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How to build a circular accelerator...

Linac: 100 MeV, | _
= Booster ring:

/100 MeV — 3 GeV
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How to build a circular accelerator

How to accelerate charged particles?
With electric fields

F=qE

An electric field can work, but has a some limitations...

Maxwell Auditorium - G. Benedetti - 26.10.2017 3



How to build a circular accelerator

Let’s start with a very simple scheme: 2 batteries in a row
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which is equivalent of making many turns with one battery:
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How to build a circular accelerator

A static electric field accelerates only in a certain
region, which is not good for multi-pass accelerators
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How to build a circular accelerator

The most performing accelerator mechanism is a time
dependent electric (which means electro-magnetic)
field.

RF cavity

Electric field "m\\ / \\

(at time t,) N A
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How to build a circular accelerator

A time varying electric field can easily accelerate:

fE(t)ds = jf—da
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How to build a circular accelerator

A time varying electric field can easily accelerate:

fE(t)ds = jf—da
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How to build a circular accelerator

A time varying electric field can easily accelerate:

acceleration
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How to build a circular accelerator

. and how to deflect particle trajectories?
With magnetic fields

F=qbxB
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How to build a circular accelerator

Dipole magnet: constant magnetic field B perpendicular to v

Coils

It deflects the particles on a circular trajectory.
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Calculations

		

								Gap =		42		mm

								Energy=		2.5		GeV

								Bo =		1.4		T

								Rho=		5.9564285714		m

								Müo=		1.257E-06

								N*I=		4.679E+04		A*Wdg		(nominal)

								N*I=		5.147E+04				(total)

								N =		80		Wdg

								I =		6.434E+02		A

								Electrical Calculations

								Rad = Radius for winding the coils around the poles =								0.085		m

								l1 = length of straight 1						=		2.27		m

								l2 = lenght of straight 2						=		0.1		m

								Number of pancakes                                                                          =								8

								Number of turns per pancakes                                                       =								10

								l = Length of the conductor around the pole                             =								5.80811		m

								L = Length of coil conductor in a pancake                                 =								58.0811		m

								L(ges) = Length of all coil conductors                                     =								464.6488		m

								Conductor heigth								13		mm

								Conductor width								13		mm

								Conductor area (width*heigths)                                                =								225		mm^2

								Cooling diameter                                                                           =								5		mm

								Cooling area                                                                                    =								1.964E+01		mm^2

								Copper area                                                                                     =								2.054E+02		mm^2

								Specific resistance                                                                       =								0.0179		Ohm*mm^2/m

								Current density                                                                               =								3.133E+00		A / mm^2

								Resistance per pancake                                                                   =								0.00506		Ohm

								Resistance per magnet                                                               =								0.05062		Ohm

								Voltage drop per magnet                                                            =								32.5720		Volt

								Power per magnet                                                                         =								20956.92		Watt

								Length of magnet                                                                       =								2.40		m

								Pole width                                                                                        =								0.20		m

								Inductance                                                                                      =								0.08		H

								Time constant                                                                                =								1.65		sec

								Cooling Calculations

								Temperature drop                                                                             =								15		Degree celsius

								Number of cooling circuits                                                           =								8

								Length of cooling circuit                                                                =								58.0811		m

								Power per cooling circuit                                                              =								2619.6144965741		W

								Cooling water flow per circuit                                                      =								4.17E-05		(m^3) / sec

								Cooling water flow per circuit                                                      =								1.50E+02		liter / hour

								Cooling water speed                                                                       =								2.12E+00		m / s

								Pressure drop                                                                                   =								8.17E+00		bar

								Reynold figure     ( should be larger as 1160 )                          =								5.31E+03

								Critical water speed to reach reynold figure                          =								5.00E-01		m / s





Pole-Profile&Drawings

		

				For the Bending magnet with a gradient the following formula is valid.																																Radius=		6.17704		m

				h(s) = h(o) / [1 +-(s/Xo)]				Xo=Bo/G		Bo = magnetic flux at closed orbit						Bo=		1.4		Tesla																		Phi		Phi		Cos(Phi)		Sin(Phi)		Radius		X(s)		Y0(s)		Y1(s)		Y2(s)		Y3(s)		Y4(s)				Phi		Phi		Cos(Phio)		Sin(Phi)		Radius		X(s)		Yo(s)		Y1(s)		Y2(s)

