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1.1.1. [bookmark: _Toc420010641]Beam Dynamics in the SC Linac 
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Figure 1: Focusing periods in HWR, SSR1 and SSR2 sections of the PIP-II SC linac.
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Figure 2: Focusing period in LB (top) and HB (bottom) sections of PIP-II SC linac.

Figure 1 and 2 show focusing periods in the PIP-II SC linac. Transverse focusing is provided using superconducting solenoids in HWR, SSR1 and SSR2 sections while normal conducting quadrupole doublets are utilized in LB and HB sections. Figure 3(a) and 3(b) show the integral magnetic field of solenoids and quadrupoles respectively used in the PIP-II SC linac optics.  
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            Figure 3: Integral magnetic field in (a) solenoids and (b) quadrupoles in the PIP-II linac. 
Fault Scenarios in SC Linac 
An essential measure of a successful accelerator machine is its ability to deliver high quality beam with high beam availability. An accelerator machine involves numerous elements and a continuous operation of those elements increases the possibility of their temporary or permanent failures. Failure of the beam transport elements like cavity, solenoid and quadrupole alters the focusing period of beam, resulting in a mismatch of beam with the subsequent sections. This, in turn, may degrade beam quality and in worst case causes beam losses. Implications of failures on the overall performance of machine depend on their locations of occurrence. In some cases a faulted element results in a significant beam losses, and it becomes necessary to replace this element to continue nominal operation of the machine. In a superconducting linac, to recover nominal performance of the linac using a traditional way comprises replacing of a complete cryomodule. It is required to warm up cryomodule from operating temperature (usually 2K) to room temperature and after replacing; cryomodule is cooled down from room temperature to operating temperature. Furthermore, procedure to resume the nominal operation is identical to starting procedure and requires slowly ramping up in beam. Thus, these unscheduled beam interruptions reduce the beam availability for the different experiments for the long time. In order to improve reliability of the superconducting linac, optics design should be robust enough to have a capability to deal with at least one fault scenario in each section. An extensive study has been performed to address this problem for the PIP-II SC linac. In this section we discuss failure of beamline elements at the critical locations and will demonstrate that optics design of the PIP-II SC linac is robust enough to compensate implications of the faulted element locally using neighboring elements in the vicinity of fault element. 
Failure of Beamline Elements
Failures of beamline elements can be placed in two categories, temporary failures and permanent failures. As name suggests, temporary failures are recoverable after applying appropriate mitigation scheme. An abrupt jump in operating phase of the cavity, quenching of superconducting cavity, vacuum break-down will result in a temporary failures. Depending on the recovery time, implications of temporary failures are minimal and their effects are distributed among bunches (fast recovery time) or among the few beam-pulses (slow recovery time). However, the permanent failure affects all the beam pulses and thus, need to be studied in more details. Common scenarios in the superconducting linac that lead to permanent failures or significant degradation in performance of the accelerating cavities are listed below:
Failure of tuner: role of the tuner is to ensure that cavity operates at resonance frequency. In presence of a malfunctioned tuner, cavity will be out of resonance regime and therefore, it will be unavailable for acceleration of the beam.
Malfunctioning of the power-coupler:  Window problem, multipacting, cooling issues, high power dissipation etc. are primary sources that lead to power-coupler failure. 
Failure of RF power supply: Failure of RF amplifier, circulator, divider etc. in the power distribution line results in an interruption to the power supply to the cavity.
Degradation of inner surface of the superconducting cavity also affects its performance during the operation.
Failure of a focusing magnet in the beamline may happen due to breakage of conducting coil, electrical insulation breakdown, possible quench, interruption in power supply, etc. In subsequent section we discuss permanent failures of accelerating cavities and focusing magnets at critical locations in the PIP-II SC linac. 
Failure of First HWR Accelerating Cavity:
The HWR is first SC section in PIP-II linac. It accelerates and focuses the beam coming out of the MEBT. One focusing period in the HWR section is composed of a solenoid and a HWR cavity. Failure of first cavity in the HWR section is considered most vulnerable case due to large transverse and longitudinal beam size at this location. Beam is non-relativistic with initial energy of 2.1 MeV and therefore, failure of first HWR cavity results in phase slippage that grows up in amplitude along the linac. Furthermore, space charge force are relatively large at this energy. Thus, resulting phase slippage, energy mismatch with subsequent sections and non-linear space charge forces ultimately lead to beam losses in subsequent sections. Figure 4 shows RMS longitudinal and transverse beam sizes along the linac after failure of the first HWR cavity. Abrupt changes in longitudinal beam profile indicate location of beam losses which mainly occur at transitions between cryomodules. Total beam losses below 0.01 % is observed in SC linac after failure of the first HWR cavity.  Focusing strength of solenoid and quadrupoles are inversely proportional to particle momentum. Thus, a deviation in the design energy also results in a disturbance in the transverse focusing.   However, it can be noticed from figure 4(b) that transverse beam profile have minimal impact of failure of the first HWR cavity. It is because of fact that energy gain through the first HWR cavity is minimal. It is operated at large phase to capture the beam with large longitudinal size. It should be noted that for better representation of the beam envelope along the linac, MEBT part has been removed from the envelope plots. 
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(a)                                                                         (b) 
Figure 4: (a) Longitudinal and (b) transverse (horizontal in red and vertical in blue) RMS beam size along the linac after failure of the first HWR cavity.    
[image: ]
Figure 5: Normalized RMS longitudinal (green) and transverse (red) emittance along the linac after failure of the first HWR cavity. 
Figure 5 shows normalized RMS transverse and longitudinal emittance along the linac. An abrupt change in longitudinal emittance characterizes beam losses at beginning of the LB650 MHz section. Longitudinal emittance decreases swiftly after beam losses. Conversely, there is no significant transverse emittance growth along the linac.  
Local Compensation of Failed Elements:
As revealed in earlier section, failure of beamline element disrupts nominal beam profile along the linac that leads to significant emittance growth and the uncontrolled beam losses. In order to restore beam quality and avoiding beam losses, the local compensation scheme is applied. The local compensation method involves tuning of neighboring elements in the vicinity of failed element in order to achieve smooth beam propagation along the linac. Separate power supply for each cavity allows to set RF phases and field amplitudes in cavities independently. Thus, RF phase and field amplitude of RF cavities are varied to recover nominal beam energy and to achieve smooth longitudinal profile of beam while fields in solenoids and quadrupoles are varied to tune transverse dynamics. Constraints and assumptions applied to the local compensation scheme for the PIP-II SC linac are summarized below:
Accelerating field in cavity: Fields are varied to recover the beam energy but corresponding surface peak magnetic field and electric field in a cavity should not exceed the design limit.
Integral fields in quadrupoles and solenoids should not exceed the design limit. 
Synchronous phases of cavities are varied in such a way that ratio of synchronous phase to longitudinal beam size should be greater than 3. It is required to achieve longitudinal acceptance enough to accommodate 3beam and therefore, to avoid phase slippage. 
Minimum user disruption: Minimization of number of retuned elements in order to expedite the realization of compensation scheme during operation of the linac.
100 % beam transmission through the linac after applying the local compensation scheme.    
 Local Compensation of First HWR Failed Cavity:

