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Injectors and in particular the positron production systems are a crucial element in linear and circular colliders. The proposed FCC-ee injector linac accelerates both electrons and positrons up to 6 GeV in order to be injected into the Pre-Booster Ring (PBR) with a high intensity of 3.5 nC per bunch for the Z running mode. The current design baseline of the FCC-ee injector linac is based on the SuperKEKB scheme, in which the electron and the positron beams share the same linacs with a fixed target configuration on-axis hole for electron beam passage.

One of the main drawbacks of this scheme is the positron production efficiency at the exit of the injector linac. In order to achieve a better performance and a higher positron yield, in this paper we study different bypass injection options. Start-to-end design and optimization for beam production, acceleration and transport from the feeding electron source to the positron damping ring are also being presented.

Introduction

With the discovery of Higgs boson at LHC in 2012, there is an increasing interest in precision measurements of electroweak physics including the properties of Higgs boson, which pushes highluminosity and high-precision electron-positron collider studies. So far, CLIC [START_REF] Aicheler | A Multi-TeV Linear Collider Based on CLIC Technology: CLIC Conceptual Design Report[END_REF], ILC [START_REF] Behnke | [END_REF], CEPC [START_REF] Cepc Study Group | CEPC conceptual design report: Volume 1-accelerator[END_REF], and FCC-ee [START_REF]FCC-ee: The lepton collider: Future circular collider conceptual design report volume 2[END_REF] [START_REF]Update of the European Strategy for Particle Physics (Brochure)[END_REF] have been proposed as the possible future machines to explore the High Energy Physics (HEP) frontier.

Large numbers of electrons and positrons are required in such colliders. Electrons can be directly generated by either the photoelectric effect in an RF or a thermionic gun. Conversely, positrons are usually produced by bremsstrahlung in the process of electrons hitting the positron target. The positron yield, which means how many positrons can be generated and captured when one electron impinges on the target, is a crucial metric in this process.

The positron production schemes for electron-positron colliders including SLC, LEP, BEPC/BEPCII, KEKB/SuperKEKB, CEPC and FCC-ee, etc., are all based on the conventional In the case of the Future Circular electron-positron Collider (FCC-ee), 2.13 × 10 (3.5 nC) electrons and positrons per bunch are needed for the most demanding full filling of the Z running mode in the conceptual design report [START_REF]FCC-ee: The lepton collider: Future circular collider conceptual design report volume 2[END_REF]. The baseline selection for FCC-ee is based on the SuperKEKB positron production [START_REF] Akai | SuperKEKB collider[END_REF]. In this scheme, electron and positron bunches are sharing the same transfer lines and linacs with a fixed target configuration on-axis hole for electron beam passage. The main drawback of this scheme is the poor efficiency and flexibility. Recent

The baseline of FCC-ee positron production chain and new bypass options design

FCC-ee positron production chain baseline

The schematic layout of FCC-ee injector complex can be seen in Figure 1 [START_REF]FCC-ee: The lepton collider: Future circular collider conceptual design report volume 2[END_REF], where the injector linac is located at the bottom. The injector complex comprises two electron sources (6.5

nC RF gun and 10 nC thermionic gun), an electron/positron linac (for energies up to 6 GeV), a pre-booster synchrotron ring (PBR) (the existing Super Proton Synchrotron works as the PBR), accelerating from 6 to 20 GeV, and a full energy booster synchrotron ring (BR), integrated in the collider tunnel. We can see the details of the injector linac in Figure 2 (green color for electrons, red color for positrons and blue color for electrons to produce positrons). This 6 GeV linac accelerates both species (electrons and positrons) to obtain an intensity of 2.13 × 10 particles per bunch in the PBR. The positron beam is produced from electrons at the energy of 4.46 GeV. This model follows the SuperKEKB positron production scheme, in which the positron beam is generated by a 3.5 GeV, 10 nC per bunch electron beam. To improve the efficiency of this model where the positron target is fixed in the linac line and a high emittance positron beam shares the same linac with the low emittance electron beam when they come out of the positron target, novel injection designs for FCC-ee positron production chain have been proposed and their schematic layouts are respectively shown in Figures 3,4,5. The main idea of our design is to avoid large losses during transport and to increase the positron yield as much as possible. The only difference among those schemes is the bypass option. 