										G = Gradient of the magnet						G=		2.84		T/m																		(Degree)		(rad)						(m)		(m)		(m)		(m)		(m)		(m)		(m)				Degree		(rad)						(m)

										s = distance from the closde orbit						Gap=		42		mm																																										-12.35		-0.215548255		0.9768592786		-0.2138830284		6.17704		-1.3211640218		-0.1429411618		0.0270588382		-0.3329411618

																h(o)=		21		mm																		-11.25		-0.196349625		0.980785264		-0.1950904045		6.17704		-1.2050812325		-0.1186901929		-0.0386901929		-0.4986901929		-0.2086901929		-0.3086901929				-12		-0.2094396		0.9781475821		-0.2079117786		6.17704		-1.284279373		-0.1349832596		0.0350167404		-0.3249832596

				Xo=		492.9577464789		mm																														-11		-0.1919863		0.9816271677		-0.1908090761		6.17704		-1.1786352957		-0.1134897197		-0.0334897197		-0.4934897197		-0.2034897197		-0.3034897197				-11		-0.1919863		0.9816271677		-0.1908090761		6.17704		-1.1786352957		-0.1134897197		0.0565102803		-0.3034897197

																																						-10		-0.174533		0.98480774		-0.1736482513		6.17704		-1.0726321944		-0.0938431976		-0.0138431976		-0.4738431976		-0.1838431976		-0.2838431976				-10		-0.174533		0.98480774		-0.1736482513		6.17704		-1.0726321944		-0.0938431976		0.0761568024		-0.2838431976

																																						-9		-0.1570797		0.9876883301		-0.1564345315		6.17704		-0.9663023587		-0.0760496777		0.0039503223		-0.4560496777		-0.1660496777		-0.2660496777				-9		-0.1570797		0.9876883301		-0.1564345315		6.17704		-0.9663023587		-0.0760496777		0.0939503223		-0.2660496777

				s		Xo		s/Xo		1+(s/Xo)		h(o)		h1(s)		h2(s)																						-8		-0.1396264		0.9902680604		-0.1391731602		6.17704		-0.8596781776		-0.0601145801		0.0198854199		-0.4401145801		-0.1501145801		-0.2501145801				-8		-0.1396264		0.9902680604		-0.1391731602		6.17704		-0.8596781776		-0.0601145801		0.1098854199		-0.2501145801

				(mm)																																		-7		-0.1221731		0.9925461453		-0.1218693954		6.17704		-0.75279213		-0.0460427589		0.0339572411		-0.4260427589		-0.1360427589		-0.2360427589				-7		-0.1221731		0.9925461453		-0.1218693954		6.17704		-0.75279213		-0.0460427589		0.1239572411		-0.2360427589

																																						-6		-0.1047198		0.9945218907		-0.1045285079		6.17704		-0.6456767745		-0.0338385004		0.0461614996		-0.4138385004		-0.1238385004		-0.2238385004				-6		-0.1047198		0.9945218907		-0.1045285079		6.17704		-0.6456767745		-0.0338385004		0.1361614996		-0.2238385004

						492.9577464789		0		1		21																										-5		-0.0872665		0.9961946948		-0.08715578		6.17704		-0.5383647393		-0.0235055222		0.0564944778		-0.4035055222		-0.1135055222		-0.2135055222				-5		-0.0872665		0.9961946948		-0.08715578		6.17704		-0.5383647393		-0.0235055222		0.1464944778		-0.2135055222

						492.9577464789		0		1		21																										-4		-0.0698132		0.9975640482		-0.0697565036		6.17704		-0.4308887129		-0.0150469719		0.0649530281		-0.3950469719		-0.1050469719		-0.2050469719				-4		-0.0698132		0.9975640482		-0.0697565036		6.17704		-0.4308887129		-0.0150469719		0.1549530281		-0.2050469719

						492.9577464789		0		1		21																										-3		-0.0523599		0.9986295336		-0.0523359787		6.17704		-0.3232814336		-0.0084654259		0.0715345741		-0.3884654259		-0.0984654259		-0.1984654259				-3		-0.0523599		0.9986295336		-0.0523359787		6.17704		-0.3232814336		-0.0084654259		0.1615345741		-0.1984654259

						492.9577464789		0		1		21																										-2		-0.0349066		0.9993908265		-0.0348995117		6.17704		-0.2155756795		-0.0037628891		0.0762371109		-0.3837628891		-0.0937628891		-0.1937628891				-2		-0.0349066		0.9993908265		-0.0348995117		6.17704		-0.2155756795		-0.0037628891		0.1662371109		-0.1937628891