[image: ]
Figure 6: Enlarge view of beam profile in transverse plane (top) and longitudinal plane (bottom) after applying the local compensation to failure of the first HWR cavity. Retuned elements are also pointed out. 
The local compensation scheme is applied and neighboring elements in vicinity of the failed cavity are retuned to restore the beam quality. Numbers of retuned elements and their location relative to the failed cavity are shown in figure 6.  One bunching cavity at MEBT and three HWR cavities downstream to failed cavities are returned to match longitudinal beam profile. Furthermore two subsequent HWR cavities are retuned to recover the same beam energy at end of the HWR section. Restoring the nominal beam energy avoids further mismatch with following sections.     
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(a)                                                                                  (b)                                            
 Figure 7: (a) Longitudinal and (b) transverse beam sizes along the linac before and after applying the local compensation scheme to failure of the first HWR cavity. 
[image: ]
Figure 8: Synchronous phases with longitudinal beam size along the PIP-II SC linac.
It can be observed from figure 7(a) that longitudinal profile is restored after applying the local compensation scheme. There is no beam losses and 100 % beam transmission along the linac is obtained after applying the local compensation scheme. As depicted in figure 7(b), transverse beam profile is also improved. Figure 8 shows synchronous phases and longitudinal beam size. It can be concluded from the figure 8 that longitudinal acceptance of the linac is large enough to accommodate 6 beam. Figure 9(a) shows normalized RMS longitudinal emittance before compensation and after compensation (emittance after compensation is plotted on secondary y-axis). It can be observed that there is no significant emittance growth after applying the local compensation scheme. One can also observe from figure 9(b) that the local compensation also compensate transverse emittance growth.  Table 1 presents a comparison of beam emittances at the end of linac for different cases.
[image: ][image: ]
Figure 9: (a) Normalized RMS longitudinal emittance and (b) transverse emittance along the linac in presence of first failed HWR cavity.     
Table 1: Final normalized RMS beam emittances
	Parameters
	Unit
	Nominal
	Failure of first HWR cavity 

