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Abstract

:

Laser–plasma accelerators (LPAs) have been demonstrated as one of the candidates for traditional accelerators and have attracted increasing attention due to their compact size, high acceleration gradients, low cost, etc. However, LPAs for positrons still face many challenges, such as the beam divergence controlling, large energy spread, and complicated plasma backgrounds. Here, we propose a possible multistage positron acceleration scheme for high energy positron beam acceleration and propagation. It is driven by the strong coherent THz radiation generated when an injected electron ring beam passes through one or more solid targets. Multidimensional particle-in-cell simulations demonstrated that each acceleration stage is able to provide nearly 200 MeV energy gain for the positrons. Meanwhile, the positron beam energy spread can be controlled within 2%, and the beam emittance can be maintained during the beam acceleration and propagation. This may attract one’s interests in potential experiments on both large laser facilities and a traditional accelerator together with a laser system.






Keywords:


transition radiation; THz emission; positron acceleration












1. Introduction


The positron, the electron’s antiparticle, has the same mass and the exact opposite amount of charge as the electron. Since the discovery of the positron [1], it has played an influential role in the fields of fundamental science and frontier applications. For example, in the field of material detection, positron annihilation lifetime spectroscopy (PALS) is commonly used to study defects in solids [2], especially vacancy defects in semiconductors. In medical diagnosis, positron emission computed tomography (PET-CT) is an effective tool for early cancer detection and the diagnosis of cardiovascular and cerebrovascular diseases [3,4]. In PALS and PET-CT applications, where high-energy positrons are not required, the positron sources based on the   β +   decay of radioactive isotopes are mostly used [5]. However, some further studies in the fields of fundamental physics [6], laboratory astrophysics [7] and electron–positron colliders [8] usually require positron beams at higher energies and beam charges, which in general require the involvement of strong fields. Schwinger proposed that when the electric field intensity reaches the critical field strength of    E  c r   = 1.38 ×  10 18    V/m in vacuum, electron–positron pairs will be produced spontaneously, which is also called Schwinger’s critical field [9]. This is obviously inaccessible for the current laser technologies, which is at least three orders of magnitude lower for even the strongest laser pulse delivered in the laboratories. Since the electric field is not a Lorentz invariant, electron–positron pairs can be produced when high-energy particles collide with a strong field, as in the Bethe–Heitler and Trident processes [10,11,12,13]. Alternatively, electron–positron pairs can also be produced by gamma–gamma photon collisions or gamma photons interacting with multiple laser photons. This all-optical process is also known as the nonlinear or multiphoton Breit–Wheeler process [14,15,16,17,18].



In the past decades, a number of laser- or beam-driven positron sources based on the above three processes have been proposed to obtain high-density positron beams or electron–positron pair plasmas [19,20,21,22,23,24,25,26,27]. With the construction of petawatt-scale lasers and the development of particle accelerators worldwide [28,29,30,31,32,33], many of these positron source schemes may become feasible in the future. Unfortunately, the beam quality of obtained positrons still struggle to meet the requirements of potential applications. In particular, taking electron–positron colliders for example, they have attracted considerable attention in the past decades, but the energy and luminosity of the positron beams based on laser–plasma still need to be further improved [34]. Therefore, a great effort has been steadily dedicated to the design of laser–plasma accelerators for high quality positron beams. Since the laser wakefield acceleration works well for electrons, which can accelerate the electrons up to 8 GeV, it is natural to think of wakefield acceleration schemes for positrons [35]. However, this path is quite challenging because the laser wakefield acceleration scheme does not work properly for positrons considering the fact that the positively charged particles are easily scattered in the acceleration field of the wakefield cavity [36]. To address this issue, various approaches have been proposed to improve the positron beam quality in the wakefield acceleration scheme, such as using plasma channels [37], vortex laser driving [38], positron beam driving [39], asymmetric electron beam driving [40], and hollow electron beam driving [41]. In addition to the wakefield acceleration regime, some authors have also proposed the so-called all-optical schemes which couple positron production and acceleration together, such as using Laguerre Gaussian lasers to generate and accelerate positrons [25], using sheath fields to accelerate positrons [42], and using coherent transition radiation (CTR) to accelerate positrons [12], etc. Despite the successful acceleration and confinement of the positrons being achieved, the intense vortex lasers or extra magnetic field that are used in these schemes pose big challenges to current laboratory conditions.