						492.9577464789		0		1		21																										-1		-0.0174533		0.999847695		-0.0174524139		6.17704		-0.1078042589		-0.0009407939		0.0790592061		-0.3809407939		-0.0909407939		-0.1909407939				-1		-0.0174533		0.999847695		-0.0174524139		6.17704		-0.1078042589		-0.0009407939		0.1690592061		-0.1909407939

						492.9577464789		0		1		21																										0		0		1		0		6.17704		0		0		0.08		-0.38		-0.09		-0.19				0		0		1		0		6.17704		0		0		0.17		-0.19

				-50		492.9577464789		0.1014285714		1.1014285714		21		19.0661478599		-19.0661478599																						1		0.0174533		0.999847695		0.0174524139		6.17704		0.1078042589		-0.0009407939		0.0790592061		-0.3809407939		-0.0909407939		-0.1909407939				1		0.0174533		0.999847695		0.0174524139		6.17704		0.1078042589		-0.0009407939		0.1690592061		-0.1909407939

				-45		492.9577464789		0.0912857143		1.0912857143		21		19.2433564603		-19.2433564603																						2		0.0349066		0.9993908265		0.0348995117		6.17704		0.2155756795		-0.0037628891		0.0762371109		-0.3837628891		-0.0937628891		-0.1937628891				2		0.0349066		0.9993908265		0.0348995117		6.17704		0.2155756795		-0.0037628891		0.1662371109		-0.1937628891

				-40		492.9577464789		0.0811428571		1.0811428571		21		19.4238900634		-19.4238900634																						3		0.0523599		0.9986295336		0.0523359787		6.17704		0.3232814336		-0.0084654259		0.0715345741		-0.3884654259		-0.0984654259		-0.1984654259				3		0.0523599		0.9986295336		0.0523359787		6.17704		0.3232814336		-0.0084654259		0.1615345741		-0.1984654259

				-35		492.9577464789		0.071		1.071		21		19.6078431373		-19.6078431373																						4		0.0698132		0.9975640482		0.0697565036		6.17704		0.4308887129		-0.0150469719		0.0649530281		-0.3950469719		-0.1050469719		-0.2050469719				4		0.0698132		0.9975640482		0.0697565036		6.17704		0.4308887129		-0.0150469719		0.1549530281		-0.2050469719

				-30		492.9577464789		0.0608571429		1.0608571429		21		19.7953137625		-19.7953137625																						5		0.0872665		0.9961946948		0.08715578		6.17704		0.5383647393		-0.0235055222		0.0564944778		-0.4035055222		-0.1135055222		-0.2135055222				5		0.0872665		0.9961946948		0.08715578		6.17704		0.5383647393		-0.0235055222		0.1464944778		-0.2135055222

				-25		492.9577464789		0.0507142857		1.0507142857		21		19.9864038069		-19.9864038069																						6		0.1047198		0.9945218907		0.1045285079		6.17704		0.6456767745		-0.0338385004		0.0461614996		-0.4138385004		-0.1238385004		-0.2238385004				6		0.1047198		0.9945218907		0.1045285079		6.17704		0.6456767745		-0.0338385004		0.1361614996		-0.2238385004

				-20		492.9577464789		0.0405714286		1.0405714286		21		20.1812191104		-20.1812191104																						7		0.1221731		0.9925461453		0.1218693954		6.17704		0.75279213		-0.0460427589		0.0339572411		-0.4260427589		-0.1360427589		-0.2360427589				7		0.1221731		0.9925461453		0.1218693954		6.17704		0.75279213		-0.0460427589		0.1239572411		-0.2360427589

				-15		492.9577464789		0.0304285714		1.0304285714		21		20.3798696797		-20.3798696797																						8		0.1396264		0.9902680604		0.1391731602		6.17704		0.8596781776		-0.0601145801		0.0198854199		-0.4401145801		-0.1501145801		-0.2501145801				8		0.1396264		0.9902680604		0.1391731602		6.17704		0.8596781776		-0.0601145801		0.1098854199		-0.2501145801

				-10		492.9577464789		0.0202857143		1.0202857143		21		20.5824698964		-20.5824698964																						9		0.1570797		0.9876883301		0.1564345315		6.17704		0.9663023587		-0.0760496777		0.0039503223		-0.4560496777		-0.1660496777		-0.2660496777				9		0.1570797		0.9876883301		0.1564345315		6.17704		0.9663023587		-0.0760496777		0.0939503223		-0.2660496777