Novel bypass options design

The dogleg scheme design is shown in Figure 3. As in the case of baseline, we use two guns as electron sources. One low emittance electron beam from RF gun will be directly accelerated by section 1, section 2 and section 3 linacs to 6 GeV and then be transferred into the PBR. The other electron beam from the second feeding source (can be an RF gun or a thermionic gun) is used for positron production, which shares section 1 and section 2 linacs with the first electron beam to 4.46 GeV, and then will be bypassed in the dogleg structure to hit the positron target to generate positrons. Afterwards, the produced positrons could be captured in an adiabatic matching device (AMD) with a flux concentrator (FC) and get primary acceleration to about 200 MeV in the capture linac with solenoidal focusing. After the capture system, to get pure positrons, a separator chicane is inserted to separate the mixture of positrons and secondary electrons from the target.

Next, the positron beam will gain 1.54 GeV energy in section 4 linac before being transferred back to the damping ring (DR) via the turnaround loop. Finally, after the beam cooling in the DR, the 1.54 GeV positron beam gains another 4.46 GeV through section 2 and section 3 linacs to 6 GeV before entering the PBR. Actually, this scheme is inspired by the SLC injector [START_REF] Erickson | SLC Design Handbook[END_REF]. The main differences between them are the energy of the electron beam dedicated to positron production and the turnaround loop for transferring positrons back to the DR. In the SLC, the electron beam energy at the positron target is 33 GeV, larger than that of our design (4.46 GeV), and the turnaround loop is just used for the transport of 200 MeV positrons. The optics design and start-toend tracking simulation of the dogleg scheme positron production chain is going to be described in chapter 3.

The chicane scheme design is shown in Figure 4: the electron beam not serving for positron production is bypassed by a chicane structure. The electron beam serving for positron production makes its way in a straight line. No section 3 linac is needed here. There are some similarities between this scheme and the CEPC baseline scheme [START_REF] Cepc Study Group | CEPC conceptual design report: Volume 1-accelerator[END_REF]. They all use a chicane bypass for the transport of the electron beam which is not serving for positron production, and the positron targets are all located in the direct line. An advantage is that an additional positron linac used in CEPC injector could be spared in our chicane scheme.

The arc scheme shown in Figure 5 is quite similar to the dogleg scheme. We use an arc to turn around the 4.46 GeV electron beam for the positron production, which has simpler structures than dogleg scheme. But in this case, the higher energy synchrotron radiation could be a concern.

The descriptions of these two scheme designs are separately presented in chapter 4 and 5.

Dogleg scheme optics design and start-to-end tracking simulation for FCC-ee positron production

The 4.46 GeV electron linac, first part of the whole system, whose parameters taken from FCC-ee CDR [START_REF]FCC-ee: The lepton collider: Future circular collider conceptual design report volume 2[END_REF], has been designed using the simulation tool -SAD [START_REF]Strategic Accelerator Design (SAD)[END_REF]. This is the starting point of the simulation of the whole positron production chain. For the design of the following bypass and after-positron target parts, MADX code [START_REF]Methodical Accelerator Design (MAD-X[END_REF] is used for beam optics design and PLACET code [START_REF] Schulte | PLACET: A program to simulate drive beams[END_REF] for beam tracking study. One hundred thousand macro particles per bunch have been tracked taking into account the impact of the wake fields and the coherent synchrotron radiation (CSR). The short-range wake fields formulas used for simulation here can be seen in reference [START_REF] Yokoya | Short-Range Wake Formulas for Infinite Periodic Pill-Box[END_REF].

The two proposed guns (6.5 nC RF and 10 nC thermionic), whose parameters are taken from FCC-ee CDR [START_REF]FCC-ee: The lepton collider: Future circular collider conceptual design report volume 2[END_REF] and SuperKEKB injector linac [START_REF] Satoh | Commissioning Status of SuperKEKB Injector Linac[END_REF] are listed in Table 2, have been respectively used as feeding electron sources for positron production. Performance comparisons between the two feeding electron sources also have been made and presented in Table 2. 

