
0.5�
0.150�
-45�
17.0�
25.5�
27.0�
31.5�
34.0�
largest ID int. abs.; baseline front abs.�
�
�
�
�
�
�
�
�
�
�
�
�
�
5�
7000�
0.5�
0.150�
-45�
17.0�
30.0�
30.0�
30.0�
32.0�
Uniform internal abs. radius�
�
�
�
�
�
�
�
�
�
�
�
�
�
6�
7000�
0.5�
0.150�
-45�
17.0�
–�
25.0�
30.0�
32.0�
No intermediate absorber�
�
�
�
�
�
�
�
�
�
�
�
�
�
7�
7000�
0.5�
0.100�
-45�
18.5�
25.5�
27.0�
31.5�
34.0�
vary crossing angle�
�
8�
7000�
0.5�
0.200�
-45�
18.5�
25.5�
27.0�
31.5�
34.0�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
9�
7000�
0.5�
0.150�
   0�
17.0�
23.5�
25.0�
30.0�
32.0�
vary crossing plane�
�
10�
7000�
0.5�
0.150�
-90�
17.0�
23.5�
25.0�
30.0�
32.0�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
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Figure 1a.  Beta functions for injection conditions.
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Figure 1b.  Beta functions for collision conditions.
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Figure 2a.  Incoming and outgoing beam orbits for injection conditions.
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Figure 2b.  Incoming and outgoing beam orbits for collision conditions.
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Figure 3a.  Largest beam halos within each element in the inner triplet for n1 = 7.0 and injection conditions.  The circular apertures represents the front and Q2-Q3  absorbers.
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Figure 3b.  Largest beam halos within each element in the inner triplet for n1 = 7.0 and collision conditions.  The circular apertures represents the front and Q2-Q3  absorbers.
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Figure 4a.  Minimum allowed physical aperture (solid line) and internal absorbers which reach this limit for injection conditions.  The numbers next to the absorbers are their inner radii in mm.


�Figure 4b.  Minimum allowed physical aperture (solid line) and internal absorbers which reach this limit for collision conditions. The numbers next to the absorbers are their inner radii in mm.