				-5		492.9577464789		0.0101428571		1.0101428571		21		20.7891387357		-20.7891387357																						10		0.174533		0.98480774		0.1736482513		6.17704		1.0726321944		-0.0938431976		-0.0138431976		-0.4738431976		-0.1838431976		-0.2838431976				10		0.174533		0.98480774		0.1736482513		6.17704		1.0726321944		-0.0938431976		0.0761568024		-0.2838431976

				0		492.9577464789		0		1		21		21		-21																						11		0.1919863		0.9816271677		0.1908090761		6.17704		1.1786352957		-0.1134897197		-0.0334897197		-0.4934897197		-0.2034897197		-0.3034897197				11		0.1919863		0.9816271677		0.1908090761		6.17704		1.1786352957		-0.1134897197		0.0565102803		-0.3034897197

				5		492.9577464789		-0.0101428571		0.9898571429		21		21.215182566		-21.215182566																						11.25		0.196349625		0.980785264		0.1950904045		6.17704		1.2050812325		-0.1186901929		-0.0386901929		-0.4986901929		-0.2086901929		-0.3086901929				12		0.2094396		0.9781475821		0.2079117786		6.17704		1.284279373		-0.1349832596		0.0350167404		-0.3249832596

				10		492.9577464789		-0.0202857143		0.9797142857		21		21.4348206474		-21.4348206474																																														12.35		0.215548255		0.9768592786		0.2138830284		6.17704		1.3211640218		-0.1429411618		0.0270588382		-0.3329411618

				15		492.9577464789		-0.0304285714		0.9695714286		21		21.659054074		-21.659054074

				20		492.9577464789		-0.0405714286		0.9594285714		21		21.8880285884		-21.8880285884																						X1		Y1		X2				Xa(s)		Ya(s)

				25		492.9577464789		-0.0507142857		0.9492857143		21		22.1218961625		-22.1218961625																						(m)		(m)		(m)

				30		492.9577464789		-0.0608571429		0.9391428571		21		22.3608153331		-22.3608153331																						-1.2050812325		-0.0386901929		1.2050812325				-1.3211640218		0.0270588382

				35		492.9577464789		-0.071		0.929		21		22.6049515608		-22.6049515608																						-1.2050812325		-0.1186901929		1.2050812325				-1.3211640218		-0.1229411618

				40		492.9577464789		-0.0811428571		0.9188571429		21		22.8544776119		-22.8544776119																						-1.2050812325		-0.2686901929		1.2050812325				-1.3211640218		-0.2729411618

				45		492.9577464789		-0.0912857143		0.9087142857		21		23.1095739664		-23.1095739664																						-1.2050812325		-0.4986901929		1.2050812325				-1.3211640218		-0.3329411618

				50		492.9577464789		-0.1014285714		0.8985714286		21		23.3704292528		-23.3704292528

						492.9577464789		0		1		21																										Y00=		0.115

						492.9577464789		0		1		21																										X3		Y3		X4				Xb(s)		Yb(s)

						492.9577464789		0		1		21																										(m)		(m)

						492.9577464789		0		1		21																										1.2050812325		-0.1247051181		-1.2050812325				1.3211640218		0.0270588382

						492.9577464789		0		1		21																										1.3550812325		-0.1545419181		-1.3550812325				1.3211640218		-0.1229411618

						492.9577464789		0		1		21																										1.5050812325		-0.1843787181		-1.5050812325				1.3211640218		-0.2729411618

						492.9577464789		0		1		21																										1.6550812325		-0.2142155181		-1.6550812325				1.3211640218		-0.3329411618

																																						X5		Y5		Y51		Y52

						X1(mm)		Y1(mm)		Y2(mm)				X2(mm)		Y3(mm)		Y4(mm)																				(m)		(m)		(m)		(m)

						-85		43		-43				48		21.84		-21.84																				-1.5		-0.183368		-0.143368		-0.223368

						-59.8		17.7		-17.7				52		21.15		-21.15																				-1.35		-0.1535312		-0.1135312		-0.1935312

						-50		17.66		-17.66				59.8		21.8		-21.8																				-1.22		-0.12767264		-0.08767264		-0.16767264

						-48		18.57		-18.57				85		45		-45																				-0.75		-0.034184		0.005816		-0.074184

																																						-0.25		0.065272		0.105272		0.025272

																																						0		0.115		0.155		0.075

						X		Y		Y				Y		X		X				X		Y		Y		X										0.25		0.164728		0.204728		0.124728

						-30		16		-16				10		35		-35				-35		10		-10		35										0.5		0.214456		0.254456		0.174456

						-20		16		-16				5		35		-35				-32.5		12.5		-12.5		32.5										0.75		0.264184		0.304184		0.224184

						-10		16		-16				0		35		-35				-29		16		-16		29										1.33		0.37955296		0.41955296		0.33955296

						-5		16		-16				-5		35		-35																				1.4		0.3934768		0.4334768		0.3534768

						0		16		-16				-10		35		-35																				1.5		0.413368		0.453368		0.373368

						5		16		-16

						10		16		-16

						20		16		-16																												X7		Y7				X9		Y9		Y10

						30		16		-16																												m		m				m		m		m

																																						1.34		0.34				1.34		-0.11154208		-0.19154208

																																						1.34		0.1				1.35		-0.1135312		-0.1935312

																																						1.34		0				1.4		-0.1234768		-0.2034768

																																						1.34		-0.05				1.45		-0.1334224		-0.2134224

																																						1.33		-0.11				1.5		-0.143368		-0.223368

						Ro =		3.5

								Phi (Grad)		Phi(rad)		X(mm)		Y1(mm)		Y2(mm)		Y3(mm)

						3.5		0		0		0		0		100		-100

						3.5		2		0.034906		122.1461920665		-2.1320339722		97.8679660278		-102.1320339722

						3.5		4		0.069812		244.143572801		-8.5255384208		91.4744615792		-108.5255384208

						3.5		5		0.087265		305.0399999972		-13.3181105237		86.6818894763		-113.3181105237

						3.5		6		0.104718		365.843512169		-19.1727241065		80.8272758935		-119.1727241065

						3.5		7		0.122171		426.5355885983		-26.0875958569		73.9124041431		-126.0875958569

						3.5		8		0.139624		487.0977425104		-34.0606195086		65.9393804914		-134.0606195086

						3.5		9		0.157077		547.511526705		-43.0893664827		56.9106335173		-143.0893664827

						3.5		9.8709		0.1722768177		599.9906691046		-51.8104464825		48.1895535175		-151.8104464825

						3.5		10		0.17453		607.7585391749		-53.1710866276		46.8289133724		-153.1710866276

						3.5		11		0.191983		667.8204287116		-64.3027090567		35.6972909433		-164.3027090567

						3.5		11.25		0.19634625		682.8048303946		-67.2492715623		32.7507284377		-167.2492715623

								X1(mm)		Y1(mm)				X2(mm)		Y2(mm)

								500		-500				600		48.1873

								530		-350				600		-51.8127

								560		-200				600		-100

								600		0				600		-151.8127

								Y = -3500 +		5.74698*x

								x		y

								583		-149.51066

								590		-109.2818

								600		-51.812

								610		5.6578

								616.8		44.737264

								Phi		Phi		cos(Phi)		Go		Go		Go/cos(Phi)		Delta(G)		G/Go		DELTA(G)

								Degree		rad				( T / m )		( T / m )

								0		0		1		2.84				2.84		0		1		0

								1		0.0174533		0.999847695		2.84				2.840432612		0.000432612		1.0001523282		0

								2		0.0349066		0.9993908265		2.84				2.8417311073		0.0017311073		1.0006095448		0

								3		0.0523599		0.9986295336		2.84				2.843897466		0.003897466		1.0013723472		0

								4		0.0698132		0.9975640482		2.84				2.8469349965		0.0069349965		1.0024419002		0

								5		0.0872665		0.9961946948		2.84				2.850848348		0.010848348		1.0038198408		0

								6		0.1047198		0.9945218907		2.84				2.8556435274		0.0156435274		1.0055082843		0

								7		0.1221731		0.9925461453		2.84				2.8613279227		0.0213279227		1.0075098319		0.0351

								8		0.1396264		0.9902680604		2.84				2.8679103301		0.0279103301		1.009827581		0.0351

								9		0.1570797		0.9876883301		2.84				2.8754009879		0.0354009879		1.0124651366		0.0351

								10		0.174533		0.98480774		2.84				2.8838116158		0.0438116158		1.0154266253		0.0351

								11		0.1919863		0.9816271677		2.84				2.8931554599		0.0531554599		1.0187167112		0.0351

								11.25		0.196349625		0.980785264		2.84				2.8956389378		0.0556389378		1.0195911753		0.0351

																		Summe=		0.1679389136				0.1404

																		Intergral=		0.2081159433				0.166725

																				(T/m)*grad
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						Xo-Coord.		Yo-Coord		-Yo-Coord.		X1-Pole-Face		Y1-Pole-Face		Y2-Pole-Face

						-66.5		23.26		-23.26

						-65.5		21.96		-21.96

						-64		20.66		-20.66

						-61.2		19.3		-19.3
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						-56		17.988		-17.988
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						-50		18.3		-18.3

						-48		18.54		-18.54

						-46		18.84		-18.84
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						-34		19.6451		-19.6451		-34		19.1311		17.6311				-34		-19.1311		-17.6311

						-32		19.7199		-19.7199		-32		19.2059		17.7059				-32		-19.2059		-17.7059

						-30		19.7953		-19.7953		-30		19.2813		17.7813				-30		-19.2813		-17.7813

						-28		19.8713		-19.8713		-28		19.3573		17.8573				-28		-19.3573		-17.8573

						-26		19.9479		-19.9479		-26		19.4339		17.9339				-26		-19.4339		-17.9339

						-24		20.0251		-20.0251		-24		19.5111		18.0111				-24		-19.5111		-18.0111

						-22		20.1028		-20.1028		-22		19.5888		18.0888				-22		-19.5888		-18.0888
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How to build a circular accelerator

In summary:
1. Electric field: can produce higher energy gains if it varies
with time.

2. Magnetic field: works for bending

So far, basically everything we do with accelerators is
explained by Maxwell’s equations (1861)

Maxwell Auditorium - G. Benedetti - 26.10.2017

12



Let’s start building a Cyclotron

— vacuum chamber
electrodes —

magnetic field

electromagnet
{(north pole)

acceleration

i gap e
o 13 particle’s
5l hollow electrode : path
dyr 1T chambers
S charged particle L\ 7
l i~ \_:\‘ \\\“\\ $ i
alternating AN - A
current AN, ~
source electromagnet \“Q;M‘—“"j;;f/
(south pole) e
ion source

accelerating gap —

As the beam energy grows, if we want to perform a circle instead
of a spiral path, the magnetic field B should be “ramped”.
And so we do in the ALBA booster!

Maxwell Auditorium - G. Benedetti - 26.10.2017 13



Linac + Booster

There are around 90 synchrotron radiation facilities in the world
using this configuration:

Linac: 0 — 100 MeV

N\ Booster:
A\ '\ 100 MeV — 3 GeV

@ RF cavity 500 MHz

In the ALBA booster, will the revolution time of the accelerated
electrons be shorter turn after turn?

Maxwell Auditorium - G. Benedetti - 26.10.2017 14



A bit of special relativity

B I §
- '
£ - | i N f b
1 i
/ ik . | '
g \ . i
! "

[

As Albert Einstein showed to the world in 1905:

Particles have a maximum velocity: the speed of light (c)
Particles have a minimum energy (“rest energy”): £,=mc?

Measured elapsed times and distances are different in
different reference frames (time dilation and length
contraction)

Maxwell Auditorium - G. Benedetti - 26.10.2017 15



A bit of relativity

A particle moving at a relative speed v experiences different
kinematics according to the relativistic factor y:

E 1
y:—:

The particle’s momentum p and the kinetic energy £ are
expressed as follows:

E = ymc? vaz)

p =ymv (mv)

Maxwell Auditorium - G. Benedetti - 26.10.2017 16



A bit of relativity

If the truth be told, nowadays, many accelerators do almost

no acceleration: 9
\7/
A EO)( /;2‘/’
------------ 2 Q
¢ v
Y
Ultra relativistic regime
(\ Newton’s regime
> EO
E, E=vy -mc?=
v
C2

... as a result, in our booster, despite the energy is growing,
the electrons take the same time to complete a turn.

Maxwell Auditorium - G. Benedetti - 26.10.2017 17



Divergence and spread out of particle beams

Particle beams (as light) always diverge and need some
focusing system if you want them not to spread out!

Maxwell Auditorium - G. Benedetti - 26.10.2017 18



Beam optics: analogy with a camera

Beside dipoles, we need other dedicated magnets which act as
lenses.

The arrangement of magnets (also called “lattice”) must be
somehow similar to a camera focusing system.

y

|

-

T
NEY

.

,_

The question is: what a magnet must be like to focus particle

trajectories?

Maxwell Auditorium - G. Benedetti - 26.10.2017 19



Magnetic focusing: analogy with the spring

Spring: If the spring is in its equilibrium position x = 0

i

there 1s no oscillation

Maxwell Auditorium - G. Benedetti - 26.10.2017
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Magnetic focusing: analogy with the spring

Spring:
/f_),»" J J/'

2

When we move it away, the spring has a
restoring force (opposite to the displacement)
proportional to the elongation x

general solution: free harmonic oscillation

t x(t) = A-cos(wt + @)

Maxwell Auditorium - G. Benedetti - 26.10.2017 21



Focusing: quadrupole magnet

So, coming back to our storage ring, we need a force that rises
as a function of the displacement from the design orbit...

F(x) = quB(x) » B(x) = g x

4 horseshoes or... 4 alternated iron poles + coills:

B(x)=g-x

g = gradient

Maxwell Auditorium - G. Benedetti - 26.10.2017 22



Focusing: quadrupole magnet

A quadrupole magnet has a linear magnetic field:

other pl

horizontal plane

By, = —gy
By, = gx

vertical plane

Maxwell Auditorium - G. Benedetti - 26.10.2017



Betatron oscillations

Due to focusing and defocusing quadrupoles, the
displacement with respect to the design orbit oscillates in
the transverse plane (X, y):

d*x
—+ k(s)x =0

Hill's equations dg 2

dcy

T2 (s)y
o _q9

with: k = _E/c

and since it is a circular accelerator, A(s) is periodic:
k(s+ L) =k(s)

Maxwell Auditorium - G. Benedetti - 26.10.2017 24



Betatron oscillations

Such type of equation was already solved in 1886 by G.W. Hill
when studying the motion of the lunar perigee.

Disfance [km)
410000
G0 000 —
370000 =
350 000 T | | T T | | T | T |
Jan Feb MACIF Apr My Jun Jul Aug Sepm Ot Mo Dec
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Betatron oscillations

The solution are the betatron oscillations:

X(S) — \/]x:Bx(S)COS(.ux(S) _ ”O)

J: it is a constant...

B(s): beta function: varies along the ring and periodic (s + L) = B(s)

Uo - Initial phase: depends on initial conditions

u: betatron phase: grows not linearly:
S

() = [ 25
M ~ B

Maxwell Auditorium - G. Benedetti - 26.10.2017
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Betatron oscillations

X (mm)

o) A N o N IN o

N\ > [\, =
\ /7 N/ X\
E7Z4RV VAV
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6 5” iO 157 éO 725 nﬂ_?:O 3: 40 |

defocusing quad
focusing quad

Maxwell Auditorium - G. Benedetti - 26.10.2017



X (mm)

o) A N o N IN o

Betatron oscillations
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X (mm)

Betatron oscillations

=

J
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"y

A
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J

The tracks correspond to different turns of the same particle, but can
be regarded also as a single turn of a bunch of particles starting with

10 15

20 25 30 35
S(m)

different initial phases...
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X (mm)

Betatron oscillations
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X (mm)

Betatron oscillations

S

= ==En(+)
= ==En()

35 40 45

Area = 1t
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X (mm)

Betatron oscillations

S

= ==En(+)
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Area = 1t
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X (mm)

Betatron oscillations

S

= ==En(+)
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Area = 1t
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Beam size and emittance

The beam contains particles with a distribution of positions x
and divergences x”.

The transverse beam size o,
and divergence a’, vary along
the ring as function of (s):

0,(s) =<x >=£,B(s)

0',(5) =<x">= |——=

B(s)

BUT their product is constant
and is called :

= 0,0,

Maxwell Auditorium - G. Benedetti - 26.10.2017 34



Beam size and emittance

In modern light sourced (picture from
sizes are of the order of a hair thickness:

), beam

Maxwell Auditorium - G. Benedetti - 26.10.2017
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Beam size and emittance

After this “master class” on the emittance, may you answetr...

... which beam has smaller emittance?

Maxwell Auditorium - G. Benedetti - 26.10.2017 36



The betatron tune

The number of betatron oscillations In one turn iIs
called betatron tune:

= (L) /2
Qu()/ﬂQ d

u(s) = %

S
The two values of the horizontal and vertical tunes are called
“working point” of the storage ring:

WF = (Q, Q)
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Watch out for resonances!

Simulation of trajectory for many turns.
W.P. is (Q,,Q,) = (4.16, 2.00)
And a small dipole error introduced in the lattice:

_— TrackXxX /m ——— TrackyY /m
1.5e=-2 T

1.0=-2 T

= 1
—!g 5. 0E-3
§ LLAN THLAN [ YA! H”Y b”' h ‘AHVA VA V" I VWA L UL AN LW "V H'V N'V Y" W
= o.o=+o M, v.‘ﬂ‘.“»»‘w‘ﬂ‘ L"A‘"A“W »‘wﬁw w"w‘ vy HU'A"H‘"%U'W 1y W i WH‘" Myl w W' Wum A ‘“w il
N

-5 0E-3 T

-1L.OE-2 t i i i }

o 100 200 3300 400 500
s /7 Mm

Amplitude in the vertical direction is growing and the beam will be lost: a
resonance condition is happing.
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Watch out for resonances!

Simulation of trajectory for many turns.
W.P. is (Q,,Q,) = (4.50, 1.69)
with a small quadrupole error introduced in the lattice:

E-3
E-3
E-3
E-3
O.E+0O
-2.E-3
-4 E-3
-6. E-3
-8. E-3

NAO D

— TrackXxX/m —— TrackYyY /m

LA kih i ‘"mlwv'm ‘WLW}'V“WHM ‘m “wn "‘x w “ M ‘w‘

‘u y‘g 15\ 1" |

..... l
g i m\rr'm~.muwmw.mwm NI WW .»w’M Ty wwv‘vwvrﬂ*wv v!v H“'.H .MH‘HM.H \wum
@) 100 200 300 400 500
s /7 Mm

Amplitude in the horizontal direction is growing and the beam will be lost: again
a resonance condition happens.

Maxwell Auditorium - G. Benedetti

- 26.10.2017

39




Watch out for resonances!

More in general, circular accelerators must avoid resonant lines:
nQ, + mQy = q

Octupole
4, =33
Q,-3Q,=-7
Q,+3Q,43
2Q,-2Q,=20
2Q,+2Q,=53
3Q,-Q,=46
3Q,+Q,=63
4Q,=73
Sextupole
3Q,= 25
1Q,+2Q,= 35
2Q,-Q,= 28
2Q,+Q,= 45
_ | 3Q,=55
8.2
18.1 18.15 18.2 18.25 18.3 18.35 Quadrupole
Q, Q,-Qy= 10

Tune scan measurements performed during in 2012 to adjust the ALBA W.P.
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SR commissioning 8.4
w.p.: (18.24, 8.38)

8351

8.3

SR nominal w.p.:
(18.16, 8.36)

8.25




Dispersion and Chromaticity

The beam has a natural energy spread, I.e. particles have a
distribution of energies around the nominal one.

For the ALBA storage ring: % =0.1%

0

prism Dipole
F/ AE>0
//

Like a prism with light beams, dipole magnets generate
dispersion of particle trajectories with displaced energies.
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Dispersion and Chromaticity

The chromaticity effect can be visualized as a different focal
length depending on energy deviation of the particles:

guad

Chromaticity means a lack of focusing for particles with AE >0.

The chromaticity generated by quadrupoles is always negative
In both planes x and .
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Dispersion and Chromaticity

Chromaticity must be corrected to zero or positive values in
any accelerator to avoid instabilities which arise at high
stored currents.

Sextupole magnets are used for this.
They are similar to quadrupoles, but have 6 poles instead:

a if , : —y
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Dispersion and Chromaticity

Sextupole have parabolic magnetic field:
ABy

x\Sextupole%

Quadrupole

A

B

¥

/

X

A4

<l

N /7

-

" +D&

XY

Placing sextupoles at locations with dispersion D(s) allows to

correct the chromaticity:

Dipole

extupole

Quadrupole

AE>0

%
|

A\/
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Putting all together... : FODO cell

The simplest cell (the unit block to build a ring) consists of alternating
FOcusing and DefOcusing quadrupoles (FODO):

— BetaX/m — Beta¥Y /m 10 * DispX /m
15 71

pe Y

D F Dipole D F Dipole

o 2 4 6 8 1I0 1I2
s/m

This unit cell is typically used at booster synchrotrons, but light

source storage rings need more complex lattices.

-
=)

Machinefunction / m
4

o

-5
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Putting all together... : DBA cell

Bending magnets and quads can be arranged in such a way that the
dispersion vanish at the beginning and at the end of the cell:

D AE>0 _mm iD
— —
] AE=0 S
) AE<O )
QF Dipole ) QF Dipole  QF

This cells is called Double Bend Achromat and it’s the typical
building block of many synchrotrons, which need many long straight
sections with zero (or low) dispersion where to install
Insertion Devices.
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ALBA Storage Ring Lattice

— Matching

\ section

Unit cell

RF cavity~—~— 4

Energy = 3 GeV
Symmetry = 4 fold
Circumference = 268.8 m

quadrupole 2 4 long straights (7.8 m)

12 medilium straights (4.0 m)

8 short straights (2.3 m)
dipole
magnet
Undulator/Wiggler
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Many thanks to:
Z. Marti, U. Iriso, M. Alvarez, F. Pérez, D. Einfeld...
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Thanks!
Questions?
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