Optics design for the dogleg scheme

The 4.46 GeV electron linac needs to be flexible enough to accelerate both the electron beams with different emittances and different energy spreads. We have recalculated the optics of the 4.46

GeV electron feeding linac (section 1 + section 2) for the two feeding electron sources. The optics studies of their transverse betatron functions are indicated in Figure 6(a), along with their beam envelope evolution. In this linac, electron beam will be accelerated to the energy of about 4.46

GeV in use of 2.856 GHz S-band accelerating structures with length of 3 m, accelerating gradient of 25 MV/m and aperture radius of 10 mm. The length of this linac is around 233 meters. 14.75 m -3 in the case of the 6.5 nC RF gun, while for the 10 nC thermionic gun, sextupoles are not necessary to be used given the beam's high emittance. The optics designs for both feeding electron beams are shown in Figure 6(b). The electron beam sizes , are constrained to be around 1 mm before positron production to avoid much high thermal effect on the positron target. Notice that in the situation of an RF gun, two triplet quadrupoles after the dogleg structure help to increase the beam size. The total length of the dogleg structure is 26 m.

The electron beam coming out of dogleg bypass will hit the positron target for positron production. The generated positrons will be collected in the capture system for later acceleration.

Detailed information can be found in reference [START_REF] Han | FCC-ee positron source[END_REF]. Two feeding electron sources (6.5 nC RF gun and 10 nC thermionic gun) have been simulated in this part and show almost no difference. Two kinds of positron targets have been simulated (Details are presented in Figure 11): conventional target (a thick amorphous tungsten target) and hybrid target (a crystal + an amorphous tungsten target) [START_REF] Artru | Advantages of axially aligned crystals used in positron production at future linear colliders[END_REF]. After the positron generation, an AMD is used to match the positron beam (with very large transverse divergence and energy spread) to the acceptance of the capture linac. In the capture linac, positrons will be accelerated approximately to about 200 MeV. Two operation modes, accelerating mode and decelerating mode in the first RF structure of the capture linac, also have been studied in order to find the best option for a good positron yield potentially. The specific study results of the output positron beam distribution of the capture system for different cases are going to be described in section 3.2, as shown in plot (a) of Figure 11.

In fact, apart from positrons, the beam coming out of the 200 MeV capture linac also contains photons (γ) and secondary electrons generated by the initial positron production process. To get pure positrons after the capture system, a separator chicane is located between the 200 MeV capture linac and the main 1.54 GeV positron linac to separate the mixture of positrons and secondary electrons. The design idea follows the electron/positron separator of SuperKEKB [START_REF] Kamitani | SuperKEKB positron source construction status[END_REF].

In Figure 7, the electron beam and positron beam will be deflected 6° off the longitudinal axis in symmetric directions. In the middle of the chicane, the positron beam passes 30 mm aside from the beam line axis to ensure no interactions with separated electron beam. Its optics can be seen in A turnaround loop has been designed to transfer the 1.54 GeV positron beam back into the damping ring for beam cooling. This is the final step of the whole design of dogleg scheme production chain. The 1.54 GeV positron beam with very high emittance needs to be cooled in the damping ring to meet the requirement of injection into the PBR. Given that the damping ring also can be used for low emittance electron beam cooling besides for positron beam, we locate it near section 1 (1.54 GeV) electron linac. Therefore, a turnaround loop is necessary to turn around the positron beam out of the section 4 linac. In our design, the turnaround arc is composed of two TBA (triple bend achromat) cells, shown in Figure 8 top plot (c), which is inspired by the CLIC Central Arc [START_REF] Aicheler | A Multi-TeV Linear Collider Based on CLIC Technology: CLIC Conceptual Design Report[END_REF]. The reason why we use TBA structure here is that the first-order transfer matrix value R56 (determining the relation between bunch length # and energy spread ΔE/E) can be easily controlled to adjust the longitudinal distribution. The TBA arc has been used to avoid bunch lengthening (R56=0). Quadrupoles are used for betatron manipulation and dispersion correction, and four pairs of sextupoles are used to limit the second-order transfer matrix values T166 and T266 to 0 for the correction of chromaticity with the k2 values of ±10 m -3 . The total length of the arc is 44.25 m.

The start-to-end optics design after positron target from separator chicane to turnaround loop arc is as shown in Figure 8. The total length of this area is 152.8 m.

Start-to-end tracking simulation for the dogleg scheme

The corresponding phase space and beam distributions for the two feeding electron sources (6.5 nC RF gun and 10 nC thermionic gun) at the end of the 4.46 GeV electron linac are shown in Figure 9(a) and 9(b).

