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Problem 1 
M. Marchevsky (Unit 2 and Unit 3)
4 points
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Solution Problem 1 
M. Marchevsky (Unit 2 and Unit 3)
4 points
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Problem 2 
M. Marchevsky (Unit 2 and Unit 3)
4 points
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Solution Problem 2 
M. Marchevsky, (Unit 2 and Unit 3)
4 points
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Problem 3 
E. Todesco, (Unit 5 and Unit 6)
6 points

The LHC has a quadrupole spacing of L=50 m, and a 90 degrees phase advance. Quadrupole integrated strength is 660 T, and is realized via 3.15-m-long quadrupoles having a nominal gradient of 210 T/m. 
1. Compute the required integrated gradient in the case of a 60 degrees phase advance. (1 point)
1. Assuming that the cell quadrupole has the same nominal gradient of 210 T/m, estimate the required length of the magnet. (1 point)
1. Assuming that the space made available by the quadrupole length can be used by the dipoles, estimate the increase of the energy of the accelerator. (1 point)
1. Repeat the same computation (integrated gradient, quadrupole length and energy increase) keeping a 90 degrees phase advance, but increasing the cell length by a factor 3. (1 point)
1. In this case, give also a guess for the increase of the aperture of the magnets due to the larger beta functions, assuming that the offset (see equation in slide 2.18) is 0=20 mm. The LHC main magnet aperture is 56 mm (diameter). (2 points)




Solution Problem 3 
E. Todesco, (Unit 5 and Unit 6)
6 points

Q1 : since one has (see Eq. 1.58) 


		
for a 60 degrees phase advance one has cosL=1/2 and 


Q2: The quadrupole length can be reduced from 3.15 m to 468/220=2.23 m.  
Q3: Since one gains 0.92 m per half cell (i.e. every 50 m), the energy of the collider can be increased by 0.92/50=1.8%, i.e. from 7 to 7.13 TeV. 
Q4: In the case of a 90 degrees phase advance, 


and for a L=150 m, the quadrupole integrated gradient shall be 220 T, and the quadrupole length can be reduced by 2.1 m. If in the LHC quadrupoles require 3.15 m every 50 m (6.3% of  space along the cell lattice), in the lattice with L=150 they require 1.05 m every 150 m (less than 1% of  space along the cell lattice). Therefore if the space is taken by slightly longer dipoles, with the same field, the energy of the LHC could increase by 5%, i.e. from 7 TeV to 7.35 TeV. 
Q5: The beta functions are proportional to L, 


and therefore will be three times larger. The aperture requirement will increase not more than 3, i.e. 70%. 


Assuming that the aperture requirement for LHC has an offset due to tolerances and cold bore/beam screen of  0=20 mm, one has 


and therefore the aperture requirement for L=150 is




Problem 4 
E. Todesco, (Unit 5 and Unit 6)
2 points

The LEP accelerates electrons at 110 GeV, and these particles are faster than the 7 TeV protons in the LHC. Compute the energy of a proton collider having particles as fast as in the LEP. Is the particle speed closer to the speed of light by one part per billion ? (2 points)


[bookmark: _Hlk187592122]Solution Problem 4 
[bookmark: _Hlk187592080]E. Todesco, (Unit 5 and Unit 6)
2 points

[bookmark: _GoBack]Solution : since the relativistic factor 


is a measure of the particle velocity, it is enough to compute it for LEP:



	
This can also be estimated considering that the electron mass in MeV/c2 is 0.511


For a proton collider, since the proton mass is 938 MeV/c2,


and therefore a proton collider with protons having the same speed as LEP electrons shall have a proton energy of 


The ratio between v and c is



			
and therefore the speed is closer to to speed of light by 1 part per billion: actually, 11 parts per trillion.
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Flux penetration is to be defined solely by the pinning forces. Wire is a long cylinder of type-Il
superconductor, therefore magnetic field penetrates as flux lines, and Bean critical state is formed. Field
gradient (radial) in the wire can be estimated as dB/dr = - 14 J, where J. is the critical current density. The
later can be looked up from the plot in the last slide of the course:

Je(NbTi, 4.2 K, 5 T) ~ 2.5 x 10° A mm?

Flux penetrates into the wire from outwards down to the radius R, which B
is defined in the Bean state as R, = By/toJ. = 0.31 mm (hence wire is
only partially penetrated by the flux).

To find the net flux @ we need to integrate the resulting linear B(r) profile:
B(r) =Bo— tioJcr (Rx<r < d/2)

B(r)=0 (r<Ry)

over the cross-sectional area of the wire:

*Bo/koJec _
d/2

d= f;"z 2nr(By — pojcr)dr = mr? (B,, - 43" r)
4.65x1077 Wb

A single flux quantum is ¢o= 2.07 x 10"° Wb, hence we have: n = ®/¢, ~
2.25 x 10° flux lines in the wire.
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image1.png
A cylindrical tin sample of radius R (R > 1) is cooled to 4.2 K, and then an external magnetic field is
applied perpendicular to its axis and swept up from zero to 30 mT, as shown:

" | O

(front view) (side view)

time

Plot magnetization curve M(H) of the cylinder for this field sweep (3 pt)




image2.png
A miniature magnetic field sensor is scanned along the cylinder surface to measure spatial
variation of the normal field component during the ramp. Field is being held at 20 mT to
perform a scan. What range of field variation can be seen by the sensor? (1 pt)
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The demagnetization factor for a cylinder in perpendicular field is 1/2, hence field H,, at the cylinder

“equator” (in side view) is H, = ﬁ Hy = 2H,. Tin is a type-I superconductor with H, = 30 mT. In the

beginning of the field sweep the entire cylinder is in Meissner state (flux is fully expelled). Once H, is first
reached at the equator at Hy = 1/2 H,. = 15 mT, the entire cylinder will break into the intermediate state
where normal domains are penetrated by H. = 30 mT and superconducting domains remain in the
Messner state. The domain sizes will gradually adjust along with the applied field during the rest of the
sweep until the entire cylinder becomes normal at H,= H, = 30 mT. Hence the magnetization curve is:

-uUM  x
30

15 26 30  B(mT)

One can verify this solution by assuming the experiment is performed with same cylinder while field
direction is parallel to its axis. The magnetization is simply —u,M = B, in that case, as there are no




image4.png
demagnetization effects (line shown in dashes in the plot). In both cases, we start from the same initial
state (superconducting cylinder in zero field) and end up in the same final state (normal cylinder in 30 mT
field). So, from the energy conservation standpoint, work done during field sweeping defined by the area
under the magnetization curve should be the same in both cases. Indeed, areas under both plots are
equal, as can be easily verified.

1. A miniature magnetic field sensor is scanned along the cylinder surface to measure spatial
variation of the normal field component during the ramp. Field is being held at 20 mT to
perform a scan. What range of field variation can be seen by the sensor? (1 pt)

Since in the intermediate state the normal domains are penetrated by Hc = 30 mT, and also the normal
component of the field should not experience a jump at the surface of the superconductor in the Messner
state, one can conclude that the expected variation range of the normal component at the surface is from
0 to 30 mT, for all applied fields in the range of 15-30 mT where the intermediate state is present in the
cylinder.

Note: this implies that very close to the surface field lines are getting “concentrated” into the normal
state domains. Bonus (1 pt) to those who recognized this!
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Homogeneous magnetic field of 1 T is applied along the axis of a NbTi wire of the diameter d = 1 mm at
T=4.2 K. Estimate the net magnetic flux and amount of individual flux lines in the wire. Ignore the Meissner
effect in this case.