	
	
	
	No Comp.
	After Comp.

	z
	mm mrad
	0.28
	0.52
	0.29

	t
	mm mrad
	0.25
	0.33
	0.25


Failure of First Solenoid in HWR section:
[image: ][image: ]
(a)                                                                              (b)       
Figure 10: (a) Longitudinal and (b) transverse beam sizes along the linac before and after applying the local compensation scheme to failure of the first solenoid in HWR section.
At the beginning of the linac transverse beam size is relatively large and physical apertures are smaller. Thus, failure of first solenoid in HWR section is as critical as failure of first HWR cavity. It results in the transverse beam oscillation with large amplitude that leads to emittance growth and disruption in beam profile. The local compensation scheme is applied using same approach as discussed earlier to mitigate implications of the first solenoid failure in HWR section. Neighboring elements in the vicinity of failed solenoids are retuned in order to achieve smooth beam profile along the linac. Figure 10 shows beam envelopes before and after applying the local compensation scheme. It can be noticed from figure 10(b) that transverse beam oscillations is mitigated and transverse beam profiles are restored.  Figure 11 shows normalized RMS emittances before and after applying the local compensation scheme.                                                                              
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(a)                                                                           (b)
 Figure 11: Beam emittance growth along the linac (a) before and (b) after applying the local compensation scheme to failure of the first solenoid in HWR section. 
Failure of Last Cavity in HWR section:
[image: ][image: ]
(a)                                                                                (b)   
Figure 12: (a) Longitudinal RMS beam envelope and (b) normalized RMS emiitance along the linac before and after applying the local compensation scheme to the failure of the last HWR cavity. 
HWR section is followed by SSR1 section. There is an intermediate warm section that separate HWR and SSR1 cryomodule. A careful beam matching is performed using outermost elements in each cryomodule in order to achieve smooth beam profile at this transition.  Accelerating gradients and synchronous phases in cavities are adjusted to tune the longitudinal beam profile while focusing strength in solenoids are changed to achieve matching conditions in the transverse plane. Thus, failures of last/first elements, either cavity or magnet, are very critical as it destroys matched condition at the transition and results in a beam mismatch with subsequent sections. Figure 12(a) shows RMS longitudinal beam envelope along the linac after failure of the last HWR cavity. One can easily observe beam oscillations after the failed cavity. However, smooth beam profile is obtained after applying the local compensation scheme. It can also be noticed from figure 12(b) that longitudinal emittance is also restored after applying the local compensation scheme. 
Failure of Last Solenoid in HWR section:

A study is performed to investigate consequences of failure of the last solenoid in HWR section. It is found that it is one of most dangerous situations as ~13% beam is lost immediately after faulted solenoid. Center to center distance between last solenoid in the HWR section and first solenoid in the SSR1 section is about ~1.82 m. Failure of the last HWR-solenoid increases beam transverse focusing period up to ~ 2.51m. Thus, alteration in the transverse focusing period and a mismatch at transition lead to beam envelope instability. However, the local compensation scheme allows to restore the beam quality at large extent. Figure 13 shows RMS beam envelope and transverse emittance before and after applying the local compensation scheme. 
[image: ][image: ]
(a)                                                                           (b)     
Figure 13: (a) RMS transverse beam sizes and (b) normalized RMS beam emittances before and after applying the local compensation scheme to failure of the last solenoids in HWR section.      
Failures at other Critical Locations: 

As beam energy increases, machine performance becomes more immune against faulted scenarios. Higher beam energy reduces the impact of non-linear space charge forces that scales as 1/2 where  is Lorentz factor. Amplitude of synchrotron oscillation also decreases with increase in beam energy that reduces the possibility of phase slippage. A study is performed to analyze performance of the linac in presence of faulted elements at relatively higher energy but at critical locations. Transition from SSR2 to LB650 section is also considered as a vulnerable location in the linac because of two main reasons:
Solenoids are replaced with quadrupole doublet in following LB 650 and HB 650 sections in order to provide transverse focusing. 
A frequency jump from 325 to 650 MHz occurs at this transition. All the cavities in LB650 and HB650 sections operate at frequency of 650 MHz. 
  
Unlike a superconducting element, procedure of replacing a failed normal conducting quadrupole is much simpler and can be performed quickly. However, a study is performed to evaluate performance of the linac in presence of the failed quadrupole. It is obvious but still worth to mention here that after failure of one quadrupole in a doublet, turning off remaining quadrupole helps to reduce beam mismatch at some extent.   Figure 14 shows normalized beam density in vertical plane along the linac for the case when first quadrupole doublet at SSR2 to LB650 transition is failed. One can easily observe mismatch in beam profile. However, physical apertures in subsequent sections are large enough to accommodate oversized beam. It can be noticed from figure 14 that there is still significant margin (ratio of beam aperture to maximum beam size) even after accommodating 6 beam. The local compensation scheme is applied to restore the beam quality. Figure 15 shows beam transverse envelopes and normalized RMS emittances.  

                               [image: C:\Users\asaini\Documents\TraceWin\Work\CWLinac\PIP_II\Working\RDR_Lattice_v_1_0\Working\Failures\QuadDoubletLB650\First2Quads\NoComp\Output\plots\ydensity.png]
Figure 14: Normalized vertical particle density along the linac in presence of the first faulted quadrupole doublet at SSR2 to LB650 transition.

[image: ][image: ]
(a)                                                                          (b)      
Figure 15: (a) Beam transverse sizes and (b) normalized RMS transverse emittances before and applying local compensation to failure of the first quadrupole doublet in LB650 section.  

[bookmark: _GoBack]A study performed to evaluate implications of cavity failure in LB section shows no beam losses even after failure of the first complete LB 650 cryomodule. However, beam energy is reduced to 786.5 MeV and final normalized RMS longitudinal emittance growth is increased up to 0.38 mm mrad. 
                                                          


12



image2.png
5.371m

1€ >1
LB Section i i
i i
i SC Cryomodule i
i i
1 0.2m 1
[y — 09m H
| — ||
i i
i Cavity Cavity Cavity i

Field Map Field Map Field Map

| 1145m
>€ >
NC Doublet NC Doublet

Foo-te---





image3.png
HB Section

1097 m
1€
i
i
i SC Cryomodule ‘1‘429 m)|
! i
i 144 m 1
I > !
| Cavity Cavity Cavity Cavity Cavity Cavity
' Field Map || Field Map || Field Map Field Map || Field Map || Field Map
H H
i i
T T | |
R B : o
{0.6mi1316m | 1525 m | -m
PR 5! | «—>

NC Doublet NC Doublet




image4.png
Integrated Magnetic field (T? m)

HWR
SSR] ———
SSR2 ——

0

0

20 30 40 50 60

Position of the Center (m)

70




image5.png
: : : : : VT :
sl LB650 ——
HB650 ——
~ 251t |
=
£
2 2t |
E
S
Sy
S5t 1
g
oy
2 1 1
05 1
0

0 20 40 60 80 100 120 140 160

Position of the Center (m)




image6.png
(wiw) Sz

o

o

—
|

-150

-200

-250

150

100

Position (m)

50




image7.png
XymssYrms (MM)

o

50

100
Position (m)

150




image8.png
&,(n.mm.mrad)

120

€

t
100

80

60

40

20

50 100 150
Position (m)

& (t.mm.mrad)




image9.png
Bunching Cavity

Failed Cavity

3
T

"
5
T

3 i

g I T I I AL T M
:° m ARV AP ASY | AAD A AR AT
F
E'lﬂ*
by

0]

8 9 10 11 12 3

14




image10.png
Zyms (MM)

250

200

150

100

50

-50

-100

-150

-200

-250

50

Before compensation e
ter compensation

Zyms (MM)

100 150
Position (m)




image11.png
Xrms»> Yrms (MM)

rms
rm
yrms

Yims After compensation -

50

Before cornpensatlon
After Compensatlon
Before compensation

100
Position (m)

150




image12.png
1o, Beam
60, Beam
—-Synch Phases

Phase (degree)

100 15
Position (m)

200




image13.png
€, (T.mm.mrad)

120

Before compensation ==
Aftpr compensation — sssssssss

100

80

60

40

20

50 100 150
Position (m)

o

s
€, (T.mm.mrad)




image14.png
& (t.mm.mrad)

Before compensation
After compensation

ﬁ_’\.ﬂ“___ — _'/"~_—4.-___—--..-.¢....

50 100 150
Position (m)




image15.png
Zyms (MM)

50

Before compensation e
After compensation

100 150
Position (m)




image16.png
Xrms»> Yrms (MM)

rms
rm
yrms

Yims After compensation -

50

Before cornpensatlon
After Compensatlon
Before compensation

100
Position (m)

150




image17.png
(pedwrwwrn)s ‘%3

150

100

Position (m)

50




image18.png
&5, & (T.mm.mrad)

50

100
Position (m)

€,

t

150




image19.png
Zyms (MM)

50

Before compensation e
After compensation ==

100 150
Position (m)




image20.png
€, (T.mm.mrad)

50

Before compensation e
After compensation —sssssssss

100 150
Position (m)




image21.png
Xrms»> Yrms (MM)

rms Before compensation
After Compensatlon
Before cornpensatlon
After compensation

IV

50 100
Position (m)

150




image22.png
& (t.mm.mrad)

0.65
0.6
0.55
0.5
0.45
0.4
0.35
0.3
0.25
0.2

Before compensation
After compensation

g i 2 g A s 2

50 100 150
Position (m)




image23.png
TraceWin - CEA/DRF/Irfu/SACM

T T
0 50 100 150
Position ( m )

1

=
=]
o1 3
2
g
[
=5
o
g
00 2
Z
]
o
[}
g
2
nnnlE




image24.png
Xrms> Yrms (mm)

50

ers

Before compensation s

Xims After compensation

Yrms

Before compensation s

Yims After compensation

100
Position (m)

150




image25.png
& (t.mm.mrad)

Before compensation
After compensation

50 100
Position (m)

150




image1.png
wrsecion: (saenete ot Jowncowy | o ]

03m 00806m  025m  0.0552m

¢ 0.6858 m 5

03m 03m
SSR1Section: [spy cavity | | Solenoid | |SSR1C=vi!v | |SSR1C=vi!v
Uooam L omm |

125 m

0.4767m

0.32m
ssRasection: i - i -

1 075m i 075m