Given the condition of the thermionic gun having higher beam intensity, larger beam size, larger energy spread and longer bunch length compared to those of RF gun, the resulting beam size near the low-energy end of the linac will exceed the aperture radius (10 mm) affected by transverse wake field, which causes about 10 % ~ 15 % beam loss in the current design of the 4.46

GeV linac. This can be seen from the vertical phase space y-y' of Figure 9(b). Meanwhile, in such a case, we set the RF phase of all cavities to -4° for an off-crest acceleration to decrease the energy spread between beam head and tail given the effect of longitudinal wake field, but this will of course slightly cut down the energy gain from 4.42 GeV to 4.4 GeV correspondingly. Wake fields have less impact on the electron beam from the RF gun, which can guarantee 100 % transmission without considering misalignments. The geometric transverse emittance of the thermionic electron beam at the end of the linac is , = 14/31 nm, respectively 1.5 times and 3 times larger compared to the theoretical , = 9.2 nm. And for the RF feeding electron beam, the emittance values , = 1.9/2.7 nm, are horizontally 1. As mentioned in the optics design of bypass above, the final beam size , is constrained to be around 1 mm. Although the transverse beam size x-y in Figure 9(d) looks a little weird due to the collective effects of transverse wake fields and small aperture of linac, the largest y is still 

Offsets and misalignments Value [μm]

Injection beam offsets (h/v) 100

Cavity misalignments (h/v) 100

Quadrupole misalignments (h/v) 100

BPM misalignments (h/v) with regard to cavities 30 RF cavities and magnets are all misaligned according to a gaussian distribution with standard deviation *+, = 100 μm, as listed in Table 5; the RMS misalignments of BPMs are set to be 30 μm to perform better orbit steering (see reference [START_REF] Ogur | Layout and performance of the FCC-ee pre-injector chain[END_REF] for details); each simulation is a Monte Carlo simulation with 100 different random configurations, which are named machines here. From the left plot of Figure 10 (a), at least 82 % (5.33 nC, 3.33 × 10 ) of the electrons can still survive at the dogleg exit after orbit steering correction within 100 random machines' simulation in the RF gun case. For the simulation with the thermionic gun, about 8.5 nC (5.31 × 10 , 85 % of 10 nC) electrons could survive before hitting the positron target in ideal condition. However, only more than 5.5 nC (3.44 × 10 , 55 % of 10 nC) electrons per bunch can be used for positron production when considering the misalignments of optical elements, which can be seen from the right plot of Figure 10 (a). A more complete and accurate simulation on the imperfection correction remains to be studied further in the future. We also take coherent synchrotron radiation (CSR) into consideration, and the simulation result when the electron beam passes through the dogleg dipoles is shown in Figure 10 (b). The x-coordinate is the electron beam bunch length, and the y-coordinate is the beam energy change (unit: 10 -5 GeV/m) along the bunch length. There is almost no energy change along the bunch length considering the beam energy of 4.36 GeV, which

shows CSR has negligible influence on the electron beam distribution.

A summary of the performances of the two feeding electron beams before the positron target can be seen in Table 6. The final electron beam data of both feeding electron sources is # ≈ 1 mm, = 0.5 ~ 1 mm, = 0.5 ~ 1 mm and 01, 2 , 2 = 5 μrad, 3456 7, 2 , 2 =20 μ rad. The beam distribution before the positron damping ring (DR) can be seen from Figure 12(c), whose normalized emittance !, , is 7.12 mm, geometric transverse emittance , is 2.325 μ m, energy spread ΔE/E is 1 %, and bunch length # is about 2.2 mm. According to the FCC-ee CDR, the transverse emittance acceptance of the damping ring is 22.4 μm, the energy acceptance is ±7.8 % and the longitudinal acceptance is 14.7 mm, which leave a large margin for our tracking simulation.

The final accepted positron bunch intensity is about 7.8 × 10 before the DR without considering positron linac wake fields and misalignments, which meets the demand of 2.13 × 10 positron particles per bunch. The final positron yield before the positron DR is about 7.8 × 10 /(6.25 × 10 ) = 1.2 e + /e -. A realistic bunch intensity will be studied in the future with the experiments of test facilities for positron production.