As we can see, most of the above acceleration schemes are based on visible or near-infrared lasers, which have many potential advantages, such as high acceleration gradients and compact structures compared to the conventional accelerators. However, when a positron beam of femtosecond or sub-femtosecond duration is injected into an optical frequency acceleration structure, some positrons tend to be out of phase in a small scale or during a limited time duration, so it becomes very difficult to accelerate the entire beam to high energies. A compromise solution to both the small acceleration gradient of traditional radio-frequency (RF) accelerators and the limited injection charge of laser–plasma accelerators is to use terahertz fields for particle acceleration. For example, theoretical and experimental results on THz acceleration of electrons have recently attracted a lot of attention [43,44,45,46,47]. It has been shown that THz pulses can achieve approximately 100% acceleration of the injected particle beam and maintain essentially constant energy spread [43]. Since the laser accelerators for positrons still face the challenges of limited injection charge, energy dispersion, and quick dephasing, the larger amount of injected charge and longer acceleration length that come along with THz-driven particle accelerators should benefit significantly the positron acceleration. Moreover, it has been proved that the transition radiation field could help in confining the particle beams [12,48]. Therefore, a THz-driven positron acceleration and confinement scheme makes it possible to further improve the beam quality of positron beams, providing an alternative to the conventional one.




2. Terahertz Wave Generation and Positron Beam Acceleration


2.1. Overview of the Scheme


Here, by the use of multi-dimensional (3D) particle-in-cell (PIC) simulations, we present a novel multistage positron acceleration and confinement scheme driven by electron beam-generated THz radiation, as schematically shown in Figure 1a. In this scheme, CTR with THz frequency is first generated by the interaction of an injected high-energy hollow electron beam with an aluminum (Al) target, as shown in Figure 1b,c. The transverse electromagnetic field of the CTR has a special structure, which can push the positrons toward the propagation axis so that the divergence of the positron bunch can be well controlled. At the same time, the peculiar longitudinal field can simultaneously accelerate the positrons along the propagation axis. Since the CTR field gradually diverges and weakens with the propagation time, we can insert several Al targets along the propagation axis to refresh the THz radiation field by the remaining moderate-energy electrons so that the positrons can be further accelerated in a compact manner. With such a multistage THz acceleration scheme, not only are the positron average energy and the energy conversion efficiency from electrons to positrons improved but also the geometric emittance and energy dispersion of the injected positron bunch are well maintained.



To demonstrate the feasibility of our scheme, we first performed full 3D PIC simulations with the open-source code EPOCH, and carried out detailed parameter scanning with a series of 2D PIC simulations to verify the robustness of this multistage scheme. Our simulations indicated that the results of the 2D and 3D simulations are highly consistent. In the 2D PIC simulations, the size of the simulation box is   40  μ  m   × 120  μ  m, and the size of the mesh grid is   2000 × 2400  . In the 3D simulations, the size of the simulation box is 40  μ m × 50  μ m   × 50  μ  m, and the corresponding mesh grid is   800 × 500 × 500  . The radius of the electron ring is set to   20  μ  m, and the density distribution function is    n e  =  n 1  × e x p  ( −  x 2  / δ  x 1 2  −   ( r −  r 0  )  2  / δ  r 1 2  )   . Here,    n 1  = 0.1  n c    is the peak density of the electron ring,    r 0  = 20  μ  m denotes the mean radius of the electron ring,   δ  x 1  = 5  μ  m and   δ  r 1  = 2  μ  m represent the longitudinal and transverse size of the bunch, respectively. Such donut-shaped electron rings can be acquired in ultra-intense Laguerre Gaussian laser interaction with plasmas [38,49], and the injected positron beam is also attainable from laser–plasma interactions as described in the introduction section. Although no laser is used in this simulation, the critical density of the plasma    n c  ≈ 1.2 ×  10 27    m    − 3    and the period    T 0  ≈ 3.3 ×  10  − 15     s are used for simplicity. The density distribution of the injected positron bunch is set as    n  e +   =  n 2  × e x p  ( − (  x − 5  μ  m    )  2  / δ  x 2 2  −  r 2  / δ  r 2 2   )   , where    n 2  = 0.0001  n c   ,   δ  x 2  = 2  μ  m and   δ  r 2  = 2  μ  m. The initial energy of the positron beam is set to 100 MeV, the average energy of the electron beam is set to 2 GeV, and the energy of the electron beam ranges from 1 to 10 GeV in the following parametric studies. In the multistage acceleration scheme, the Al targets are placed with an interval   500  μ  m, and the thickness of each Al target is   2  μ  m.




2.2. Generation of Coherent THz Radiation


As a hollow electron bunch passes through an Al target, strong transition radiation can be generated. In order to facilitate subsequent analysis of the radial forces exerted on the positrons, the   E y   field distribution in the   z = 0  μ  m plane obtained from the PIC simulations is presented in Figure 2a. While the acceleration fields of positrons are mainly provided by the longitudinal radiation field   E x  , the distribution of the   E x   field in the   z = 0  μ  m plane is shown in Figure 2b. For the purpose of analyzing the frequency composition of the CTR field, the electric field distribution   E y   at   y = 10  μ  m was extracted, as shown by the dotted line in Figure 2a, and the fast Fourier transform (FFT) was performed, as shown in Figure 2c. It is clear to see that the spectrum of the CTR field is mainly located in the THz band ranging from 0.1 THz to 10 THz, accompanied with some incoherent high-frequency signals [50].



When a single energetic electron   ( γ ≫ 1 )   passes through the target surface, the electric field distribution at an observation point can be calculated by the following formulas [51]:


     E r     =   q e   4 π  ϵ 0   γ 2     (  r  S − 3   −  r  S + 3   )  u  ( c t − R )  +   β  q e  s i n θ c o s θ   2 π  ϵ 0  R  ( 1 −  β 2  c o  s 2  θ )    δ  ( c t − R )         ≈   e c o s θ   2 π  ϵ 0  r   δ  ( c t − R )    ( γ ≫ 1 ,  β → 1 )  ,     



(1)






     E x     =   q e   4 π  ϵ 0   γ 2     (   x −  v e  t   S − 3   −   x +  v e  t   S + 3   )  u  ( c t − R )  +   β  q e  s i  n 2  θ   2 π  ϵ 0  R  ( 1 −  β 2  c o  s 2  θ )    δ  ( c t − R )         ≈ −  e  2 π  ϵ 0  R   δ  ( c t − R )    ( γ ≫ 1 ,  β → 1 )  .     



(2)







Here,   q e   is the charge of a single electron,   v e   is the velocity of the electron,   β =  v e  / c  , c is the speed of light in vacuum,   γ = 1 /   1 −  β 2      is the electron relativistic factor, and    S −  =     (  v e  t − x )  2  +   ( r / γ )  2     ,    S +  =     (  v e  t + x )  2  +   ( r / γ )  2     )    and   ϵ 0   are the vacuum permittivity. In particular, R represents the distance from the interaction point to the observation point, while   r =    y 2  +  z 2    = R s i n θ   and   θ = a r c t a n ( y / z )   come from the cylindrical coordinate. In the above equations, the first item representing the Coulomb fields can be ignored in our calculations since it is insignificant when the relativistic factor is   γ ≫ 1  . Since the wavelength of THz radiation is larger than the electron bunch size   (  λ THz  > δ  x 1  )  , the individual electron’s low frequency transition radiation can be added coherently, and the observer sees the coherent superposition over the whole bunch [51]. The theoretical predications of   E y   and   E x   field in the x-y plane are shown in Figure 2d,e, respectively. For comparison, the 1D   E y   electric field distribution at   y = 10  μ  m was extracted from Figure 2d, and the frequency spectrum of the 1D signal is shown in Figure 2f. It is obvious that the theoretical signal consists of only the THz signal, and the power spectrum peaks at almost the same frequency with the PIC simulation signal as shown in Figure 2c.




2.3. THz-Driven Positron Acceleration


As the injected positrons propagate forward along with the THz radiation, they are constrained by the electromagnetic force in the transverse direction. The distribution of the transverse electromagnetic field    E y  − c ·  B z    in the x-y plane at two different time points are shown in Figure 3a,b. We see that the transverse field can constantly compress the positrons toward the propagating axis   y = 0  μ  m despite the intensity decaying to half of the original value at   t = 450  T 0   . Figure 3c distinctly shows the transverse force exerted on the positrons in the y-z plane. It can be seen that the dotted circle corresponds to the position of the electron ring, and the positrons located in the ring are compressed toward the axis by the radial force pointing to the center of the circle, while the positrons outside of the circle are pushed away from the center. During the interaction of positrons and the THz wave from   t = 0  T 0    to   t = 450  T 0   , the positron density increases from   0.001  n c    to   0.01  n c   , indicating that the positron beam is transversely compressed by at least 10 times, as shown in Figure 3d,e. Figure 3f illustrates the instantaneous transverse momentum distribution of positrons within the dashed circle in Figure 3c. We see that the positrons on the axis have only small transverse momentum and they travel almost exclusively forward, while the positrons around the axis have larger transverse momentum pointing toward the axis, expounding that the injected positron bunch is effectively focused as expected.



Besides the beam compression in the transverse direction, the positrons are also accelerated by the special strong longitudinal electric field   E x  , whose distribution in the x-y plane at the   t = 0  T 0    is shown in Figure 4a. The maximum intensity of the   E x   field reaches 2.5 TV/m; hence, the corresponding instantaneous acceleration gradient for positrons reaches 2.5 TeV/m. Figure 4b exhibits the 1D positron density distribution and the 1D   E x   field distribution along the propagation axis (dashed line in Figure 4a). It is presented that the positron bunch locates exactly in the acceleration phase of    E x  > 0   and near the peak of   E x   field, guaranteeing the effective acceleration of positrons. Within   1500  T 0   , these positrons located in the acceleration region can be accelerated from 100 MeV to 1 GeV, as shown in Figure 4c. Interestingly, during the positron bunch’s acceleration with the CTR field, its relative energy spread remains within   δ E / E ≈ 2 %  , indicating that the positron beam is uniformly accelerated by the THz field and the monochromaticity of the positron bunch is well maintained in the whole acceleration process. Here,   δ E   denotes the full width at half maximum (FWHM) of the spectrum, and E represents the peak energy of the spectrum. This property of the generated positron bunch is very desirable in further studies and could benefit the follow-up operations on the positron bunch. Since the CTR wave diverges and decays with the propagation time, the time evolution of the positron bunch average energy and the   50  T 0   -averaged acceleration gradient are plotted, as shown in Figure 4d. After   400  T 0    propagation, the acceleration gradient of the THz field decays rapidly to half of the maximum value, and the energy increase in the positrons also begins to slow down. From   1000  T 0    to   1500  T 0   , the acceleration gradient decays to 10% of the peak value, and the average positron energy increases by only 100 MeV. Although the positrons are not out of the acceleration phase after propagating along with the THz wave for   1500  T 0   , the acceleration efficiency is not so promising after   1000  T 0   . In order to maintain the positron acceleration and its beam quality, we performed a series of PIC simulations to optimize the initial parameters.





3. Discussion


3.1. Parametric Influences


In order to increase the average positron energy, it would be reasonable to increase the energy of the drive electron beam. Therefore, different electron beams with the energy in the 1 GeV–10 GeV range are considered in the simulations to enhance the THz radiation and drive the positron acceleration. Evolution of the average positron energy and the acceleration gradient over time are presented in Figure 5a,b, respectively. It is shown that the influences of electron energy on the resulting THz field intensity and positron beam energy are inappreciable. This conclusion is consistent with Equations (1) and (2) because the energy of the drive particles can only change the value of the first term, i.e., the Coulomb field, which is, however, insignificant in the cases of   γ ≫ 1  . For example, when a 1 GeV electron beam is employed, the positron energy finally peaks at 912 MeV, slightly lower than the value of 980 MeV in other cases. Moreover, the theoretical calculation of   d  W e  / d ω =  ( 2  r e   m e  c / π )  l n  ( γ )    also indicates that the CTR energy depends weakly on the electron energy   d  W e  ∝ l n  ( γ )   [50]; hence, the longitudinal electric field intensity shows even a weaker dependence of    E x  ∝   l n ( γ )    . Here,   d  W e  / d ω   represents the spectral energy of CTR from a single electron, and   r e   and   m e   denote the classical electron radius and electron mass, respectively. Therefore, in the cases of   γ ≫ 1  , the drive beam energy shows no remarkable influence on the positron acceleration and determines only the saturation value of the positron energy.



Besides the longitudinal acceleration, the transverse confinement of positrons is equally important during the acceleration process as we analyzed above. Figure 5c shows the variation of the positron beam geometric emittance with time at different drive beam energies. Here, the geometric emittance of the positron beam can be calculated by    ϵ y  =     y  2     θ y   2  −   y  θ y   2     , where y and   θ y   represent the particle position and angle between its momentum and the y axis, respectively. For the first   500  T 0   , all positron beams can be well constrained by the transverse THz field, and the emittance gradually decreases to a minimum of 0.0009 mm· mrad. During the subsequent beam acceleration and propagation, the positron beam emittances obviously increase with the energy of the drive electron beam. However, they are still less than 0.007 mm· mrad for, for instance, a 10 GeV driven beam. This indicates that although the positron beams are not out of the acceleration phase in all cases, they gradually get out of the transverse confining phase after   500  T 0   , and the higher the energy of the driving electron beams, the more the positrons fall behind the confinement phase.



It should be noticed that the total CTR field can be considered the superposition of the radiation of all particles from the drive beam as mentioned above. Therefore, the beam density and charge are expected to have great impact on the THz radiation and the acceleration process. In order to find out the correlations between them, three different electron rings with the same energy (2 GeV) and same radii (   r 0  = 20  μ  m) but with different peak density parameter   n 1   ranging from   0.01  n c    to   1  n c    (corresponding charge from 1.57 nC to 157 nC) are set as drive beams in three separate simulations. Figure 5a,b exhibit that both the positron energy and the   E x   field of the CTR generated present more than an order of magnitude difference when driven by the electron beams with different densities. Such results are predictable since the CTR field energy of the whole beam equals   N e 2   times the CTR energy of a single electron, as indicated by the formula    d 2   W CTR  /  ( d ω d Ω )  =  N e 2   d 2   W e  /  ( d ω d Ω )    [52]. Here,   N e   denotes the electron numbers within the drive beam, and    d 2   W CTR  /  ( d ω d Ω )    and    d 2   W e  /  ( d ω d Ω )    represent the CTR energy of a whole bunch and a single electron, respectively. It is intriguing that the geometric emittance maintains the original value when driven by the electron beam with density of   0.01  n c   . Correspondingly, the emittance at   t = 1500  T 0    shows only slight difference when driven by the   0.1  n c    and   1  n c    beams, as shown in Figure 5f. Despite the drive beam with the density of   0.01  n c    providing only 100 MeV energy increase for positrons in   1500  T 0   , the positron beam emittance remains almost unchanged, which is also crucial for the subsequent multistage acceleration of the positron beam.



In addition to the energy and density, the effect of the electron ring radius should also be taken into account in experiments. This is of significance for designing the injected beams. Therefore, four electron rings of different mean radii   r 0   are considered in simulations to drive the positron beam acceleration, namely    r 0  = 0  μ  m (normal electron beam),   10  μ  m,   20  μ  m, and   50  μ  m, respectively. It is found that when    r 0  ≠ 0  , the smaller the electron ring radius, the faster the positrons get accelerated and the higher the peak energy that can be achieved. Correspondingly, the positron beam emittance slightly increases, as shown in Figure 5g–i). Interestingly, with the drive beam of    r 0  = 50  μ  m, the positrons can be hardly accelerated within the first   100  T 0   , and the acceleration field gradually increases from 100 to   300  T 0   . This is because the CTR field has an evolutionary process. When the radius of the electron ring is too large, it needs more time for the field to travel and affect the positron beam located at the center. For a normal electron beam with    r 0  = 0  , although the positrons can be accelerated as well, the peak energy is much lower, and the emittance of the positron beam is increased by two orders of magnitude. In order to show the influence of different electron ring radii on the positron beam size during the acceleration process, the evolutions of positron transverse size over time are plotted, as shown in Figure 6a–d. It is clear to see that when a hollow electron beam is used as a driver, the transverse size of the positron beam tends to decrease first and then increase, and the larger the electron ring radius is, the better the positrons are constrained, as illustrated in Figure 6b–d. On the contrary, the normal electron beam cannot constrain the positrons, and the transverse size of the positron beam increases continuously from the beginning, and the beam gets out of the simulation box after   700  T 0   , as shown in Figure 6a. Figure 6f–h present the positron density distributions in the x-y plane, corresponding to the moment when the transverse size is minimal as marked in Figure 6b–d. Note that Figure 6e presents the positron beam distribution as the same moment as Figure 6f since there is no beam confinement in Figure 6a. Though the normal electron beam can accelerate the positrons as well, it is not able to constrain the positrons transversely during the beam acceleration, resulting in the deteriorating of the positron beam quality.




3.2. Multistage Positron Acceleration


As we discussed above, a high-quality positron beam acceleration requires several considerations. First, the drive electron beam should possess a hollow structure; otherwise, it cannot constrain the positron beam during its acceleration. Second, an appropriate driven energy is required. If the drive beam energy is too high, the acceleration gradient does not increase significantly, and a faster dephasing of the positron beam occurs. Finally, the density or charge of the electron beam plays a key role in the THz radiation and thus the positron acceleration. An electron beam with lower density leads to a longer acceleration duration and a lower energy gain, but the geometric emittance of the positron beam gets better. In order to maintain the phase-locked acceleration of the positron beam, the positrons should remain in both the longitudinal acceleration phase and the transverse confinement phase. There are two possible approaches to this goal. One is to choose appropriate drive beam parameters, including the beam energy, density and the ring radii. Another is to employ multiple Al targets to refresh the radiation field and re-accelerate the positron beam in a multistage way. This can be done before the positron beam acceleration approaches saturation and its transverse size starts to increase, which is well demonstrated by the 3D PIC simulation in the following.



In order to accelerate the positrons in a multistage manner, an electron beam with the energy of 2 GeV, density of    n 1  = 0.1  n c    and ring radii of    r 0  = 20  μ  m are employed as a drive, and three Al targets with   500  μ  m distance in x direction are inserted, respectively, in three different simulations. Figure 7a–c present the density distribution of positrons at   t = 1500  T 0    after one, two and three stages of acceleration, respectively. It is clear to see that the transverse size of the positron beams decreases significantly with the increase in the Al targets, indicating that the transverse confinement due to the transverse force of the CTR field becomes more and more effective. Each additional Al target increases the positron energy gain by nearly 200 MeV, as shown in Figure 7d. This is because the CTR field that has been attenuated and diverged in the previous stage can be refreshed again when the electron beam passes through a new Al target, as shown in Figure 7e. In particular, in the single-stage acceleration, the geometric emittance of the positron beam continues to increase after   500  T 0   . However, in the multistage acceleration regime, the positron beam emittances only increase slightly at the beginning of each stage but stay almost unchanged in the subsequent acceleration, which proves that the multistage acceleration can effectively maintain the confinement phase of the positron beam. Figure 8a presents the time variation of the total electron and positron energy when using different acceleration stages. As we can see in this figure, the energy conversion efficiency from electrons to positrons can be calculated as 0.097%, 0.13% and 0.15% corresponding to one, two and three acceleration stages, respectively. Each additional stage provides around 0.025% higher energy conversion efficiency. Furthermore, it is intriguing to find out that the FWHM energy spread can be narrowed with increasing acceleration stages, as indicated by the positron energy spectrum in Figure 8b. All in all, our additional simulations show that using two or more Al targets at appropriate locations for the multistage acceleration of the positron beam can not only improve the conversion efficiency but also decrease the transverse emittance and narrow the energy spread of the positron beam so that the phase-locked acceleration of the positron beam can be maintained for a much longer time.





4. Conclusions


In this paper, a multistage phase-locked positron acceleration scheme driven by a hollow electron beam is demonstrated by full 3D-PIC simulations. Taking single-stage acceleration as an example, the generation process of the CTR field is demonstrated in the first place. From the FFT analysis, it is found that the frequency component of CTR is mainly in the THz band, and the CTR field obtained from PIC simulations is in excellent agreement with the theoretical results estimated by Equations (1) and (2). Then, by analyzing the transverse and longitudinal forces exerted on the positrons, we find that the positrons experience phase-locked acceleration in the THz field, i.e., simultaneously in the transverse confinement phase and longitudinal acceleration phase. Moreover, a series of PIC simulation results initiated with different electron beam parameters are performed to demonstrate the robustness of this scheme. By varying the radii of the electron rings, it is shown that the acceleration gradients of the hollow drive beams are higher than that of the normal electron beam, and the positrons can be better confined with the hollow drive beam. However, an excessively large ring radius will reduce the acceleration efficiency because it takes more time (around   300  T 0    when    r e  = 50  μ  m) for the CTR field to interact with the positrons at the center of the ring. It is shown that a higher density electron ring surely can provide larger acceleration gradients, but this will speed up the dephasing of the transverse confinement. In the case of   γ ≫ 1  , the energy of the electron beam does not significantly alter the acceleration gradient, and an overly high energy drive beam will make the positron beams leave the confinement phase more quickly. Finally, we keep the electron and positron beam parameters unchanged and alter the number of inserted Al targets in three independent simulations. The positron acceleration results after one, two and three acceleration stages are compared. For each additional step of acceleration, the positron energy can increase by nearly 200 MeV, and the transverse size is better controlled. In summary, this multistage acceleration scheme can effectively accelerate the positrons while maintaining the energy spread and the geometric emittance of the injected positron beam. Although a hollow electron beam is more difficult to obtain than the ordinary ones, they are already used to drive wakefields to accelerate positrons [41]. Other research also showed that a hollow electron beam can also be obtained from a Laguerre Gaussian laser-driven wakefield [38] or from a right-hand circularly polarized Laguerre Gaussian laser interaction with near critical density plasma [49]. Such a compact multistage positron acceleration scheme for GeV positron energies may potentially benefit the research in the field of fundamental physics and nonlinear QED studies.
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Figure 1. (a) Schematic diagram of the multistage THz-driven positron acceleration. Initial injected (b) positron and (c) electron beam density distribution in the y-z plane at   t = 0  T 0   . (d) Transverse electromagnetic field distribution in the x-y plane at   t = 90  T 0   . 
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Figure 2. Distribution of (a) the transverse electrical field   E y   and (b) longitudinal electrical field   E x   in the x-y plane from the 3D-PIC simulations. (c) Fast Fourier transform (FFT) signal of the   E y   field along the dotted line in (a). Distribution of (d) the transverse electrical field   E y   and (e) longitudinal electrical field   E x   distribution from the theoretical calculation in the x-y plane. (f) FFT signal of the   E y   field along the dotted line in (d). 
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Figure 3. Distribution of the transverse electromagnetic field    E y  − c ·  B z    in the x-y plane at the moment of (a)   t = 0  T 0    and (b)   t = 450  T 0   . (c) Distribution of transverse forces exerted on the positrons in the y-z plane at   t = 450  T 0   . The dashed circle indicates the position of the hollow electron bunch at   r = 20  μ  m. Positron density distribution at (d)   t = 0  T 0    and (e)   t = 450  T 0   . (f) Transverse momentum vector map (normalized with the longitudinal momentum   p x  ) of positrons within the dashed circle in (f). 
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Figure 4. Distribution of (a) the longitudinal electrical field   E x   in the x-y plane. (b) 1D positron density and   E x   field distribution along the propagation axis, as indicated by the dashed line in (a). (c) Positron energy spectrum evolution from   t = 0   to   t = 1500  T 0   . (d) Positron average energy and   50  T 0   -averaged   E x   field evolution from   t = 0   to   t = 1500  T 0   . 
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Figure 5. Time variations of (a) average positron energies, (b) acceleration gradient and (c) geometric emittance at different drive beam energies. Time variations of (d) average positron energies, (e) acceleration gradient and (f) geometric emittance at different drive beam density. Time variations of (g) average positron energies, (h) acceleration gradient and (i) geometric emittance at different drive beam radius. 
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Figure 6. Time variations of the transverse positron beam size at different drive beam radii, i.e.,    r 0  = 0  μ  m (a),   10  μ  m (b),   20  μ  m (c) and   50  μ  m (d). Positron density distribution in the x-y plane (e–h) at the moment of minimum transverse size, as marked in (a–d). 
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Figure 7. Positron density distribution at   t = 1500  T 0    after (a) one (b) two and (c) three acceleration stages. Time variation of (d) positron energy, (e) acceleration gradient and (f) beam emittance at different acceleration stages. 






Figure 7. Positron density distribution at   t = 1500  T 0    after (a) one (b) two and (c) three acceleration stages. Time variation of (d) positron energy, (e) acceleration gradient and (f) beam emittance at different acceleration stages.



[image: Photonics 10 00364 g007]







[image: Photonics 10 00364 g008 550] 





Figure 8. (a) Time variation of total electron energy and total positron energy, (b) positron energy spectrum at   t = 1500  T 0    after one, two and three acceleration stages. 






Figure 8. (a) Time variation of total electron energy and total positron energy, (b) positron energy spectrum at   t = 1500  T 0    after one, two and three acceleration stages.



[image: Photonics 10 00364 g008]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
¥ (um)

Energy (MeV)

2
[0 15007, | ) 15007, © £=1500T,
N (ng) e () ne(ng)
et s pod
o [ =3 o
. i
A .
x—ct (um) x—ct (um)
" lw an T
(=1
1200 5 T 3stages  qmy
-
it £ 0002 [ (M
=
ol o [0 g s e i S0 i 0





media/file4.png
y (um)

Ey (TV/m)

20

2

1.5
e omm By (Vim) s o

X —£F {gm)

-1.5

Amplitude (a.u.)

Ua |

el =

0.5 |

l :
l (c)
I
I
Hz |
ignal , _
oises
PIC :
®
Theoretical
1 10 100

Frequency (THz)






nav.xhtml


  photonics-10-00364


  
    		
      photonics-10-00364
    


  




  





media/file16.png
e energy (J)

Time (T,)

0.008
(@)
| 1 stage\*\*\*\*\*\*
—A— 2 stages B
—o— 3 stages A\A\A\A
e,
(D (1D (IID) - 0.004
—*x— | stage —0
—/ — 2 stages P pnbi
- —%— 3 stages *’*__,_,,,_.*—-*
1 1 1 O
0 500 1000 1500

e’ energy (J)

¢" numbers (x109)

t = 15007,

-

(b)

) Stages
— 3 stages

6E/E: 2% 1.9%

1 stage

1.3%

1
Energy (GeV)






media/file2.png
Y (um)

()

% 2nd target 3rd target scccee
Electron ring

—>
Positron bunch
Positron density n,+ Electron density n, TR field Ey-¢'B,
50 ' '
(b) E=07T; (©) F=0T, | B - =90T, | TV/m
s 0.7
0 o
. 0
n,+ X 100
-50 - 0 -0.7
-50 0 50 -50 0 50 0
z (um)





media/file5.jpg
¥ umy






media/file3.jpg
¥ (um)

2 -2
By (TV/m) o i (Vi)

20

=20
20
’ 05 7 Signal
nl ‘ a—
-20 @
-40 -20

0

1.5

°

x = ct (um)

1 10100
Frequency (THz)





media/file1.jpg
@

Electron ring 2nd target 3rd target

Positron bunch

Positron density n,+  Electron density n,

TR field E,-cB,
50
® =07y || © £=0T, =90T, | TVim
07
e x 100
50 07
50 0 50 -50 0 50

2 (um) x— :z (,m)





media/file7.jpg
x
2
£
H
g
£

20

05

°

L5

>
read (%)

Encrgy

Average energy (GeV)

s 2 o
£S5 B =

°

12
1

08
06
04

02

Energy (GeV)

°

400 800 1200
Time (Ty)

1600

e (X107 n,)

E, (TV/m)





media/file10.png
log,, (Energy) (MeV) Energy (MeV)

Energy (MeV)

1200

800

400

1000

100

1200

800

400 1

(@

500 1000
Time (T,)

1500

logo (Ey) (TV/m) E, (TV/m)

E_(TV/m)

2
(b)
1 L
0
10 §
1 5
0.1
2
0 um
—— 10 um
—— 20 um
.\.‘.‘Is
0l —a—a

0 500 1000 1500
Time (T,)

Emittance (mm - mrad) Emittance (mm - mrad)

log,, ( Emittance) (mm - mrad)

0.008

o =
= S
S S
K o

S
o
S
N}

0.008

= = &=
= = (=
= S =
& K N

0.1

0.01

0.001

®
—t— 5.7 8

Uy N

0—0\

*/"”*‘*—*—"‘

—— O um
R /" —e— 10 um
Nu ——20pm

o 50 um
‘\‘N“A-A—A—-l:l—‘

0 500 1000 1500

Time (T,)





media/file12.png
Transvers size (um)

Y (um)

300

(a) Out of box
200 r
100 ¢t
" - Tp =0pm
0 500 1000 1500
ne+(ne) 0 2.5 x1074
|
20 '
(e) f =80T,
0
o = 0um
-20 .
-20 -10 0

20 / 8 6
(b) f (© (d)
N /
10 | \ 4 | - 3 M minimum
 inimum \ minimum ’/
r e = 10 m ry = 20 0m I A1y =50 um
Vs : . . : . . 0 - . .
0O 500 1000 1500 O 500 1000 1500 O 500 1000 1500
Time (T,)
0 0.014 0 0.014 0 0.01
| I e |
§3) t =50T; (2) t =150T, (h) t =400T,
<l - o
o = 10 um 0 = 20 um o = 50 um
-20 -10 0 -20 -10 0 -20 -10 0

x —ct (um)





media/file9.jpg
logyo (Energy) (MeV)

tergy (MeV)

1200

s00

00

2 0.008
o 5
_ Foue
: £
£
I E oot
P H
£ oom
&
o o
oo
5 o
= 3 15700
g oo | e
2 H = is7ac
N £ oo
3 g
oo
o
2 f u
® £
= £
g £ oo
B :
= oum| o H
gt £ oont
= oim H
—Sm| o =
o 0 150 0 S0 0 15w
“Time (Ty) “Time (Ty) Time (To)





media/file0.png





media/file14.png
y (um)

Energy (MeV)

20

1800

1200

600

()
-20 -10 0
x —ct (um)
(d) (1)
@
—s— | stage
—e— 2 stages
———= Ji5lanes
0 500 1000 1500
Time (T,)

(b) t =1500T,
Ne+(Mc)
0.0012
2 stages
0 1
-20 -10 0
x —ct (um)
3 —s=— | stage
—e— 2 stages ©)
g 2
>
<
m><
1
0 500 1000 1500
Time (T,)

Ne+ (ne)

0.002

0.008

Emittance (mm - mrad)

0.006 1

0.004 |

0.002 r

(© t = 1500 T,

3 stages

0
x —ct (um)

—a— | stage
—e— 2 stages
—*— 3 stages

®
(1)

)
@

500 1000
Time (T)

0

1500

ne"'(nc)

0.003





media/file8.png
y (um)

Positron numbers (x 107)

0.5

x —ct (um)
[
—0T,
© ——500T,
—1000T,
—1500T,
1.8%
1.9%
1.5% 2%

1
Energy (GeV)

(TV/m)

23

Energy spread (%)

Average energy (GeV)

s © © o
=T ° B I ) W e

| B
|
|
| 11
I
I
| 105
—»l
|
: 0
-40 -20 0
x — ct (um)
1 1.2
(d)
11
—o— Energy 108
—— E, field { 0.6
104
L e s § Gy powowg 0.2
0 400 800 1200 1600
Time (Ty)

n., (x 1073 n,)

E, (TV/m)





media/file11.jpg
Transvers size (m)

¥ (um)

300

20 18
. o] 2 g 7 *Te “l@
20
o s s
100 minimum ‘minimum
) weom| o T o (o soum|
o o
o w0 1om 13w o w0 Tooo 1w 0 30 o0 130 ' 0 S0 w0 130
nee(n) 0 25x104 0014 001
e —
0
© t=sor, 1501,
° - — -—
=0um n =10m = 20m o = s0um
,,n
e R A T B T





media/file6.png
Y oA

~
4
~
»
E
>
A
&~

- L

o B
v v

N

~
w
A
K
<
L
A3
R
L
>

Ll
As

P AT NA AP A

L4
.. “’
*a, .
Tsammunt®

R
A
4
*
*

N AAT A x>

1T AT AA 4

*
s
..
*

*

*
*

'..1 4 T N 9 1“‘
Cea,

‘e

as*®

-20

T
e
-
2 ) Ty
o N’
|
|
=]
|
a0
[l
4+
=
i
X
—_— ¢F
~
3, = b=
N’
|
(o] () (=] (e e

(wn) €

-20 20

0

1

-20
x —ct (um)

0

1

x —ct (um)

-20

z (um)





media/file15.jpg
« energy (J)

< energy (J)
e numbers (x10%)

®)

SE/E: 2% 19% (13%

&= 15007,

Lsiage
2stges
3stages

1
Energy (GeV)