Chicane scheme optics design and tracking simulation

Optics design for the chicane scheme

In the chicane scheme, the electron beam serving for positron production makes its way in a straight line. It directly impinges on the positron target for positron production when coming out of the 4.46 GeV electron linac (section 1 linac + section 2 linac). The optics design for the two feeding electron sources are similar as shown in Figure 6(a).

In this design, we try to constrain the 4.46 GeV output electron beam to be the same as that in the dogleg scheme. So, the optics design for the part after the positron target remains what it is in the dogleg scheme as presented in Figure 8. 

Tracking simulation for the chicane scheme

The tracking simulation before the positron target is similar as Figures 9(a), 9(b). The tracking result after the positron target is almost the same as shown in Figure 12.

For the low emittance electron beam coming out of the chicane structure, its phase space is shown in Figure 14. 

Arc scheme optics design and tracking simulation

The part before the positron target in the arc scheme consists of a 4.46 GeV electron linac and a turnaround arc. Its optics can be seen in Figure 15(a). For the arc structure, a double TBA has been used similar to the 1.54 GeV positron turnaround loop in the dogleg scheme and chicane scheme. Each dipole produces a 30° bend with a length of 4 m. The whole system is kept achromatic and isochronous in our initial design. However, considering the transverse emittance increase caused by wake fields, we leave a small non-zero value to R56 for the arc structure working as a bunch compressor to compress the beam length in order to decrease the transverse wake field effect, which can be seen in the longitudinal phase space in Figure 15 

Comparisons and Conclusion

A short summary for the new optimized injector schemes for FCC-ee positron production is presented in Table 7. 
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 46 Figure 6: Optics design before the positron target in the dogleg scheme
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 8 Figure 8 top plot (a). The total length of the separator chicane is 5.35 m.
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 7 Figure 7: The schematic layout of the electron/positron separator chicane
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 8 Figure 8: Optics design after the positron target: Top plot: betatron functions; Bottom plot: beam envelope evolution (This is for the 10 nC thermionic electron gun case, which is similar for the 6.5 nC RF electron gun case)
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 9 Figure 9: Electron phase space before the positron target (The bunch heads are in opposite directions in longitudinal phase for SAD and PLACET)

  (a) Phase space at the 4.46 GeV electron linac exit using the 6.5 nC RF gun calculated by SAD (b) Phase space at the 4.46 GeV electron linac exit using the 10 nC thermionic gun calculated by SAD (c) Phase space at the dogleg bypass exit using the 6.5 nC RF gun calculated by PLACET (d) Phase space at the dogleg bypass exit using the 10 nC thermionic gun calculated by PLACET smaller than 10 mm, which is the aperture radius of the accelerating structure. Figure 9(c) x-y sizes are smaller than those in Figure 9 (d), but still they are around 1 mm.
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 a10 Figure 10: Error study of the dogleg scheme before the positron target

  (a) Longitudinal phase space for different cases of positron production in the end of the capture linac (b) Phase space of case 3 at the end of the positron capture linac
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 11 Figure 11: Positron source: Phase space at the end of the 200MeV positron capture linac using a conventional target with the thermionic gun
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 12 Figure 12(a), 12(b) and 12(c) separately shows the phase space of the positron beam tracking result at the end of the separator chicane, the 1.54 GeV positron linac and the turnaround loop.

Figure 12 :

 12 Figure 12: Phase space of the positron beam after the positron target
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 3 5 nC (2.13 × 10 ) electron beam not serving for positron production will move in the chicane bypass, whose optics design can be seen in Figure 13. The horizontal distance between the middle of the chicane bypass and the straight positron production line is kept at 3 m for positron target shielding. The chicane is a symmetric structure constituted by four 2-meter-long 10° dipoles. Two pairs of sextupoles are used for chromaticity correction. The total length of the chicane is 53.6 m.

Figure 13 :

 13 Figure 13: Optics design of the chicane bypass calculated by MADX
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 14 Figure 14: Phase space of 4.46 GeV 3.5 nC electron beam at the chicane bypass exit calculated by PLACET
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 15 Figure 15: Phase space before the positron target in the arc scheme
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Table 1 :

 1 Positron production in different colliders

	Target	Photons production way for pair creation	bremsstrahlung	bremsstrahlung	bremsstrahlung	oriented crystal (channeling)	bremsstrahlung	bremsstrahlung / oriented crystal (channeling)
	scheme	Target material	W74-Re26	W74-Re26	W	radiator (W) + converter (W74-Re26)	W	W74-Re26 / radiator (W) + converter (W74-Re26)
	Capture system	AMD*	QWT**	AMD	AMD	AMD	AMD
	Capture linac frequency [GHz]	2.856	2.999	2.856	1.999	2.860	1.999/2.856
	DR energy [GeV]	1.15	0.5	1.1	2.86	1.1	1.54
	e + yield @ injector exit	1.1	0.003	0.4	1	> 0.3	> 0.7
		*Adiabatic Matching Device					
		**Quarter Wave Transformer					
		***CLIC 380 GeV/ CLIC 3 TeV					
		****6.5 nC RF Gun (or 10 nC thermionic gun)				

Feeding e -source Q/bunch [nC] Injection E [MeV]

  

				ΔE/E	, [μm]	[mm]
	RF gun	6.5	11	1 %	13	1
	Thermionic gun	10	15	5.25 %	80	1.3

Table 2 :

 2 Feeding electron sources

Table 3 :

 3 Accelerating structures used in the Section 4 positron linac The total length of the linac is 99.9 m.

	Subsection LQ [m]	k [m -2 ]	βmax [m]	Lcell [m] Ncell	Einput [GeV]	Eoutput [GeV]	Linac structure
	1	0.3	±8.20	2	1.2	36	0.214	0.694	12 LAS + 6 Normal S-band
	2	0.4	±4.69	3	1.8	17	0.694	1.254	14 Normal S-band
	3	0.4	±3.22	4	2.4	8	1.254	1.564	8 Normal S-band

FODO lattice has been chosen for the 1.54 GeV linac optics design. Three different FODO subsections have been designed, whose focus-and-defocus-quad distance increases gradually. The detailed parameters are listed in Table

4

. 130 quadrupoles are used in the design, including 8 quadrupoles for matching between different subsections. The lattice design is presented in Figure 10

8 top plot (b).

Table 4 :

 4 Parameters of the three different FODO cells for the 1.54 GeV positron linac (section 4 linac) design

Table 5 :

 5 RMS misalignments for optical elements

Table 6 :

 6 Performances of the two feeding electron beams before the positron target

	Feeding e -source	Parameters	Before the e + target
		E [GeV]	4.39
		ΔE/E	0.5 %
	6.5 nC RF gun	Beam intensity [nC/bunch)] !, , [μm]	5.4 (8 5 9 : 3.38 × 10 ) 15.7/22.7* (ideal value: 13)
		# [mm]	0.94
		Transmission efficiency	> 82 %
		E [GeV]	4.36
		ΔE/E	0.69 %
	10 nC thermionic gun	Beam intensity [nC/bunch)] !, , [μm]	8.44 (8 5 9 : 5.28 × 10 ) 124/250* (ideal value: 80)
		# [mm]	0.97
		Transmission efficiency	> 55 %
	*Collective effects in consideration		
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The dogleg scheme has the simplest bypass structure among the three cases, but we need an additional 1.54 GeV linac and a turnaround loop for the 1.54 GeV positron beam. The chicane scheme could spare us a 1.54 GeV linac, but a double-chicane structure system more complex than the dogleg is required. The arc scheme remains a simple solution even if the arc is longer than the turnaround loop options and the energy is higher suggesting that synchrotron radiation could be an issue. Meanwhile, an additional 1.54 GeV linac is also required in this scheme. The main objective of this paper is to increase the positron yield and its value before the DR could reach 1.2 e + /e -in the simulation of all three schemes if using a 10 nC thermionic electron gun as the feeding electron source. Furthermore, even in some of the cases (dogleg scheme and arc scheme) we need a supplementary linac, this could give us more possibilities with the design for such a large complex machine. Further studies using multi-bunches in a linac pulse instead of the current 2 bunches per pulse (see Table 1) is being considered. The method using higher energy incident electrons ( 6GeV, even 18.5 GeV, see reference [START_REF] Han | FCC-ee positron source[END_REF]) for positron production is in process too. More potential schemes of the injector linac for FCC-ee are summarized in Appendix A. The optics design of FCC-ee injector linac still remains valid for these cases although and more improvements could be made in the future.

Appendix A

Potential recommended modified schemes: